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Physiological conditions that impinge on constitutive traffic and affect organelle
structure are not known. We report that osmotically induced cell volume changes,
which are known to occur under a variety of conditions, rapidly inhibited endoplas-
mic reticulum (ER)-to-Golgi transport in mammalian cells. Both ER export and ER
Golgi intermediate compartment (ERGIC)-to-Golgi trafficking steps were blocked,
but retrograde transport was active, and it mediated ERGIC and Golgi collapse into
the ER. Extensive tubulation and relatively rapid Golgi resident redistribution were
observed under hypo-osmotic conditions, whereas a slower redistribution of the same
markers, without apparent tubulation, was observed under hyperosmotic conditions.
The osmotic stress response correlated with the perturbation of COPI function,
because both hypo- and hyperosmotic conditions slowed brefeldin A-induced disso-
ciation of BCOP from Golgi membranes. Remarkably, Golgi residents reemerged after
several hours of sustained incubation in hypotonic or hypertonic medium. Reemer-
gence was independent of new protein synthesis but required PKC, an activity known
to mediate cell volume recovery. Taken together these results indicate the existence
of a coupling between cell volume and constitutive traffic that impacts organelle
structure through independent effects on anterograde and retrograde flow and that
involves, in part, modulation of COPI function.

INTRODUCTION

A number of pharmacological studies suggest that
constitutive transport can be regulated by signal trans-
duction pathways (Davidson et al., 1992; De Matteis et
al., 1993; Hansen and Casanova, 1994; Ohashi and
Huttner, 1994; Pimplikar and Simons, 1994; Muniz et
al., 1996), but very little is known about the upstream
activators or physiological stimuli that alter secretory
traffic through the modulation of these signaling mol-
ecules. Regulation of secretory traffic can be expected
to have dramatic effects on organelle structure if it
alters the balance between membrane flow into and
out of an organelle. This is clearly exemplified by the
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effects of the fungal metabolite brefeldin A (BFA)! on
the Golgi apparatus. BFA inhibits protein secretion, at
least in part, by blocking transport from the endoplas-
mic reticulum (ER) to the Golgi (Fujiwara et al., 1988;
Doms et al., 1989; Lippincott-Schwartz et al., 1989).
Within minutes of BFA addition, membrane tubules
that contain Golgi resident markers emanate from the
Golgi out toward the cell periphery along microtu-
bules (Lippincott-Schwartz et al., 1990). These mem-
brane tubules form a dynamic network that persists
for a brief period before abruptly fusing with the ER
(Sciaky et al., 1997). This dramatic Golgi-ER fusion

I Abbreviations used: BFA, brefeldin A; CHO, Chinese hamster
ovary; endo H, endoglycosidase H; ER, endoplasmic reticulum;
HA, hemagglutinin; MEM, minimum essential medium; NDGA,
nordihydroguaiaretic acid; PKC, protein kinase C; PLA2, phos-
pholipase A2; RVD, regulatory volume decrease; ts, tempera-
ture-sensitive; VSV-G, vesicular stomatitis virus glycoprotein.
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and redistribution of Golgi residents to the ER has
been attributed to a block in ER-to-Golgi transport
coupled with stimulation of retrograde trafficking out
of the Golgi back to the ER (Doms et al., 1989; Lippin-
cott-Schwartz et al., 1989, 1990). More recently, a vari-
ety of manipulations that inhibit ER-to-Golgi and/or
intra-Golgi transport have been shown to cause a
BFA-like redistribution of Golgi residents to the ER.
These include high-level expression of an ERD2-like
protein, ELP-1, a putative receptor for the retrieval of
escaped ER proteins (Hsu et al., 1992); overexpression
of RAB6, a GTPase implicated in intra-Golgi transport
(Martinez et al., 1997); overexpression of an altered
version of ARF1, a GTPase involved in COPI-coated
vesicle formation whose GTP exchange factor is a
target of BFA action (Dascher and Balch, 1994); and
treatment of cells with nordihydroguaiaretic acid
(NDGA), an inhibitor of lipoxygenase (Fujiwara et al.,
1998). It is not clear whether the Golgi resident redis-
tribution induced by these manipulations represents a
normal retrograde pathway underlying Golgi stasis,
but it is interesting to note that only BFA appears to
elicit significant Golgi tubulation during the redistri-
bution. These observations underscore the importance
of balanced membrane flow for maintenance of Golgi
structure and raise a question of whether regulation of
constitutive transport in interphase cells, which
clearly has the potential to profoundly affect organel-
lar integrity, ever occurs in response to physiological
conditions. Significantly, the alterations in Golgi struc-
ture induced by drug treatment (either BFA or NDGA)
are reversible; removal of the drug results in the re-
appearance of Golgi marker staining indistinguishable
from that in untreated cells. Hence, cells possess the
capacity to recover from dramatic perturbations in
organellar structure.

One possible physiological regulator of constitutive
transport is osmotic stress and its associated cell vol-
ume changes. Cell volume changes accompany a wide
variety of metabolic states, such as hormonal stimula-
tion, and in turn cell volume changes modify a variety
of metabolic functions (Lang ef al., 1998). Indeed, cell
volume changes induced by hypo- or hyperosmotic
conditions have been shown to activate signaling cas-
cades in a variety of cell types. Cell swelling, for
example, leads to a rapid rise in intracellular cAMP
and Ca?* (Watson, 1989), as well as to the activation of
anumberof proteinkinases,including phosphatidylino-
sitol 3-kinase, PKC, and members of the MAPK family
of protein kinases (Lang et al., 1998). At least a subset
of these signaling pathways are involved in mediating
cell volume regulatory mechanisms (Hoffmann and
Simonsen, 1989; Lang et al., 1998; Roman et al., 1998)
that allow regulatory volume decrease (RVD) in re-
sponse to hypotonically induced cell swelling and reg-
ulatory volume increase in response to hypertonically
induced cell shrinkage. These volume regulatory
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mechanisms are highly conserved, indicating their im-
portance for cell survival. In fission yeast, osmotic
stress leads to changes in vacuolar fission and fusion
pathways that result in dramatic alterations in vacuo-
lar morphology (Bone et al., 1998). In mammalian cells,
hypertonic treatment is reported to inhibit ER-to-
Golgi transport (Docherty and Snider, 1991), but it is
not known whether alterations in Golgi structure ac-
company a hypertonically induced transport block or
whether ER-to-Golgi transport is also affected by hy-
potonic treatment. Therefore, it remains to be tested
whether osmotically induced cell volume increases
and decreases represent physiological conditions that
alter trafficking and organelle integrity in the early
secretory pathway.

We observed that both hypo- and hyperosmotic con-
ditions abruptly inhibited ER-to-Golgi transport in a
variety of mammalian cultured cell lines. Both ER
export and ER Golgi intermediate compartment
(ERGIC)-to-Golgi transport steps were blocked, but
backward transport from the ERGIC to the ER and
from Golgi to ER took place, leading to collapse of the
ERGIC and Golgi into the ER. Hypo-osmotically in-
duced retrograde movement of Golgi residents was
stimulated, relative to hypertonic, and was accompa-
nied by extensive Golgi tubulation. The ability of
COP]J, a protein complex that forms transport vesicle
coats at the ERGIC (Rowe et al., 1996) and Golgi (Orci
et al., 1986; Malhotra et al., 1989; Serafini et al., 1991;
Waters et al., 1991) and that is implicated in the pre-
vention of Golgi tubulation (Scheel et al., 1997), to bind
Golgi membranes was apparently unaffected by os-
motic stress. However, the dissociation of COPI from
Golgi membranes, assayed by inducing dissociation
with BFA (Donaldson et al., 1990), was significantly
slowed. This suggests that the osmotic stress response
may be due, in part, to the inhibition of COPI disso-
ciation. After several hours of sustained incubation in
either hypo- or hypertonic medium, Golgi residents
reemerged, even in the absence of protein synthesis.
The reemergence appeared to correspond to recovery
of normal cell volume by homeostatic mechanisms,
because PKC inhibition, a condition that prevents cell
volume recovery (Roman et al., 1998), prevented re-
emergence but not the initial Golgi collapse. These
observations reveal an osmotic stress response, appar-
ently coupled to volume changes, that dramatically
affects membrane transport and organelle integrity in
the early secretory pathway.

MATERIALS AND METHODS
Cell lines, Antibodies, and Reagents

COS-7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Life Technologies, Gaithersburg, MD) supplemented with
10% calf serum, 100 IU/ml penicillin, and 100 ug/ml streptomycin
(normal medium) at 37°C in a 5% CO, incubator. HeLa cells were

Molecular Biology of the Cell



maintained similarly in minimum essential medium (MEM) (Life
Technologies) supplemented with 10% FBS, and Chinese hamster
ovary (CHO) cells were maintained in MEM-alpha (Life Technolo-
gies) supplemented with 10% FBS.

The following antibodies were used: a rabbit polyclonal anti-
serum against GM130 (provided by E. Sztul, University of Birming-
ham, Birmingham, AL); a mouse mAb against the cytoplasmic tail
of vesicular stomatitis virus glycoprotein (VSV-G; provided by P.
Weidman, St. Louis University, St. Louis, MO); a mouse mAb
against ERGIC 53 and a mouse mAb against p63 (provided by H.-P.
Hauri, Biocenter, Basel, Switzerland); a mouse mAb against BCOP
(provided by V. Malhotra, University of San Diego, San Diego, CA,
and also purchased from Sigma, St. Louis, MO [mAD]); an affinity-
purified rabbit antiserum against SEC13 (provided by B.L. Tang and
W. Hong, National University of Singapore, Singapore); a mouse
mAb against the hemagglutinin (HA) epitope; a mouse mAb against
GPP130 (A1/118); and a rabbit polyclonal antiserum against gian-
tin. FITC- and rhodamine-conjugated secondary antibodies against
mouse or rabbit immunoglobulins were purchased from Cappel
(Organon Teknika, Durham, NC).

The cDNA encoding DPPIV was provided by A. Hubbard (Johns
Hopkins Medical School, Baltimore, MD) and cloned into the PECE
expression vector with an N-terminal HA epitope. Temperature-
sensitive 045-VSV (ts-O45-VSV) was provided by P. Weidman.

BFA and calphostin C were purchased from Sigma and stored as
10 mg/ml and 1 mM stock solutions in DMSO at —20 and 4°C,
respectively. Tran®*S-label was purchased from DuPont NEN (Bos-
ton, MA). Cycloheximide was purchased from Sigma and added at
100 pg/ml directly to the medium just before use.

Osmotic Stress Treatments

HeLa or COS-7 cells were grown in 24-well plates on 12-mm glass
coverslips in normal medium to 50-75% confluence. For the hypo-
and hypertonic treatments in all figures except Figure 1B, a glass
coverslip was removed from normal medium and placed in 1 ml of
hypotonic medium (60 mM NaCl, 20 mM HEPES, pH 7.2, 2.5 mM
MgOAc [210 mOsm]) or 1 ml of hypertonic (610 mOsm) medium
(normal medium plus 25 mM KHEPES, pH 7.2, 0.4 M sucrose) in a
24-well plate, and the entire plate was placed in a 37°C water bath.
In Figure 1B, media compositions were 90 mM NaCl, 20 mM
HEPES, pH 7.2, 2.5 mM MgOAc (270 mOsm); 60 mM NaCl, 20 mM
HEPES, pH 7.2, 2.5 mM MgOAc, 0.1 M sucrose (310 mOsm); and
normal medium plus 0.2 M sucrose (410 mOsm).

Immunofluorescence Microscopy

Cells were fixed for 20 min in 3% paraformaldehyde, and antibody
staining was performed according to the method of Linstedt et al.
(1997). Cells were analyzed using a fluorescence microscope (Nikon,
Melville, NY) equipped with a Hamamatsu black-and-white cooled
charge-coupled device camera (Hamamatsu Photonics, Hamamatsu
City, Japan). All images were taken with a 40X objective. Digital
images were acquired in the program Photoshop (Adobe Systems,
Mountain View, CA).

Transport Assay

COS-7 cells grown on 35-mm plates to 75% confluence were
transiently transfected with HA epitope-tagged dipeptidyl pep-
tidase IV (DPPIV) in the PECE vector as described previously
(Linstedt et al., 1997). Two days after transfection, cells were
starved for 30 min in Dulbecco’s modified Eagle’s medium-
methionine-cysteine (Sigma) at 37°C, followed by the addition of
160 uCi of Tran®**S-label in 1 ml of starvation medium to each
plate. After 30 min at 37°C, the label was removed from each
plate and replaced with normal medium. After 10 min at 37°C,
the normal medium was replaced with normal medium, normal
medium in the presence of 10 ug/ml BFA, hypotonic medium
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(described above), or hypertonic medium (described above). Af-
ter 110 min at 37°C, each plate was washed three times with cold
PBS and scraped into 0.2 ml of 1% SDS, 20 mM Tris, pH 8.0, 150
mM NaCl. The lysates were boiled 5 min, passed through a
25-gauge needle, and spun in a microfuge at 14,000 X g for 15 min
at room temperature. The supernatant from each was diluted
fivefold into 1% Triton X-100, 20 mM Tris, pH 8.0, 150 mM NaCl,
1 mM EDTA, and added to 10 ul of protein A beads and rotated
at 4°C for 30 min. The unbound material was added to 10 ul of
protein A beads precoated with rabbit anti-mouse antibodies and
the mouse mAb against the HA epitope. After rotation at 4°C for
12 h, the beads were collected and washed five times with radio-
immunoprecipitation assay buffer. Each sample was split in half
and either left untreated or digested with endoglycosidase H
(endo H; obtained from NEB, Beverly, MA, and according to their
protocol). Treated and untreated samples were boiled in sample
buffer, resolved by SDS-PAGE on a 7% gel, and exposed to
autoradiography.

ts045-VSV Infection

CHO cells were grown on 12-mm glass coverslips in a 24-well
plate to 75% confluence. ts-O45-VSV (~25 pfu/cell) in 0.2 ml of
MEM-alpha, buffered with 25 mM KHEPES, pH 7.4, was added to
each well, and the entire plate was placed at 32°C for 45 min; 0.8
ml of MEM-alpha plus 10% FBS was then added to each well, and
the plate was placed at 39.5°C. After 3.5 h, the medium in each
well was replaced with MEM-alpha plus 10% FBS containing 100
png/ml cycloheximide and placed at 39.5°C for an additional 30
min.

Density Gradient Fractionation

HelLa cells, grown to confluence on 15-cm plates, were incubated
in serum-free normal medium, serum-free normal medium con-
taining 10 ug/ml BFA, or hypotonic medium (210 mOsm) at 37°C
for 60 min. Each plate was washed twice with ice-cold PBS and
scraped into 20 ml of PBS. All subsequent steps were at 4°C and
essentially as described by Jesch and Linstedt (1998). In brief, the
cells were pelleted and washed with 10 ml of sucrose wash buffer
(0.25 M sucrose, 10 mM triethanolamine, pH 7.4, 1 mM EDTA),
and resuspended with 0.25 ml of homogenization buffer (50 mM
NaCl, 10 mM triethanolamine, pH 7.4, 1 mM EDTA) containing 1
mM PMSF and 10 pg/ml leupeptin, pepstatin, and aprotinin.
Cells were homogenized by 20 passages through a 25-gauge
needle and centrifuged at 1000 X g for 1 min. Each postnuclear
supernatant was adjusted to 1.6 M sucrose (from a 2 M stock),
and 1.5 ml of each sample was overlayed with 1.1 ml each of 1.4,
1.2, and 0.8 sucrose solutions in 5 mM KHEPES, pH 7.4. Gradi-
ents were centrifuged in an SW50.1 rotor (Beckman Instruments,
Palo Alto, CA) at 100,000 X g for 105 min. Fractions (0.4 ml) were
collected from the top, and each fraction was precipitated with
20% TCA with 0.5% Triton X-100 added as a carrier. Pellets were
dissolved in sample buffer and resolved by SDS-PAGE on a 7%
gel. Immunoblotting, using antibodies against GPP130 and p63,
was performed as previously described.

Quantitation of BCOP Binding to Golgi Membranes

HelLa cells grown on 12-mm coverslips were treated as described in
the figure legends and fixed in 3% paraformaldehyde for double
immunofluorescent staining with the mouse mAb against BCOP
and the rabbit polyclonal antibody against giantin. Images taken
with a 40X objective were acquired as described above and ana-
lyzed in NIH Image. The mean fluorescence intensity per pixel of
BCOP staining in a fixed circle approximately enclosing the Golgi
region was measured. In BFA-treated cells, which have no apparent
Golgi staining, the brightest juxtanuclear region was chosen.
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RESULTS

Osmotic Stress Inhibits ER-to-Golgi Transport

Cell volume changes induced by changes in extra-
cellular osmolarity lead to the activation of multiple
signal transduction cascades and alterations in var-
ious metabolic pathways, resulting in an overall
change in cellular physiology (Lang et al., 1998). We
therefore asked whether the early constitutive secre-
tory pathway might also be responsive to changes in
osmotic conditions. The general efficacy of constitu-
tive transport between the ER and Golgi, under
hypo- or hyperosmotic conditions, was assessed by
monitoring the acquisition of endo H resistance, a
standard indicator of the arrival of newly synthe-
sized proteins in the Golgi (Kornfeld and Kornfeld,
1985). COS-7 cells that had been transiently trans-
fected with DPPIV, a plasma membrane marker
(Hong et al., 1989), were pulse labeled with [**S]me-
thionine, chased for a brief period in normal me-
dium, and then further chased in normal medium,
hypotonic medium, hypertonic medium, or normal
medium in the presence of BFA. The latter condition
is known to block ER-to-Golgi transport (Fujiwara et
al., 1988; Doms et al., 1989; Lippincott-Schwartz et
al., 1989), but it is also known that ER-localized
DPPIV eventually (=4 h) acquires endo H resistance
in BFA-treated cells because of the redistribution of
Golgi glycosylation enzymes to the ER (Fujiwara et
al., 1998). Therefore, we performed the experiment
with a 2-h chase time to assess ER-to-Golgi transport
independent of the effects of Golgi redistribution.
After 2 h of chase, the cells were lysed, and DPPIV
was immunoprecipitated. Each immunoprecipitate
was split in half and either left untreated or digested
with endo H. Figure 1A shows that although DPPIV
acquired endo H resistance in normal medium, it
remained completely sensitive to endo H in either
hypo- or hypertonic medium or in the presence of
BFA, indicating that ER-to-Golgi transport was po-
tently inhibited under hypotonic as well as hyper-
tonic conditions. Figure 1B illustrates the threshold
response of ER-to-Golgi transport to changes in me-
dium osmolarity. Transport occurred efficiently be-
tween 310 and 410 mOsm. However, relatively
small changes either below or above the permissive
osmolarity range, 13 and 33% respectively, greatly
inhibited ER-to-Golgi transport. It should be noted
that the 310-mOsm medium (permissive for trans-
port) was identical to the 210-mOsm medium (non-
permissive for transport) except for the addition of
0.1 M sucrose, arguing that the hypotonity of the
210-mOsm medium, rather than the absence of an
unidentified component of normal medium, was
responsible for the block in forward transport. Al-
together, these results indicated that osmotically
induced cell volume changes, a physiological regu-
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Figure 1. ER-to-Golgi transport is sensitive to changes in extracel-
lular osmolarity. (A) Both hypo- and hyperosmotic conditions block
ER-to-Golgi transport. COS-7 cells transfected with HA epitope-
tagged DPPIV were metabolically labeled for 30 min, chased in
normal medium for 10 min, and placed in normal medium, hypo-
tonic medium, hypertonic medium, or normal medium plus 10
png/ml BFA for 110 min at 37°C. The DPPIV from each plate was
isolated and analyzed for the acquisition of endo H resistance as
described in MATERIALS AND METHODS. Endo H-sensitive (s)
and resistant (r) forms of DPPIV are marked. (B) The response of
ER-to-Golgi transport to extracellular osmolarity is threshold in
nature. The assay in A was performed under a range of osmotic
(media compositions as detailed in MATERIALS AND METHODS)
conditions.

lator of a variety of metabolic pathways, regulates
the early constitutive secretory pathway.

ER Export and ERGIC-to-Golgi Transport Steps Are
Blocked

Transport between the ER and Golgi consists of two
steps: an ER-to-ERGIC step followed by an ERGIC-to-
cis-Golgi step (Bannykh and Balch, 1997; Presley et al.,
1997; Scales et al., 1997). Thus the osmotically induced
block in ER-to-Golgi transport could be due to a block
in either step or both. To dissect the response of the
early secretory pathway to osmotically induced cell
volume changes, we used ts-O45-VSV-G (Gallione and
Rose, 1985) to monitor the transport steps. CHO cells
infected with ts-O45-VSV were first maintained at
39.5°C to trap newly synthesized VSV-G in the ER
(Doms et al., 1987) and then shifted to the permissive
temperature in either normal or hypotonic medium
(210 mOsm). Cycloheximide was added during the
last 30 min of the 39.5°C incubation in normal medium
as well as all subsequent incubations to prevent new
synthesis of VSV-G. As expected, VSV-G was in the
ER in cells maintained at 39.5°C (Figure 2A). Upon
shift to 32°C in normal medium, VSV-G exited the ER
and was transported to the Golgi by 15 min (Figure
2B). However, when cells were shifted to 32°C in

Molecular Biology of the Cell



Figure 2. Hypo-osmotic conditions block the export of VSV-G
from the ER. CHO cells were infected with ts-O45-VSV as described
in MATERIALS AND METHODS and maintained at 39.5°C for 4 h
to trap VSV-G in the ER. During the last 30 min of the 39.5°C
incubation and in all subsequent incubations, 100 ug/ml cyclohex-
imide was added to prevent new protein synthesis. Cells were
shifted to 32°C in normal medium (B) or hypotonic (210-mOsm)
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hypotonic medium, VSV-G was detected only in the
ER at 15 min (Figure 2C) and also at the earlier 5- and
10-min time points (our unpublished results), suggest-
ing that the protein failed to exit the ER. Similar results
were obtained under hyperosmotic (610-mOsm) con-
ditions (our unpublished results). Next, we examined
the effect of osmotic stress on ERGIC-to-Golgi trans-
port. Again, VSV-infected cells were maintained at
39.5°C for 4 h but subsequently shifted to 15°C for
1.5 h to allow the accumulation of VSV-G in the
ERGIC (Schweizer et al., 1988, 1990; Lotti et al., 1992)
and then shifted to 32°C in either normal or hypotonic
medium (210 mOsm). Again, cycloheximide was
added during the last 30 min of the 39.5°C incubation
as well as in all subsequent incubations to prevent
new synthesis of VSV-G. As expected, VSV-G exhib-
ited an ERGIC-like pattern in cells incubated at 15°C
for 1.5 h (Figure 3, A and D). Upon shift to 32°C in
normal medium, VSV-G was successfully transported
to the Golgi by 20 min (Figure 3B) and to the cell
surface by 90 min (Figure 3C). In contrast, at 20 min in
hypotonic medium, VSV-G remained in the ERGIC,
and some also appeared to be in the ER (Figure 3E).
Clearly, transport between the ERGIC and the Golgi
was perturbed in hypotonic medium. Closer examina-
tion of the hypo-osmotically treated cells suggested
that the block in ERGIC-to-Golgi transport might be
due, at least in part, to the redistribution of the ERGIC
itself to the ER: a longer incubation in hypotonic me-
dium led to the redistribution of the bulk of the
VSV-G, which had started out in the ERGIC, to the ER
(see Figure 5F). These observations suggested that, in
addition to blocking export out of the ER and trans-
port between the ERGIC and the Golgi, hypo-osmotic
conditions were inducing the collapse of the ERGIC
itself into the ER.

Osmotic Stress Causes ERGIC 53 to Redistribute to
the ER

To directly examine the effect of hypo-osmotic condi-
tions on the ERGIC, we looked, by indirect immuno-
fluorescence, at the distribution of the ERGIC marker
ERGIC 53 (Schweizer et al., 1988) upon incubation in
hypotonic medium (210 mOsm). Figure 4 shows that
hypo-osmotic treatment indeed induced the redistri-
bution of the bulk of ERGIC 53 from its normal punc-
tate distribution (Figure 4A) to a reticular ER distribu-
tion (Figure 4C) after 30 min at 37°C. At an
intermediate time point of 15 min, ERGIC 53 was
present, in most cells, in extensive tubules, suggesting
that its redistribution might be mediated, at least in

Figure 2 (cont). medium (C) or maintained at 39.5°C (A) for 15
min, after which cells were fixed and processed for immunofluo-
rescence using a mAb against VSV-G.
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Figure 3. Hypo-osmotic conditions block transport of VSV-G from the ERGIC to the Golgi and causes VSV-G to redistribute from the ERGIC
to the ER. CHO cells were infected with ts-O45-VSV and maintained at 39.5°C for 4 h. During the last 30 min of the 39.5°C incubation and
in all subsequent incubations, 100 ug/ml cycloheximide was added to prevent new protein synthesis. Cells were then shifted to 15°C in
normal medium to allow VSV-G to move into but not out of the ERGIC. After 1.5 h (see A), cells were shifted to 32°C in normal medium
(B and C) or hypotonic (210-mOsm) medium (E and F) for 20 min (B and E) or 90 min (C and F) or maintained in normal medium at 15°C
for 90 min (D). Cells were fixed and processed for immunofluorescence using a mAb against VSV-G.

part, by tubules (Figure 4B). Interestingly, the distri-
bution of ERGIC 53 under hypo-osmotic conditions
(Figure 4, B or C) clearly differed from its distribution
in BFA (Figure 4D). This is significant because the
ERGIC is thought to be maintained in the presence of
BFA as a result of ongoing ER export (Lippincott-
Schwartz et al., 1990). The hypotonically induced re-
distribution of the majority of ERGIC 53 to the ER is
consistent with our observation that ER export was
blocked under hypo-osmotic conditions. Hyperos-
motic conditions (610 mOsm) induced a similar redis-
tribution of ERGIC 53 to the ER (our unpublished
results).

Hypo-osmotic Conditions Cause Tubulation
of the Golgi and Redistribution of Golgi Residents
to the ER

Based on previous studies, if retrograde traffic were to
persist during osmotic stress, we would expect the
block in anterograde transport to cause Golgi resi-
dents to redistribute to the ER. To address whether
Golgi residents, in common with ERGIC 53, redistrib-
ute to the ER, we examined the distribution of a cis-
Golgi integral membrane marker, GPP130 (Linstedt et
al., 1997) in COS-7 cells that had been exposed to
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hypotonic medium (210 mOsm). In interphase cells
maintained in normal medium, few if any deviations
from a normal perinuclear Golgi pattern were ob-
served (Figure 5A). After a 30-min incubation in hy-
potonic medium, GPP130 relocalized to a reticular
network of long membrane tubules that emanated
from the Golgi region (Figure 5B). These extensive
membrane tubules, observable in 15% of the cells at
this time (another 10% of the cells exhibited only a few
tubules), were reminiscent of the tubules that mediate
the BFA-induced movement of Golgi residents into
the ER (Lippincott-Schwartz et al., 1990; Sciaky et al.,
1997). Consistent with the idea that these hypotoni-
cally induced tubules were intermediates in the redis-
tribution of GPP130 to the ER, at 60 min, the percent-
age of cells with tubule-localized GPP130 decreased,
and 20% of the cells now exhibited ER-localized
GPP130 (Figure 5C). Complete GPP130 redistribution
was never observed; after 120 min in hypotonic me-
dium, only 43% of the cells exhibited significant ER
localization (see below for an explanation). Inclusion
of 100 mM sucrose in the hypotonic medium pre-
vented the redistribution of GPP130 (Figure 5D), ar-
guing that the hypotonicity of the medium and not the
depletion of an unidentified component(s) of normal
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Figure 4. Hypo-osmotic conditions induce the redistribution of ERGIC 53 to the ER. HeLa cells were grown to 50% confluence on 12-mm
glass coverslips. Coverslips were removed from normal medium and placed in 1 ml of hypotonic (210-mOsm) medium for 15 min (B) or 30
min (C). Cells maintained in normal medium are shown in A, and cells incubated in normal medium with 10 ug/ml BFA for 60 min are
shown in D. Cells were fixed and processed for immunofluorescence using a mAb against ERGIC 53.

medium was the stimulus for the dramatic redistribu-
tion of GPP130.

The tubulation and redistribution response was not
cell type specific or specific for GPP130. Figure 6 com-
pares the response of GM130 (Nakamura et al., 1995),
another cis-Golgi resident (Figure 6, A-D), with that of
GPP130 (Figure 6, E-H) in double-labeled HeLa cells
at 0, 5, 30, and 120 min of hypo-osmotic treatment. As
expected, GM130 and GPP130 patterns were indistin-
guishable in normal medium (Figure 6, A and E).
Upon hypotonic treatment, both GM130 and GPP130
redistributed with time from the Golgi to the ER.
There were, however, notable differences in the behav-
ior of the two markers. First, the redistribution of
GM130 occurred with much faster kinetics (t,, ~5-10
min) than GPP130 (tv,, ~60-120 min) such that, at 30
min, most cells exhibited ER-localized GM130 (Figure
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6C), whereas a significant fraction of GPP130 was still
Golgi and/or vesicle and tubule localized (Figure 6G).
GM130 tubules were shorter and observed only at the
earliest, 5 min time point (Figure 6B, inset), before the
appearance of GPP130 tubules (Figure 6F). The second
difference in the behavior of the two markers was the
extent to which each marker redistributed to the ER.
GM130 was completely redistributed in nearly every
cell by 30 min (Figure 6C). In contrast, similar to what
we observed in COS-7 cells, only 10-20% of the cells
exhibited completely ER-localized GPP130 at 120 min
of hypotonic treatment (Figure 6H; see below for an
explanation). Other Golgi markers tested, including
mannosidase II (Novikoff ef al., 1983) and giantin (Lin-
stedt and Hauri, 1993), also redistributed to the ER
under hypo-osmotic conditions (our unpublished re-
sults). Golgi residents fell into two classes: the fast class,
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Figure 5. Hypo-osmotic conditions induce the tubulation and redistribution of GPP130 to the ER. COS-7 cells, grown to 50% confluence on
12-mm glass coverslips, were removed from normal medium and placed in 1 ml of hypotonic (210-mOsm) medium for 30 min (B) or 120 min
(C) or hypotonic medium plus 0.1 M sucrose (D) for 30 min. Cells maintained in normal medium are shown in A. Cells were fixed and
processed for immunofluorescence using a mAb against GPP130.

comprising GM130 and mannosidase II, redistributed
rapidly and completely; and the slow class, comprising
GPP130 and giantin, redistributed more slowly and in-
completely. Hyperosmotic conditions also induced the
redistribution of Golgi residents in both Hela and
COS-7 cells (our unpublished results), but strikingly,
tubulation was only observed under hypo-osmotic con-
ditions, and overall, the hypertonically induced Golgi-
to-ER redistribution was considerably slower for each
marker (ts, ~30 min for GM130) compared with the
hypotonically induced redistribution (t:2, ~5-10 min for
GM130). Altogether, these observations suggested that
although anterograde transport was completely inhib-
ited under osmotic stress, retrograde traffic was active,
leading to the apparent redistribution of Golgi residents
to the ER.
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As a further test of whether hypotonic conditions
induced the redistribution of Golgi residents to the ER,
we performed density gradient fractionation to com-
pare the relative distribution of the Golgi, marked by
GPP130, and the ER, marked by p63 (Schweizer et al.,
1995), in untreated and hypotonically treated cells,
with BFA-treated cells as a control. As expected, the
Golgi and ER were resolved after fractionation of un-
treated cells. The Golgi marker was recovered primar-
ily in fractions 3 and 4, and the ER marker was recov-
ered mostly in fractions 6 and 7 (Figure 7A). In
contrast, the Golgi exhibited a significant redistribu-
tion to the ER-containing fractions in BFA-treated cells
(Figure 7B) and in hypotonically treated cells (Figure
7C), as would be expected for Golgi redistribution into
the ER. In correspondence with the morphological
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Figure 6. Hypo-osmotic conditions induce the redistribution of
other Golgi residents to the ER. HeLa cells, grown to 50% confluence
on 12-mm glass coverslips, were removed from normal medium
and placed in 1 ml of hypotonic medium for 5 min (B and F), 30 min
(C and G), or 120 min (D and H). The inset in B shows an enlarge-
ment of a portion of the cell shown in B. Cells maintained in normal
medium are shown in A and E. Cells were fixed and processed for
double-label immunofluorescence using a polyclonal antiserum
against GM130 (A-D) and a mAb against GPP130 (E-H).

data presented above, the redistribution of the Golgi
marker GPP130 was extensive but not complete after
60 min of hypotonic treatment. Altogether, our obser-
vations strongly suggest that the cell volume changes
that accompany hypo-osmotic stress induce the redis-
tribution of Golgi residents to the ER.

Osmotic Stress Slows the BFA-induced Rapid
Dissociation of BCOP from Golgi Membranes

Osmotic stress caused an ER export block but allowed
(or induced) retrograde trafficking of ERGIC and
Golgi proteins. This suggested that vesicle production
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Figure 7. Density gradient fractionation of ER and Golgi in un-
treated (A), BFA-treated (B), and hypotonically treated (C) cells.
Fifteen-centimeter cm plates of confluent HeLa cells were incubated
in normal medium without serum (A), normal medium without
serum in the presence of 10 ug/ml BFA (B), or hypotonic medium
(210 mOsm) (C) for 60 min at 37°C. The postnuclear supernatant
obtained from each plate was fractionated in a sucrose step flotation
gradient (as described in MATERIALS AND METHODS) and
probed with antibodies against GPP130 (Golgi) and p63 (ER).

but not membrane fusion was inhibited. Given the
critical role that the recruitment of vesicle coats (COPI
and COPII) play in budding reactions between the ER
and Golgi (Barlowe et al., 1994; Aridor and Balch, 1996;
Schekman and Orci, 1996), and given that dramatic
tubulation of the Golgi is known to be associated with
perturbation of COPI function (Allan and Kreis, 1986;
Donaldson et al., 1990; Lippincott-Schwartz et al., 1990;
Duden et al., 1991; Elazar et al., 1994) we asked
whether, like BFA, hypo- or hyperosmotic conditions
might prevent the association of COPI with Golgi
membranes (Donaldson et al., 1990). Contrary to our
expectations, COPI (assayed by BCOP immunoreac-
tivity) remained clearly associated with Golgi mem-
branes under both hypo- and hyperosmotic condi-
tions, at least out to 30 min (our unpublished results).
Therefore, the dramatic tubulation of the Golgi and
concomitant redistribution of Golgi residents to the ER
under hypo-osmotic conditions could not be ascribed
simply to the dissociation of COPI from the Golgi.
However, osmotic stress perturbed COPI function, be-
cause it prevented the rapid, BFA-induced dissocia-
tion of COPI from Golgi membranes (Donaldson et al.,
1990). Figure 8, A and D, shows the approximately
coincident localization of BCOP (Figure 8A) and gian-
tin (Figure 8D) in untreated cells maintained in normal
medium. Two minutes after BFA addition, BCOP
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Figure 8. Hypotonic treatment prevents the rapid, BFA-induced dissociation of BCOP from the Golgi. HeLa cells, grown on 12-mm glass
coverslips, were left in normal medium (A, B, D, and E) or placed in 1 ml of hypotonic medium for 1 min (C and F) before the addition of
10 png/ml BFA. Two minutes after BFA addition, cells were fixed and processed for double-label immunofluorescence using a mAb against

BCOP (A-C) and a polyclonal antiserum against giantin (D-F).
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Figure 9. Effect of hypotonic and hypertonic treatment on the rate
of BCOP dissociation (A) and association (B). (A) HeLa cells, grown
on 12-mm glass coverslips, were left in normal medium without
serum or placed in hypotonic medium (210 mOsm) or hypertonic
medium (610 mOsm) for 1 min before the addition of 10 ug/ml
BFA. At each time point indicated, cells were fixed and stained
using a mAb against BCOP and a polyclonal antiserum against
giantin. The average of the mean fluorescence intensity of BCOP
staining in a fixed circle (2782 pixels) enclosing the Golgi region (as
indicated by giantin staining) in 50 cells was measured. (B) HeLa
cells on coverslips were incubated with 2.5 ug/ml BFA in HEPES-
buffered normal medium, pH 7.2, without serum for 2 min at room
temperature to induce the dissociation of BCOP from the Golgi.
Rebinding of BCOP to the Golgi was assessed by washing cells four
times with 1 ml of normal medium without serum, hypotonic
medium (210 mOsm), or hypertonic medium (610 mOsm) and plac-
ing them at 37°C for 30 s. The average of the mean fluorescence
intensity of BCOP staining was determined as in A. Vertical bars
represent the SEM as determined from 25 measurements.

could no longer be detected in the Golgi region (Figure
8B) in cells marked by giantin staining (Figure 8E). In
contrast, BCOP was easily detected on Golgi mem-
branes after 2 min of BFA if cells were first incubated
in hypotonic (210 mOsm) or hypertonic (610 mOsm;
Figure 9A) medium for 1 min before the addition of
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BFA (Figure 8C). BCOP remained localized in a pat-
tern approximately similar to giantin (Figure 8D).
Longer times of incubation in hypotonic or hypertonic
medium resulted in the diminution of BCOP staining
in the Golgi region (our unpublished results), as ob-
served for GPP130 and giantin. However, BCOP stain-
ing of membrane tubules was never observed.

A quantitative analysis of the fluorescence intensity
attributable to BCOP staining in the Golgi region over
time after BFA addition indicated that the dissociation
of BCOP from the Golgi was not blocked but signifi-
cantly slowed (Figure 9A). In iso-osmotic medium, the
t1. for dissociation was <30 s (Figure 9A; Donaldson et
al., 1990). However, in hypo-osmotic medium the tw
was 5-10 min, and in hyperosmotic medium the tw
was ~20 min. This result suggested that both hypo-
and hyperosmotic stress conditions reduced the rate
of COPI dissociation from the Golgi. To rule out the
possibility that hypotonic and hypertonic media
might exert their effects simply by reducing the po-
tency of BFA, we examined the rate of BCOP dissoci-
ation under hypo-osmotic conditions in response to
BFA concentrations ranging from 1 to 15 ug/ml. The
maximally effective concentration of BFA has been
previously demonstrated to be 1 ug/ml (Donaldson et
al., 1990). The t» of COPI dissociation was 5-10 min,
regardless of the BFA concentration used (our unpub-
lished results). Next, we determined the effect of os-
motic stress conditions on the rate of association of
COPI with Golgi membranes. For this, we first treated
cells with 2.5 ug/ml BFA in normal medium to induce
the complete dissociation of COPI from Golgi mem-
branes. After 2 min at room temperature, which was
sufficient to reduce the Golgi-associated BCOP stain-
ing to background levels (Figure 9B, compare 2'BFA
with untreated) without significantly perturbing the
morphology of the Golgi as assayed by giantin stain-
ing, the BFA was washed out with iso-osmotic, hypo-
osmotic, or hyperosmotic medium and placed at 37°C
to allow the reassociation of COPI with the Golgi.
After 30 s, the amount of BCOP staining reappearing
in the Golgi region was quantitated. As shown in
Figure 9B, osmotic stress conditions had no significant
effect on the initial rate of association of COPI with the
Golgi. The sum of the results suggested that hypo- and
hyperosmotic conditions led to an alteration of COPI
function subsequent to its association with, and before
its dissociation from, the Golgi.

Adaptation Leads to Reemergence of Golgi
Residents from the ER

As described above, hypotonic treatment led to a
rapid and complete dispersal of certain markers
(GM130 and mannosidase II), whereas the redistribu-
tion of other markers (GPP130 and giantin) was
slower and less complete. To better understand the
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Figure 10.
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fate of the more slowly redistributing markers, we
extended the time course of hypotonic treatment. To
our surprise, rather than leading to an increase in the
extent of GPP130 and giantin redistribution, long-
term, sustained incubation in hypotonic medium re-
sulted in the reversal of redistribution and a return of
GPP130 and giantin to an apparently normal perinu-
clear distribution (our unpublished results). The re-
versal of redistribution is presented for GM130, whose
initial redistribution was more complete (Figure 10,
A-D). Figure 10A shows the pattern of GM130 in cells
maintained in normal medium. By 30 min in hypo-
tonic medium, the redistribution of GM130 to the ER
was complete (Figure 10B). However, at 3 h of incu-
bation in hypotonic medium, GM130 began to reap-
pear in its normal perinuclear location (Figure 10C)
and returned completely to its normal pattern by 6 h
(Figure 10D). The reversal (as indicated by GM130
staining) occurred between 2 and 6 h of incubation
and in the presence or absence of 100 ug/ml cyclo-
heximide, indicating that the return of these proteins
to the Golgi region was due not to new synthesis but,
rather, to the return of preexisting protein to the Golgi.
Furthermore, the insensitivity of both the redistribu-
tion and the reversal of redistribution to 100 ug/ml
cycloheximide indicated that in response to hypo-os-
motic conditions, the Golgi could, at least in part, be
disassembled and reassembled with no new protein
synthesis. Finally, the reversal of the osmotically in-
duced response (i.e., Golgi resident redistribution)
suggested a possible explanation for the incomplete
redistribution observed for the more slowly redistrib-
uting markers GPP130 and giantin: by the time the
bulk of GPP130 and giantin began to redistribute to
the ER as a consequence of hypo-osmotic treatment,
cells were already on the path to recovery. A similar
recovery was also observed in cells that were incu-
bated for several hours in hypertonic medium (our
unpublished results).

Adaptation Requires PKC

Physiological increases in cell volume are known to
activate multiple signal transduction cascades, at least
a subset of which are likely to mediate an RVD back to
the original cell volume (Hoffmann and Simonsen,

Figure 10 (facing page). Golgi residents reemerge after long-term
incubation in hypotonic medium, and reemergence is blocked by
calphostin C. COS-7 cells, grown on 12-mm coverslips and either
untreated (A-D) or pretreated with 100 nM calphostin C for 30 min
(E-H), were removed from normal medium and placed in hypo-
tonic (210-mOsm) medium (B-D) or hypotonic (210-mOsm) me-
dium plus 100 nM calphostin C (F-H). Cells were fixed at 30 min (B
and F), 3 h (C and G), or 6 h (D and H) and processed for immu-
nofluorescence using a polyclonal antiserum against GM130. Cells
maintained in normal medium in the absence (A) or presence of 100
nM calphostin C (E) were also fixed and stained.
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1989; Lang et al., 1998). In light of this established
response, it seemed reasonable that the reemergence
of Golgi residents from the ER upon long-term, sus-
tained incubation in hypotonic medium was a conse-
quence of a return to normal cell volume. A test of this
hypothesis would be the inhibition of Golgi resident
reemergence by an agent that is known to block cell
volume homeostasis. Primary among the RVD re-
sponses to cell swelling are the efflux of inorganic
solutes triggered by the opening of chloride and po-
tassium channels (Hoffmann and Simonsen, 1989;
Lang et al., 1998). Recently, selective inhibitors of PKC,
including calphostin C (Kobayashi et al., 1989), have
been shown to prevent cell volume recovery from
swelling through the inhibition of volume-dependent
chloride channels (Roman ef al., 1998). To test whether
the reemergence of Golgi residents upon sustained
incubation in hypotonic medium was due to RVD-
mediated restoration of normal cell volume, we asked
whether calphostin C would prevent the reemergence
of Golgi residents. As described above (Figure 10,
A-D), GM130 redistributed to the ER by 30 min in
hypotonic medium but reemerged and returned to its
normal Golgi pattern after 3-6 h. As shown in Figure
10, E-H, pretreatment of cells with 100 nM calphostin
C had no effect on GM130 in normal medium (Figure
10E) or on the initial GM130 redistribution response to
hypo-osmotic conditions (Figure 10F), but it pre-
vented the reemergence of GM130 from the ER (Figure
10, G and H). The inhibition by calphostin C was
reversible; removal of the drug after 2 h of treatment
resulted in the reemergence of GM130 (our unpub-
lished results). Significantly, calphostin C pretreat-
ment led to a near complete redistribution of GPP130
to the ER by 2-4 h (our unpublished results). Consis-
tent with a role for PKC in RVD rather than a more
direct role in preventing reemergence, calphostin C
had no detectable effect on its own either on Golgi
morphology or on ER-to-Golgi transport (our unpub-
lished results). These results indicate that PKC-medi-
ated adaptation to osmotic stress reactivates the traf-
ticking steps that produce and maintain normal Golgi
structure.

DISCUSSION

The abundance of certain subcellular compartments,
such as ER, peroxisomes, and mitochondria, is dra-
matically altered by changes in metabolic state (for
review, see Nunnari, 1996); therefore it seems likely
that organelle biogenesis in general would be respon-
sive to changes in cell physiology. We demonstrated
that changes in the medium osmolarity of a variety of
cultured cell lines affected constitutive transport and
influenced the integrity of organelles in the early se-
cretory pathway. Because the plasma membrane is
freely permeable to water, cells undergo swelling or
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shrinking, within minutes of transfer to hypo- or hy-
perosmotic medium, respectively. Changes in cell vol-
ume, in turn, alter a number of metabolic pathways
(for review, see Lang et al., 1998), as well as activate
volume regulatory mechanisms that function to re-
store normal cell volume (for review, see Hoffmann
and Simonsen, 1989). We report that cell volume in-
crease abruptly inhibited ER-to-Golgi transport and
induced extensive tubulation of the ERGIC and Golgi
followed by the apparent collapse of these organelles
into the ER. Cell volume decrease also abruptly inhib-
ited ER-to-Golgi transport and, without detectable tu-
bulation, induced a slower apparent collapse of the
ERGIC and Golgi into the ER. Redistribution of Golgi
residents into the ER occurs under a variety of exper-
imental conditions, including BFA treatment (Doms et
al., 1989; Lippincott-Schwartz et al., 1989; Fujiwara et
al., 1988), NDGA treatment (Fujiwara et al., 1998),
overexpression of RAB6 (Martinez et al., 1997), ARF1-
T31N overexpression (Dascher and Balch, 1994), and
overexpression of an ERD-2-like protein (Hsu et al.,
1992). However, to our knowledge this is the first
report of a physiological stimulus that induced redis-
tribution of the Golgi and/or ERGIC into the ER.

The fact that such dramatic alterations in ERGIC and
Golgi resident distribution can occur in response to
physiologically relevant changes in cell volume raises
the intriguing possibility that the ERGIC and Golgi
might be lost and regained under a variety of physi-
ological conditions that lead to alterations in cell vol-
ume. Certain cell types, such as those of the kidney
medulla and intestine, encounter a wide range of ex-
tracellular osmolarity, and many other cell types are
exposed to changes in extracellular osmolarity during
a variety of disorders (Lang et al., 1998). Volume
changes of the magnitude reported here also occur
when intracellular osmolarity is altered by a variety of
metabolic pathways (Lang et al., 1998). For instance,
B-adrenergic agonists and dibutyrl cAMP cause lung
epithelial cells to undergo swelling and/or shrinking
in a concentration-dependent manner (Nakahari and
Marunaka, 1996). Similarly, insulin causes swelling of
hepatocytes (Lang et al., 1998). Significantly, hypo-
osmotically induced swelling of hepatocytes mimics
the insulin response: glycogen synthesis and protein
synthesis are stimulated, whereas glycogen break-
down and proteolysis are inhibited (Lang et al., 1998).
In fact, at least a subset of the metabolic changes that
are insulin induced appear to be mediated by cell
swelling, leading to the suggestion that cell swelling
itself may act as a second messenger (Al-Habori et al.,
1992; Lang et al., 1998).

Remarkably, the Golgi reemerged from the ER, even
when cells were maintained in hypo- or hypertonic
medium, and even in the absence of new protein
synthesis. When applied to cells during hypo-osmotic
stress, calphostin C, a selective inhibitor of PKC
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(Kobayashi et al., 1989), blocks recovery of normal cell
volume (Roman et al., 1998) and blocked Golgi reemer-
gence from the ER. Because calphostin C had no ap-
parent effect on forward transport in nonstressed cells,
it is likely that the role of PKC in Golgi reemergence
was to promote cell volume recovery. That is, in the
absence of PKC function, cell volume could not be
restored, and thus transport remained inactive. The
ability of cells to restore normal cell volume and then
reactivate transport explains the apparent incomplete
redistribution of the more slowly moving markers
such as GPP130: forward transport was reactivated, at
least in some percentage of the cells, before a time
point when all cells could exhibit complete GPP130
redistribution. Consistent with this explanation, com-
plete ER redistribution of GPP130 during osmotic
stress was achieved by using calphostin C to inhibit
reemergence. The adaptive response of cells to os-
motic stress suggests that cell volume and transport
are tightly coupled. The lack of a requirement for new
protein synthesis for this response indicates that the
coupling is mediated by posttranslational mecha-
nisms.

A simple explanation for the apparent collapse of
the ERGIC and Golgi into the ER that accompanied the
osmotically induced forward transport block is that
resident proteins of the ERGIC and Golgi constitu-
tively cycle through the ER; thus when ER-to-Golgi
transport is blocked, each resident accumulates in the
ER at the rate at which it normally cycles to the ER
(Cole et al., 1998). Unfortunately a direct comparison
of osmotically induced redistribution rates to normal
recycling rates cannot be made, because the normal
rates of Golgi resident recycling are presently un-
known. Nevertheless, the evidence argues that hypo-
osmotic conditions did not simply block forward
transport, but rather, retrograde transport must also
have been activated. First, although both hypo- and
hyperosmotic conditions were equally potent inhibi-
tors of forward transport, Golgi residents redistrib-
uted to the ER much more rapidly under hypo-os-
motic conditions (ts, ~5-10 min for GM130) than
under hyperosmotic conditions (ts, ~30 min for
GM130). Second, the tubules that appeared to carry
ERGIC and Golgi residents to the ER were clearly
induced, or at least greatly exaggerated, compared
with what can be observed in nonstressed cells. Third,
other conditions that block ER-to-Golgi transport,
such as microinjection of SAR1-H79G protein (Shima
et al., 1998) or anti-BCOP antibody (Pepperkok ef al.,
1993), do not cause extensive tubulation or rapid re-
distribution of Golgi residents into the ER. The finding
that physiologically important stresses, such as those
caused by hypo- and hyperosmotic conditions, block
ER export and stimulate tubulation of the ERGIC and
Golgi implies that anterograde and retrograde trans-
port between the ER and the Golgi have the potential
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to be regulated independently. Differential regulation
of anterograde and retrograde pathways would pro-
vide a mechanism for restructuring of the early con-
stitutive secretory pathway according to the demands
of changes in cell physiology.

Elucidation of the pathway linking osmotic changes
to the arrest of anterograde transport and the stimu-
lation of retrograde transport is an important area for
future research. It is possible that volume changes
during cell swelling (1.2- to 1.4-fold increase at most
under the conditions used in this study (see Watson,
1989) or shrinking (down to 0.5 of the original cell
volume) could directly inactivate a factor(s) that is
required for anterograde transport between the ER
and Golgi and, at the same time, directly stimulate a
rate-limiting factor(s) involved in tubulation and ret-
rograde transport. This could occur through a change
in cell volume, per se, if the transport factors were
concentration or dilution sensitive. Or, it could occur
as a consequence of swelling or shrinking-induced
changes in cytoplasmic pH (for review, see Graf and
Haussinger, 1996) that alter the activities of pH-sensi-
tive transport factors. Another possibility is that os-
motic stress lowers the level of ATP to generate the
affects documented herein, although several lines of
evidence argue against this possibility. First, although
lowering ATP levels in intact cells by sodium azide
and 2-deoxyglucose treatment is known to induce low
levels of tubulation of Golgi membranes (Cluett et al.,
1993), redistribution of Golgi residents to the ER is not
observed (Donaldson et al., 1990; our unpublished re-
sults). Second, lowering ATP levels in intact cells is
known to cause the release of BCOP from Golgi mem-
branes (Donaldson et al., 1990), but we observed that
the association of BCOP with Golgi membranes was
maintained during osmotic stress. Third, we have
measured the ratio of ATP to protein in cells extracted
at various times after exposure to hypotonic medium
and have observed no significant variation (our un-
published results). Regardless of the exact cause(s) of
the osmotically induced changes in anterograde and
retrograde transport, the changes in the activities of
the various transport factors would have to be revers-
ible upon restoration of normal cell volume in the
absence of new protein synthesis.

An alternative explanation to those listed above is
that a cell volume change could differentially affect
anterograde and retrograde constitutive transport
pathways through a classical signal transduction—-me-
diated process. Cell swelling leads to rapid increases
in intracellular Ca?>* and cAMP (Watson, 1989) and
stimulates PKC, phosphatidylinositol 3-kinase, and
MAPK cascades leading to the activation of Jun-NH2-
terminal kinase as well as extracellular signal-regu-
lated kinases 1 and 2 (for review, see Lang et al., 1998).
A straightforward approach to investigate the role of
classic signaling molecules in coupling cell volume
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changes to the forward transport block and Golgi-
resident redistribution response would be to specifi-
cally inhibit or activate the signaling molecules and
test whether the response of the secretory pathway to
osmotic stress is lost. Unfortunately, some of the
agents that might be used are already known either to
alter cell volume, e.g., dibutyrl cAMP and forskolin
(Nakahari and Marunaka, 1996), or to interfere with
cell volume regulatory mechanisms, e.g., inhibitors of
PKC (Roman et al., 1998), NDGA (Light et al., 1997),
inhibitors of phospholipase A2 (PLA2) (Light et al,,
1997), calmodulin antagonists (Lang et al., 1998), and
toxins that inhibit trimeric G proteins (Hoffmann and
Dunham, 1995). Thus it will be important in future
studies to determine whether an inhibition of the re-
sponse is a consequence of actual uncoupling or
whether it is an indirect consequence of a primary
effect on cell volume which subsequently feeds back
on the secretory pathway. Indeed, it is a noteworthy
possibility that some of the previously described ef-
fects of signaling molecule modulators on transport
kinetics (Hansen and Casanova, 1994; Pimplikar and
Simons, 1994; Muniz et al., 1996) may have been due to
the role of the corresponding signaling molecules in
cell volume control rather than their role in modifying
transport factors.

Our observations suggested that anterograde trans-
port was blocked at more than one step under both
hypo- and hyperosmotic conditions. One impairment
was apparently in COPI function: although BFA nor-
mally causes the rapid dissociation of COPI from
Golgi and ERGIC membranes (tvs, <30 s) (Donaldson
et al., 1990), COPI remained firmly Golgi associated if
BFA was added under hypo- or hyperosmotic condi-
tions (tiz, ~10 min or greater). This suggested that
COPI could bind to Golgi and ERGIC membranes
under hypo- or hyperosmotic conditions but was
slowed significantly in its ability to dissociate from the
Golgi and ERGIC. This slowed dissociation of COPI in
the presence of BFA mimics the behavior of COPI in
cells overexpressing ARF1-Q71I, an altered version of
ARF1 that is slowed in it ability to hydrolyze GTP
(Teal et al., 1994). That cells overexpressing ARF1-Q711
accumulate VSV-G in the ERGIC is consistent with a
requirement for COPI dissociation (as well as associ-
ation) in ERGIC-to-Golgi transport (Dascher and
Balch, 1994). Based on these data, we suggest that
hypo- and hyperosmotic conditions blocked ERGIC-
to-Golgi transport by inhibiting COPI function, pre-
sumably after its association with, and before its dis-
sociation from, Golgi membranes.

In addition to a block in ERGIC-to-Golgi transport,
ER export of VSV-G was rapidly inhibited. Although it
is formally possible that the block in ER export under
hypo-osmotic conditions was an indirect consequence
of a primary block in COPI function (Pelham, 1995),
the redistribution of ERGIC 53 to the ER under hypo-
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osmotic conditions mimicked the redistribution of
ERGIC 53 to the ER observed in cells microinjected
with SAR1-H79G protein to block ER export (Shima et
al., 1998). Furthermore, cells overexpressing ARF1-
Q711, and consequently exhibiting a perturbation of
COPI function that parallels the hypo-osmotically in-
duced perturbation of COPI function, are not blocked
in ER export (Dascher and Balch, 1994). These data
altogether indicate a direct inhibition of ER export
under hypo-osmotic conditions. The inhibition of ER
export could be due to a block in either the recruit-
ment of COPII components to sites of budding or the
inability of COPII, once assembled, to carry out vesicle
formation (Barlowe et al., 1994; Aridor and Balch, 1996;
Schekman and Orci, 1996). Our observations indicated
that presumed ER export sites, as marked by immu-
nofluorescent staining with an antibody against the
COPII subunit SEC13 (Shaywitz et al., 1995; Tang et al.,
1997), although reduced in number, were not com-
pletely lost during hypo-osmotic conditions (our un-
published results). It is tempting to speculate that the
function of COPII is perturbed in a manner analogous
to that of COPI function, at a step subsequent to its
association with but before its dissociation from mem-
branes.

Osmotic stress appeared to selectively regulate an-
terograde and retrograde pathways, because the ef-
fects of hypo- and hyperosmotic treatment on antero-
grade transport were indistinguishable, whereas their
effects on retrograde transport were kinetically and
morphologically distinct. Very little is known at
present about the factors that participate in Golgi tu-
bulation. One candidate for such a factor is PLA2.
PLAZ2 inhibitors prevent BFA-induced tubulation and
redistribution of Golgi residents to the ER (de Figueir-
edo et al., 1998). Although the exact role of PLA2 in
tubulation is unclear, it is tempting to speculate that
PLA2, whose activity is stimulated by cell swelling
(Lang et al., 1998), somehow mediates the extensive
tubulation of the Golgi under hypo-osmotic condi-
tions.

Why would osmotic stress cause the Golgi to redis-
tribute to the ER? In fission yeast, regulation of vacu-
olar fission and fusion pathways by osmotic stress
may function to restore normal cell volume (Bone et
al., 1998). It seems unlikely, though, that the redistri-
bution of Golgi residents to the ER in mammalian cells
would function to alleviate both hypo- and hyperos-
motically induced changes in cell volume. Rather, we
speculate that sending Golgi proteins back to the ER
might function as a protective response to stress. It has
been proposed that periodic constitutive recycling of
Golgi residents through the ER would provide a qual-
ity control mechanism ensuring that the modification
enzymes and structural proteins that reside in the
Golgi, many of which have half-lives that span an
entire cell division cycle, are periodically monitored
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for whether they are properly folded by the protein-
folding machinery residing in the ER (Cole et al., 1998).
Osmotic changes induce the expression of certain cy-
toplasmic heat shock proteins (Lang et al., 1998), but
whether fluctuations in cell volume result in higher
rates of protein misfolding, and targeted degradation,
has not been reported. Similarly, it remains to be
determined whether the Golgi residents that re-
emerge, presumably as a consequence of an adjust-
ment back to a normal cell volume, have been in
contact with the folding machinery in the ER.
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