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The function of the pre-Golgi intermediate compartment (IC) and its relationship with the endoplasmic reticulum (ER)
and Golgi remain only partially understood. Here, we report striking segregation of IC domains in polarized PC12 cells
that develop neurite-like processes. Differentiation involves expansion of the IC and movement of Rabl-containing
tubules to the growth cones of the neurites, whereas p58- and COPI-positive IC elements, like rough ER and Golgi, remain
in the cell body. Exclusion of Rab1 effectors p115 and GM130 from the neurites further indicated that the centrifugal,
Rab1l-mediated pathway has functions that are not directly related to ER-to-Golgi trafficking. Disassembly of COPI coats
did not affect this pathway but resulted in missorting of p58 to the neurites. Live cell imaging showed that green
fluorescent protein (GFP)-Rab1A-containing IC elements move bidirectionally both within the neurites and cell bodies,
interconnecting different ER exit sites and the cis-Golgi region. Moreover, in nonpolarized cells GFP-Rab1A-positive
tubules moved centrifugally towards the cell cortex. Hydroxymethylglutaryl-CoA reductase, the key enzyme of choles-
terol biosynthesis, colocalized with slowly sedimenting, Rabl-enriched membranes when the IC subdomains were
separated by velocity sedimentation. These results reveal a novel pathway directly connecting the IC with the cell

periphery and suggest that this Rabl-mediated pathway is linked to the dynamics of smooth ER.

INTRODUCTION

The secretory apparatus of eukaryotic cells consists of a
series of membrane-bound compartments connected by bi-
directional transport pathways. The best characterized or-
ganelles of this system, the endoplasmic reticulum (ER) and
the Golgi apparatus, are dynamic structures that can change
their size and shape depending on external signals and
cellular needs (Nunnari and Walter, 1996). Growth and re-
organization of these organelles are required for their accu-
rate partitioning during cell division (Warren and Wickner,
1996). In addition, both are composed of distinct subcom-
partments, and functional specialization of different cell
types is often accompanied by proliferation of these subdo-
mains (Pfeffer, 2003). For example, cells that are active in
protein secretion (such as plasma cells and pancreatic exo-
crine cells) contain massive amounts of ribosome-coated
rough ER (RER), whereas neurons, muscle cells, and steroi-
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dogenic cells develop extensive smooth ER (SER) networks
specialized in cholesterol and lipid biosynthesis and intra-
cellular calcium signaling (Vertel et al., 1992; Baumann and
Walz, 2001). How cells regulate the biogenesis of these se-
cretory organelles and their subdomains is not well under-
stood. However, the control mechanisms are likely to be
related to signaling pathways that coordinate the synthesis
of organelle proteins and lipids and may involve membrane
traffic between the ER and Golgi (Wiest et al., 1990; Cox et al.,
1997; Nohturfft et al., 2000; van Anken ef al., 2003).
Transport of proteins between the ER and the Golgi ap-
paratus is mediated by pre-Golgi structures that are fre-
quently referred to as vesicular-tubular clusters (VICs) or
collectively as the intermediate compartment (IC or ERGIC)
(Saraste and Kuismanen, 1992; Hauri et al., 2000; Klumper-
man, 2000; Lippincott-Schwartz et al., 2000). It still remains
unclear whether the pleiomorphic IC elements are simply
transport carriers or constitute a functionally more complex
membrane system. They form at ER exit sites (ERES), sta-
tionary, COPII-coated structures scattered throughout the
ER network (Hammond and Glick, 2000; Stephens et al.,
2000; Tang et al., 2000) via a protrusion or fusion process
(Antonny and Schekman, 2001; Mironov et al., 2003) that is
linked to microtubule dynamics (Watson et al., 2005). Sub-
sequently, they move in a microtubule-dependent manner to
the cis-Golgi region (Saraste and Svensson, 1991; Mizuno
and Singer, 1994; Presley et al., 1997; Scales et al., 1997) or
interact with cis-Golgi elements via tubulo-vesicular carriers
(Ben-Tekaya et al., 2005). The IC elements can change their
composition by recycling membrane components (Martinez-
Menarguez et al., 1999) and receiving material from the
Golgi apparatus (Marra et al., 2001) and develop membrane

© 2006 by The American Society for Cell Biology



domains that may have specific functions in bidirectional
ER-Golgi trafficking (Saraste and Kuismanen, 1984; Tang et
al., 1995; Martinez-Menarguez et al., 1999; Shima et al., 1999;
Horstmann et al., 2002). Interestingly, the IC expands in
transport-arrested cells (Kuismanen and Saraste, 1989;
Trucco et al., 2004) but also in response to accumulation of
unfolded proteins (Raposo et al., 1995; Zuber et al., 2004), and
it is prominent in professional secretory cells (Lahtinen et al.,
1992; Sesso et al., 1994; Martinez-Menarguez et al., 1999),
suggesting that cells can modulate the size and function of
this compartment.

Rabl is a GTPase that predominantly localizes to the IC
membranes (Griffiths et al., 1994; Saraste ef al., 1995; Sanne-
rud, Berger Hansen, and Saraste, unpublished data). It is
present in cells as two isoforms, RablA and Rab1B, which
both have been suggested to regulate anterograde transport
of cargo between the ER and the Golgi apparatus (Plutner et
al., 1991; Tisdale et al., 1992). However, in addition to glob-
ular elements enriched in anterograde cargo, Rab1 also as-
sociates with IC tubules that accumulate in transport-ar-
rested cells and are devoid of cargo proteins (Palokangas et
al., 1998). These findings raised the possibility that Rab1 (or
one of its isoforms) functions in a retrograde transport pro-
cess at the ER-Golgi boundary (Palokangas et al., 1998; San-
nerud ef al., 2003).

Here, we have used Rabl and p58, the rat ortholog of the
human cargo receptor ERGIC-53 (Lahtinen ef al., 1992; Hauri et
al., 2000), to examine the distribution and dynamics of the IC in
neuroendocrine PC12 cells, a commonly used model to study
neuronal differentiation (Greene and Tischler, 1976). When
treated with nerve growth factor (NGF), these cells reorganize
their endomembranes and develop long, neuritelike processes,
resulting in massive increase in the plasma membrane area
(Luckenbill-Edds et al., 1979). However, the intracellular trans-
port routes that support cell polarization and plasma mem-
brane expansion during neurite outgrowth remain largely un-
known (Futerman and Banker, 1996; Valtorta and Leoni, 1999).
We show here that Rabl-containing IC elements and ERES are
selectively redistributed to the neurites and growth cones of
polarized PC12 cells, providing evidence for a Golgi-bypass
pathway that functions in the delivery of membranes to the
developing neurites. Imaging of green fluorescent protein
(GFP)-Rab1A dynamics in living HeLa and normal rat kidney
(NRK) cells further showed that a similar centrifugal route also
operates in nonpolarized cells. Based on compositional prop-
erties of the Rabl-containing IC tubules, we propose that this
pathway is linked to the dynamics of SER and functions in
cholesterol transport from the early secretory route to cortical
regions of the cell.

MATERIALS AND METHODS

Antibodies and Reagents

The rabbit antibody detecting both isoforms of Rab1 (Saraste et al., 1995) was
affinity-purified using the glutathione S-transferase (GST)-Rab1A fusion pro-
tein. Affinity purification of rabbit anti-p58 has been described previously
(Saraste and Svensson, 1991). Rabbit anti-synaptophysin was purchased from
Synaptic Systems (Géttingen, Germany), anti-hydroxymethylglutaryl (HMG)-
CoA reductase was from Upstate Biotechnology (Lake Placid, NY), and
anti-BiP was from Stressgen Biotechnologies (Victoria, British Columbia, Can-
ada). The polyclonal anti-Rab1B and anti-B-COP were from Santa Cruz Bio-
technology (Santa Cruz, CA) and Affinity Bioreagents (Golden, CO), respec-
tively. The other primary antibodies were generous gifts from the following
sources: affinity-purified rabbit anti-mSec13 and monoclonal anti-Sec31a were
from Bor Luen Tang and Wanjin Hong (University of Singapore, Singapore),
rabbit anti-SPC25 was from Stephen High (University of Manchester,
Manchester, United Kingdom), mouse anti-ribophorin I was from Gert
Kreibich (New York University, New York, NY), rabbit anti-mannosidase II
was from Kelley Moremen (University of Georgia, Athens, GA), rabbit anti-
GM130 was from Nobuhiro Nakamura (Kanazawa University, Kanazawa

Vol. 17, April 2006

Relationship between IC and SER

City, Japan); affinity-purified rabbit anti-«-TRAP was from Tom Rapoport
(Harvard University, Cambridge, MA); rabbit anti-p115 was from Elizabeth
Sztul (University of Alabama, Birmingham, AL), and mouse anti-B'-COP was
from Felix Wieland (Biochemie-Zentrum, Heidelberg, Germany). Fluorescent
secondary antibodies and 6-[N-(7-nitrobenz-2-oxa-1,3-diazole-4-yl)amino]-
hexanoyl-D-erythro-sphingosine] (NBD-ceramide) were purchased from Jack-
son ImmunoResearch Laboratories (West Grove, PA) and Molecular Probes
(Eugene, OR) respectively. The mounting medium was from Vector Labora-
tories (Burlingame, CA).

Construction of Fluorescent Fusion Proteins

A DNA fragment encoding the full-length sequence of dog Rabl1A (GenBank
accession no. X56384) was generated by BamHI digestion of the pGEX-Rab1A
vector (kindly provided by Tommy Nilsson, University of Gothenburg, Goth-
enburg, Sweden). This BamHI/BamHI DNA fragment was inserted into the
Bglll/BamHI-digested pEGFP-C1 vector (GenBank accession no. U55763;
Clontech, Mountain View, CA) to generate pEGFP-Rab1A. Correct insertion
of the generated vector was confirmed by sequencing. The linker between
GFP and Rab1A consisted of six amino acids (Ser-Gly-Leu-Arg-Ser-Ala). The
yellow fluorescent protein-p58 construct (YFP-p58P) was generated by insert-
ing YFP at the proline-rich region between the CRD and stalk domains of p58
(Lahtinen et al., 1996; Matti Saraste, personal communication). Two DNA
fragments, corresponding to base pairs 11-838 (1) and 839-1564 (2) of rat p58
cDNA (Lahtinen et al., 1996; GenBank accession no. U44129) were prepared by
PCR using the primers 5'-ATC GCT AGC GAT GGC GGT GTC CAG GCG-3’
and 5'-TTG ACC GGT CCG GTT AGT TGG AAA GTC AG-3’ (1) and 5'-CTC
AAG CTT CGG AGC CCG GAA AAG AGC C-3" and 5'-GAG GAT CCT CAG
AAG AAT TTT TTG GCA GC-3’ (2). The PCR products were inserted at the
5" and 3’ ends of the YFP coding sequence in the pEYFP-C1 expression vector
(Clontech), respectively, and the accuracy of final constructs were confirmed
by sequencing.

Cell Culture, Transfection, and Drug Treatments

These experiments used both the original PC12 cell line (ATCC CRL-1721),
and a subclone derived from it (kindly provided Eivind Redahl, Haukeland
Hospital, Bergen, Norway). Attachment of the former requires pretreatment
of the culture dishes with rat tail collagen type I (Upstate Biotechnology),
whereas the latter adheres without precoating and shows homogenous re-
sponse to NGF. Similar results were obtained with both cell types. The
cultivation of PC12, HeLa, and NRK cells has been described previously
(Palokangas ef al., 1998). NGF (2.5S) was purchased from Invitrogen (Carls-
bad, CA) and added to the complete PC12 cell growth medium at 20 ng/ml.
Transfections using LipofectAMINE 2000 (Invitrogen) were performed ac-
cording to the manufacturer’s instructions. Brefeldin A (Epicenter Technolo-
gies, Madison, WI) was added to the medium at 5 pug/ml from 1000X ethanol
stock solution kept at —20°C. Nocodazole (Sigma-Aldrich, St. Louis, MO),
stored as 10 mM dimethyl sulfoxide stock solution at —20°C, was used at the
final concentration of 10 uM.

Cell Fractionation

Velocity sedimentation of 3000 X g supernatants prepared from PC12 cells
was carried out as described in detail previously (Majoul et al., 1996; Sanne-
rud, Berger Hansen, and Saraste, unpublished data). Briefly, PC12 cells grown
in 75-cm? culture flasks were washed successively with Hank’s balanced salt
solution (Invitrogen), phosphate-buffered saline, and 140 mM NaCl, 30 mM
KCl, 10 mM EDTA, 25 mM Tris-HCl, pH 7.4. Cell pellets were resuspended in
0.75 ml of 130 mM KCl, 25 mM NaCl, 1 mM EGTA, 25 mM Tris-HCl, pH 7.4
(homogenization solution; HS), supplemented with protease inhibitors (Com-
plete Mini; Boehringer, Mannheim, Germany), and homogenized by 30 <>
passages through a ball-bearing cell cracker (European Molecular Biology
Laboratory, Heidelberg, Germany) with the clearance set at 10 wm. Nuclei
were removed by centrifugation for 10 min at 600 X g, where after the
postnuclear supernatants were centrifuged for 10 min at 3000 X g. Samples of
the supernatants (0.5 ml) were layered on top of iodixanol (OptiPrep, Axis-
Schield) step gradients prepared in SW41 UltraClear tubes (from top to
bottom, 1.2 ml each of 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, and 25% iodixanol in HS).
After centrifugation in Beckman LE-80K ultracentrifuge for 30 min at 126.000 X
g, 11 fractions (2-8 corresponding to visible membrane bands) were collected
from the top, diluted with HS, and membranes were concentrated by centrifu-
gation for 90 min at 100,000 X g. They were resuspended in HS supplemented
with Complete Mini and 10 ug/ml each of chymostatin, leupeptin, antipain, and
pepstatin (Sigma-Aldrich), and frozen in aliquots at —20°C.

Gel Electrophoresis and Immunoblotting

Aliquots of the resuspended membrane pellets were mixed with concentrated
sample buffer. The proteins were separated by SDS-PAGE using 12% poly-
acrylamide gels, and transferred to nitrocellulose membranes, which were
typically cut into horizontal strips with the help of 10- to 250-kDa prestained
markers (Bio-Rad, Hercules, CA) and staining with Ponceau S. The strips
were first incubated 2 h to overnight in 20 mM Tris-HCI, pH 7.5, 150 NaCl,
0.1% Tween 20, and 5% nonfat dry milk (blocking buffer; BB), followed by 2-h
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Figure 1. Segregation of Rabl and p58 in
polarized PC12 cells. (A and B) Differentiat-
ing PC12 cells (48-h NGF) were stained for
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incubation with primary antibodies (diluted in BB), extensive washing, and
1-h staining with horseradish peroxidase-coupled anti-rabbit IgG (Jackson
ImmunoResearch Laboratories; diluted in BB). After final washing, the chemi-
luminescence reaction (Super Signal; Pierce Chemical, Rockford, IL) was
carried out, and immunoreactive protein bands were visualized and quanti-
tated using Fuji LAS 3000 imager.

Immunofluorescence Staining and Confocal Microscopy

The processing of cells for immunofluorescence microscopy has been de-
scribed previously (Palokangas et al., 1998). For staining with anti-ribophorin
I and anti-SPC25, the cells were treated with 6 M guanidine-HCI to expose
antigenic sites (Ying et al., 2002). Confocal imaging was performed using
either Leica TCS SP2 AOBS or Zeiss LSM 510 Meta confocal laser scanning
microscopes. Optical sections were obtained using either 63X (numerical
aperture [NA] 1.4-1.45) or 100X (NA 1.4) oil immersion objectives. The
fluorescent signals in the growth cones were quantitated using the standard
Leica software. Regions of interests were defined and their relative fluores-
cence intensities (arbitrary units per square micrometer) were calculated
based on the total pixel intensities and surface areas. The background signal
was determined for growth cones of cells reacted only with secondary anti-
bodies and subtracted from the values. For each time point, the fluorescence
intensities of 40—60 growth cones, set within the dynamic range of measure-
ment, were determined from two separate experiments.

Live Cell Imaging

For imaging of the fluorescent proteins in living cells, the transfected cells on
coverslips were placed in a 37°C incubation chambers, attached to either Leica
SP2 or Zeiss Axiovert 200 microscopes, and filled with phenol red-free culture
medium buffered at pH 7.5 with 20 mM HEPES. Time-lapse confocal micros-
copy of GFP-Rab1A was carried out using Leica SP2 equipped with a 63X oil
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a8 72 endogenous Rab1 (A) or p58 (B). Note accu-
mulation of Rabl in the growth cones (A,
arrows) and exclusion of p58 from the neu-
rites (B). Arrowheads indicate neck regions
of the neurites. (C) Kinetics of appearance of
Rabl in the growth cones. For comparison,
the inset shows the kinetics of transport of
synaptophysin (SP) to these sites. (D) Linear
growth of neurites during the NGF treat-
ment. (E and F) Rabl-positive elements
within the neurites (arrows) accumulate at
the varicosities (F, arrowhead) and through-
out the growth cones. (G and H): Immuno-
electron microscopy shows the association
of Rabl with pleiomorphic, smooth mem-
brane structures within the growth cones
(arrowheads). Asterisks indicate secretory
granules that are not labeled. Bars, 10 um (A
and B), 5 um (F), 1 um (G), and 0.2 um (H).

immersion objective (1.4 NA), at a definition of 512 X 512 pixels, and with the
pinhole set at 1 airy disk. GFP was excited with a 488-nm laser line and imaged
with a 505- to 560-nm band-pass filter. Data were processed using the Image]
software (available at http://rsb.info.nih.gov/ij/) and Adobe ImageReady 7.0
(Adobe Systems, Mountain View, CA. The final figures were prepared using
Adobe Photoshop 7. The fluorescence intensity profiles and SD projections were
obtained using the Image] software. Spinning disk confocal microscopy of HeLa
and NRK cells expressing GFP-RablA or YFP-p58 was performed using the
Ultraview RS Live Cell Imager (PerkinElmer Life and Analytical Sciences, Bos-
ton, MA). The cells were viewed with 63X /1.4 NA Plan-Apochromat oil immer-
sion objective, and images were acquired with an Argon laser. Z-stacks of the
entire cell depth were acquired for each time point. The images were processed
using Volocity (Improvision, Lexington, MA) and the NTH Image] software.

Immunoelectron Microscopy

Cells were fixed for 30 min with 2% paraformaldehyde (PFA), 0.125% glutaral-
dehyde and then for 2 h with 2% PFA. They were processed for cryosectioning
as described previously (Raposo et al., 1997). Cryosections were obtained using
Leica Ultracut FCS ultracryomicrotome, retrieved with a 1:1 solution of 2.3 M
sucrose and 2% methylcellulose, and incubated with affinity-purified anti-Rab1,
followed by 15-nm protein A-gold (Department of Cell Biology, University of
Utrecht, Utrecht, The Netherlands). The immunolabeled sections were viewed at
80 kV in a Philips CM120 electron microscope.

RESULTS

Segregation of Rabl and p58 in Polarized PC12 Cells

Because the differentiation of PC12 cells has been previously
shown to involve structural and functional changes of the
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Golgi complex (Luckenbill-Edds et al., 1979; Hickey et al., 1983),
it was of interest to examine whether the organization of the
IC is also affected. We first studied the localization of Rabl
and p58 in control PC12 cells and at different times after
addition of NGF. Previous studies suggested that the two IC
proteins have largely overlapping distributions (Krijnse-
Locker et al., 1995; Saraste ef al., 1995), and their localizations
in control PC12 cells were also similar (Figure 3, A and B,
insets). However, they displayed strikingly different distri-
butions in the NGF-treated PC12 cells. Whereas p58 was
restricted to the cell bodies, Rabl was also present in the
neurites, being predominantly enriched in the growth cones
(Figure 1, A and B). The Rabl-positive IC elements were
evenly distributed throughout the growth cones, but they
were absent from filopodia (Figure 1E). They were also
detected along the neurites, concentrating in their varicosi-
ties (Figure 1, E and F). Similar, partial segregation of Rabl
and p58 was observed in cultured hippocampal neurons
(Sannerud and Saraste, unpublished data). Results obtained
with GFP-RablA (Figure 7), and using antibodies against
endogenous Rab1B (our unpublished data), indicated that
both Rab1 isoforms are present in the neurites.

Determination of the kinetics of redistribution of Rabl to
the growth cones showed that the Rabl-specific signal
started to increase at ~12 h, reaching a plateau at ~36 h after
NGEF addition (Figure 1C). At the same time, the p58 signal
in the growth cones did not increase (Figure 1C). In contrast
to Rabl, synaptophysin, an integral membrane protein of
synapticlike microvesicles that follows the constitutive post-
Golgi pathway (Kelly and Grote, 1993) was transported to
the growth cones within the first 12 h after addition of NGF
(Figure 1C, inset). Also, because the length of the neurites
increased linearly during the first 72 h of NGF treatment
(Figure 1D), we conclude that the redistribution of Rab1 to
the neurites is a regulated process that depends on their
maturation.

Rab1 Associates with Pleiomorphic Structures in the
Growth Cones

The growth cones of NGF-treated PC12 cells can be easily
identified in the electron microscope because of their char-
acteristic shape and the presence of numerous secretory
granules (Luckenbill-Edds et al., 1979) (Figure 1G). In accor-
dance with the confocal microscopic results (Figure 1, E and
F), immunogold labeling of cryosections showed that the
Rabl-containing IC elements are present throughout the
growth cones. They seemed to be highly heterogenous in
size and shape, including both small tubulo-vesicular and
larger pleiomorphic structures (Figure 1, G and H). Within
the cell bodies Rab1 associated with membranes at the cis-
face of the Golgi apparatus as well as peripheral tubulo-
vesicular and vacuolar IC elements (our unpublished data),
as described previously in other cell types (Griffiths et al.,
1994; Saraste et al., 1995).

RER, Golgi, and Rab1 Effectors, but Not ERES, Are
Excluded from the Neurites

To study the topology of early secretory compartments in
the NGF-treated PC12 cells, we first examined the localiza-
tion of RER and Golgi markers by confocal microscopy.
Ribophorin I, a subunit of oligosaccharyl transferase (Wilson
et al., 2005), was mainly restricted to the cell bodies (Figure
2A), but it frequently extended to the neck regions of the
neurites. Localization of the signal peptidase subunit SPC25,
and the translocon component «TRAP (Baumann and Walz,
2001), gave similar results (our unpublished data). Golgi
membranes were also restricted to the cell bodies, as shown
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Figure 2. Distribution of early secretory compartments in polar-
ized PC12 cells. (A-F) PC12 cells (48-h NGF) were stained with
antibodies against RER (A) and Golgi (B) markers, p115 (C), GM130
(D), and the B-COP and Sec31a subunits of COPI and COPII coats (E
and F, respectively). Note the exclusion of all markers from the
neurites, except for ribophorin I (RER) that is present in their neck
regions (A, arrowheads), and Sec31a, a marker for ERES, that is
found throughout the cell body and the neurites. Arrows indicate
growth cones and the dotted lines highlight the paths of the neu-
rites. Bars, 20 um. (G) Close association of the Rabl-positive IC
elements and ERES in the growth cones (arrows). The inset shows
an IC element surrounded by three ERES.

by localization of mannosidase II (Figure 2B), and the fluo-
rescent lipid analog NBD-ceramide, markers of cis-medial
and trans-Golgi cisternae, respectively. The two tethering
factors, p115 and GM130, that functionally interact with
Rabl1 (Allan et al., 2000; Moyer et al., 2001; Weide et al., 2001;
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Barr and Short, 2003) were localized to membranes in the
Golgi region as well as peripheral IC structures within the
cell bodies, as described in other cell types (Alvarez ef al.,
1999; Marra et al., 2001). Interestingly, when different anti-
bodies were used, both were consistently found to be ex-
cluded from the neurites (Figure 2, C and D).

Antibodies against B-COP, a subunit of COPI coats that
predominantly associate with IC and cis-Golgi membranes
(Klumperman, 2000; Sannerud et al., 2003), revealed pre-
dominant localization of these membrane-bound coats to the
cell bodies, with negligible signal in the neurites (Figure 2E).
By contrast, antibodies against mSec13 and Sec31a (Figure
2F), two COPII components (Antonny and Schekman, 2001),
highlighted the punctate ERES and showed their presence in
the neurites, as recently reported for hippocampal neurons
(Horton and Ehlers, 2003, Aridor ef al., 2004). Double local-
ization of endogenous Rabl and Sec31a showed that many
of the IC elements and ERES closely associate within the
growth cones (Figure 2G). Examination of cells at different
times after NGF addition showed that the redistribution of
ERES occurs in parallel with neurite growth (our unpub-
lished data).
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Figure 3. Expansion of the IC in NGF-
treated cells. (A and B) Localization of p58
(A) and Rabl1 (B) in control and NGF-treated
(24 h) cells. Compared with control cells
(insets), more widespread distribution of
the IC elements (arrows) is seen in the dif-
ferentiating cells. (C and C’) Two confocal
sections from a cell (24-h NGF) stained for
Rab1 (see Supplemental Movie 1). Note the
globular and tubular domains of the IC el-
ement in C (arrow) and the formation of a
reticulum in the neck region of the neurite
(C’, brackets; inset). (D and E) Double stain-
ing for endogenous Rabl and p’-COP
shows that the IC tubules (arrows) mostly
lack COPI but can be continuous with
COPI-positive globular domains (D, inset).
(F and Inset) GFP-Rab1A and p58 colocalize
in globular IC domains (arrows), whereas
the Rab1-positive tubules are devoid of p58
(inset). Bar, 5 um. Bars, 10 um (A and B), 10
pum (C and C’), and 2 um (D and E).

Expansion of the IC during Neurite Outgrowth

The redistribution of Rabl-containing IC elements to the
developing neurites indicated that differentiation of PC12
cells is accompanied by considerable reorganization of
this compartment. It has been reported that NGF treat-
ment of PC12 cells results in approximately sixfold induc-
tion of Rab1B mRNA (Zhu et al., 2002), and we measured
a corresponding up to fourfold increase in Rabl protein
levels (Sannerud and Saraste, unpublished data). Local-
ization of p58 and Rab1 in PC12 cells at 12-24 h after NGF
addition, before major redistribution of Rabl to the neu-
rites (Figure 1C), indicated that considerable expansion of
the IC indeed takes place. Whereas the IC elements in
control cells were concentrated in the Golgi region (Figure
3, A and B, insets), in NGF-treated cells they were spread
throughout the cytoplasm, including its cortical regions
(Figure 3, A and B). Interestingly, proliferation of Rab1-
positive tubules occurred in the differentiating cells (Fig-
ure 3, B and C), and analysis of serial confocal sections
revealed the formation of tubular networks in the neck
regions of the neurites (Figure 3, C' and inset; see Sup-
plemental Movie 1).
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The IC Consists of Compositionally Distinct Domains

In contrast to Rab1, p58 was not detected in tubular elements
in the NGF-treated PC12 cells (Figure 3A). To directly com-
pare the distributions of these two proteins, we localized
endogenous p58 in the differentiating cells transiently ex-
pressing the GFP-RablA fusion protein (see below; Figure
7A). As shown in Figure 3F, p58 was absent from the IC
tubules, but colocalized with GFP-RablA in the globular
domains. In addition, because retrograde transport at the
ER-Golgi boundary seems to involve distinct pathways that
differ in their dependency of COPI coats (see Sannerud et al.,
2003 for review), we studied the localization of these coats
with respect to the Rabl tubules that accumulate in the
differentiating cells. Double-staining of cells for Rabl and
the B’-COP subunit of COPI coats indicated that the Rab1-
positive IC tubules generally are devoid of these coats; how-
ever, some apparent patchy overlap was seen along the
tubules (Figure 3, D and E). In addition, Rabl and p’-COP
displayed largely nonoverlapping distributions in IC ele-
ments consisting of distinct globular and tubular domains
(Figure 3D, insets).

Brefeldin A Results in Transport of p58 to the Neurites

The above-mentioned results suggested that the segregation
of Rab1 from p58 and COPI in the differentiating PC12 cells
could result from their differential distributions within tu-
bular and globular domains of the IC. Because the binding of
COPI coats to IC membranes is inhibited by BFA (Lippin-
cott-Schwartz et al., 2000), and p58 is known to interact with
these coats (Hauri et al., 2000), we studied the effect of this
inhibitor on the segregation of p58 and Rabl. When BFA
was added to cells pretreated for 24 h with NGF, the p58-
specific signal in the growth cones increased approximately
fivefold but returned to control levels after BFA washout
(Figure 4A). In contrast, the Rabl signal was unaffected by
these treatments, and gradually increased, as in control cells
at 24 h after addition of NGF (Figure 4A). Confocal micros-
copy showed that BFA resulted in the appearance of p58 in
tubular structures within the cell bodies and the neck re-
gions of the neurites (Figure 4B) as well as partial colocal-
ization of p58 and GFP-RablA in growth cones of the drug-
treated cells (Figure 4C). Under the same experimental
conditions, mannosidase II was not detected in the neurites
(our unpublished data). These results indicate that the re-
tention of p58 within the cell bodies involves a COPI-depen-
dent mechanism, whereas transport of IC elements to the
growth cones does not require COPI function.

Dynamics of GFP-Rab1A in Living Cells

To visualize the dynamics of Rabl-positive IC elements in
living cells, we constructed a chimeric protein consisting of
GFP fused to the NH, terminus of Rab1A (GFP-Rab1A). The
localization of GFP-RablA in the transfected cells (HelLa,
NRK, and PC12), expressing moderate levels of the fusion
protein, was indistinguishable from that of endogenous
Rabl, and the expression of the fusion protein did not affect
the distribution of endogenous proteins of the early secre-
tory pathway (mSec13, p58, KDEL-receptor, and mannosi-
dase II; data not shown). Moreover, PC12 cells expressing
GFP-Rab1A responded to NGF like nontransfected cells, and
the fusion protein redistributed to the growth cones of the
differentiating cells (see below; Figure 7A).

The dynamics of GFP-Rab1A was first studied by confocal
time-lapse microscopy in nonpolarized HeLa cells (Figure 5
and Supplemental Movie 2). GFP-RablA associated with
long tubular (apparent length 1.4-3 um) and large globular

Vol. 17, April 2006

Relationship between IC and SER

>

(3]
J

B p58
Rabl

L] w B
L L 1

Relative fluorescence
in growth cones

Figure 4. BFA causes redistribution of p58 to the growth cones. (A)
The relative p58- and Rab1l-specific signals were determined in the
growth cones of NGF-treated cells at the time of BFA addition (24-h
NGEF; control), after BFA treatment (120 min), and after BFA wash-
out (60 min). One of two experiments giving similar results is
shown. (B) In contrast to NGF-treated control cells (Figure 2A), p58
localizes to tubular elements (arrowheads) in the BFA-treated cells
and is found in the varicosities and growth cones of the neurites
(arrows). (C) GFP-Rab1A and p58 (arrows) colocalize in the growth
cones of transfected cells BFA-treated as in A. Bar, 5 um (B).

structures (diameter 0.2-0.5 um), which were found
throughout the cytoplasm, including its cortical regions
(Figure 5A). Although most of these elements were highly
dynamic, many of the globular structures remained station-
ary for variable periods of time but suddenly changed their
shape and became mobile (Figure 5A and Supplemental
Movie 2; see also Figure 6C and Supplemental Movie 5).
Staining of the cells expressing GFP-Rab1A with antibodies
against mSec13 indicated that many of the globular elements
localize to the vicinity of ERES (Figure 5B). Interestingly, the
fluorescent signal of the stationary, globular structures fluc-
tuated in a periodic manner (Figure 5C). The signal rises
frequently followed bimodal kinetics, apparently corre-
sponding to the recruitment of GFP-Rab1A from the cytosol,
or fusion between different IC elements (Figure 5, C and F,
and Supplemental Movie 3), whereas the rapid drops in
signal intensity represent the conversion of the IC elements
to mobile structures (Figure 5C and Supplemental Movie 3).
The reappearance of the signal at the same sites (Figure 5C
and Supplemental Movie 3) further indicates that these lie
close to ERES, which maintain fixed positions over time
(Hammond and Glick, 2000; Stephens et al., 2000).
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Figure 5. Dynamics of GFP-RablA in
HeLa cells. (A) GFP-Rab1A dynamics visu-
alized by time-lapse confocal microscopy.
Projection of 100 images (frames 300-399;
Supplemental Movie 2) reveals the trajecto-
ries (arrows) followed by mobile IC ele-
ments. The arrowheads indicate stationary
IC elements at the periphery of the cells. The
Golgi region (asterisk) looks dark in this
projection. The areas shown in D and E are
indicated. Bar, 10 um. (B and Inset) Partially
overlapping distributions of GFP-RablA
and endogenous mSecl3 (ERES) in the
transfected HeLa cells. (C) Oscillation of the

W W} AW G I &0 AW

GFP signal at a peripheral site (also see Sup-

Frame plemental Movie 3). The asterisk indicates a

rapid rise in signal intensity coinciding with

fusion between two globular IC elements.
(D) Distinct trajectories (red and green ar-
rowheads) of two tubular IC elements that
originate at the same site and move toward
the Golgi region (frames 318-342; see Sup-
plemental Movie 2). (E) Dynamic networks
formed by tubules that bud from peripheral
IC elements and merge with nearby sites
(frames 359-398; see Supplemental Movie

Projection

2). The projection shows the ramified trajec-
tories of the tubules and the branch points
of the network (colored arrowheads). (F)
Fusion of two IC elements, followed by bud-
ding of a narrow tubule (arrowhead) from the
merged, stationary element (arrow) (frames
337-346; see Supplemental Movie 2). (G) Bidi-

Many of the GFP-RablA-positive tubular and globular
elements moved centripetally, apparently merging with IC
membranes in the Golgi region (Supplemental Movies 2 and
3; Marra et al., 2001). In addition, a number of the structures
moved centrifugally from the Golgi area toward peripheral
sites. Multiple bidirectional, long-range movements fol-
lowed the same tracks, suggesting that they occur along
microtubules (Figure 5, D and G, and Supplemental Movie
2). The velocities of the GFP-RablA-containing elements
(0.8-1.7 um/s) were similar to those reported for microtu-
bule-based transport of pre-Golgi carriers (Lippincott-
Schwarz et al., 2000), and nocodazole resulted in the accu-
mulation of GFP-Rab1A in stationary structures throughout
the cells (our unpublished data). Interestingly, narrow tu-
bules were seen budding from globular IC elements and
fusing with nearby IC structures (Figure 5, E and F), thus
connecting peripheral IC elements that apparently reside
close to ERES. Although the oscillation of the GFP-signal of
these sites made it difficult to visualize them over time
(Figure 5, C, E, and F), they could be identified as branch
points of a dynamic network in projections of successive
images (Figure 5F, projection). In addition, the globular IC
elements seemed to undergo homotypic fusion (Figure 5F
and Supplemental Movie 3).

For comparison, we also prepared fluorescent variants of
p58 and followed their dynamics in transfected HeLa cells.
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In contrast to the results obtained with GFP-RablA, and
recently reported for GFP-ERGIC-53 (Ben-Tekaya et al.,
2005), YFP-p58 predominantly associated with relatively sta-
tionary, globular structures that were widely distributed in
the cells. In cells expressing moderate levels of fluorescent
p58, it was only occasionally detected in dynamic tubules
interconnecting the globular IC elements (Supplemental
Movie 4). Similar results were obtained with two different
constructs of p58, YFP-p58P (Supplemental Movie 4) and
YFP-p58N (Ying et al., 2002; our unpublished data).

The strong GFP signal facilitated the detection of IC ele-
ments also in the cortical regions of nonpolarized HeLa and
NRK cells (Figure 5A and Supplemental Movie 2). To visu-
alize the detailed dynamics of these peripheral elements, we
used spinning disk confocal microscopy allowing fast acqui-
sition of images. Narrow, GFP-Rabl-positive tubules were
seen budding from globular IC structures and moving cen-
trifugally to cortical cytoplasmic regions under the plasma
membrane. Most of these tubules seemed to originate from
IC structures located outside the Golgi region (Supplemental
Movie 5). In the cell cortex these became relatively station-
ary, sometimes lying in parallel to the plasma membrane, or
forming tubular networks (Figure 6, A-C, and Supplemental
Movie 5). IC elements also moved in the opposite direction,
from the cell cortex toward the perinuclear region (Supple-
mental Movie 5).
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Figure 6. Centrifugal movements of IC tubules to the cell cortex. (A) An image from Supplemental Movie 5, obtained by spinning disk
confocal microscopy, showing the dynamics of GFP-Rab1A in transiently transfected NRK cells. The areas shown in B and C are indicated.
(B) Narrow, GFP-RablA-positive tubules (arrowheads 1-4) bud from the same stationary, globular structure (arrow) and move along the
same track to the cell cortex (frames 774—-826; see Supplemental Movie 5). (C) A tubular IC element (arrowhead) moves from a juxtanuclear
site to the cell periphery (frames 572-651; see Supplemental Movie 5). The arrow denotes a globular IC element that transforms into an
elongated structure as it starts to move toward the Golgi region (asterisk). Bar, 10 um (A).

The dynamics GFP-RablA in the cell bodies of NGF-
treated PC12 cells could not be studied with similar resolu-
tion as in the nonpolarized cells due to the small size of these
cells and the expansion of IC membranes. However, the
emerging picture of IC dynamics in these cells was similar to
that seen in HeLa and NRK cells, including relatively sta-
tionary, globular structures, and dynamic tubules that inter-
connected these and also moved bidirectionally between
peripheral sites and the Golgi region. In addition, narrow
tubules and tubular networks were seen in the periphery of
the cells, beneath the plasma membrane, and in the neck
regions of the neurites (Supplemental Movie 6). Live cell
imaging further showed that GFP-RablA-positive IC ele-
ments move bidirectionally along the neurites (Figure 7B,
Supplemental Movie 6). The velocities of the movements
within the neurites were relatively slow (0.2-0.3 um/s), as
compared with those recorded in HeLa cells.

Rabl-positive IC Elements Contain HMG-CoA Reductase
and BiP

The unexpected transfer of Rab1A-containing IC tubules to
the growth cones of polarized PC12 cells raised the question
of their relationship with SER, which has been shown to be
present at these sites (Luckenbill-Edds et al., 1979; Tooze
et al., 1989; Krijnse-Locker et al., 1995). SER has mainly been
characterized in highly specialized tissues, whereas its
organization and dynamics in less differentiated cells is
poorly understood (Baumann and Walz, 2001). Because live
cell imaging showed that cells contain a consider-able pool
of Rab1-positive, narrow tubules, that are largely devoid of
P58, we used velocity sedimentation to separate the tubular
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and globular domains of the IC, which differ in both size and
form. Previous analytical differential centrifugation studies
showed that the IC consists of two size classes of compo-
nents, most likely corresponding to the tubulo-vesicular and
vacuolar structures seen by electron microscopy (Ying ef al.,
2000). Moreover, velocity sedimentation has been success-
fully used to separate small, Golgi-derived vesicles from
large Golgi structures (Love et al., 1998). Using iodixanol-
gradients, it was possible to separate the IC into two types of
elements showing differential enrichment of Rabl and p58
(Figure 8A). Based on their sedimentation properties and
marker content we conclude that the slowly sedimenting
component (67% of total membrane-bound Rab1) represents
the narrow IC tubules, whereas the fast-migrating fraction
(69% of total p58) is enriched in the globular (vacuolar) IC
structures (Figure 8A). The minor, slowly sedimenting peak
of p58 most likely corresponds to the p58-containing, small
transport vesicles (Saraste and Svensson, 1991; Palokangas et
al., 1998).

To study the distributions of ER subcompartments in
these gradients, we used SPC25 (see above) and HMG-CoA
reductase (HMGR; Anderson et al., 1983; Singer et al., 1988)
as markers for RER and SER, respectively. In accordance
with previous studies (Majoul ef al., 1996), the RER elements
were found to concentrate towards the bottom part of the
gradients, partially separating from both IC fractions (Figure
8B). Interestingly, HMGR peaked at the top of the gradients
where it colocalized with the slowly sedimenting IC ele-
ments enriched in Rabl. The strict colocalization of HMGR
and Rab1 was not affected by changing the steepness of the
gradient (our unpublished data).
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Figure 7. Bidirectional movements GFP-RablA in the neurites of
PC12 cells. (A and Inset) GFP-RablA, like endogenous Rabl, is
redistributed to the growth cones (arrows) of the NGF-treated cells.
(B and C) Bidirectional dynamics of IC elements in the neurites
recorded by time-lapse confocal microscopy (see Supplemental
Movie 6). (B) A tubular IC element (arrow) moves from the growth
cone toward the cell body. (C) An IC element (arrow) moving from
the neck region of the neurite toward the growth cone. Asterisks
indicate the cell body. Bar, 20 um (A).

Because the antibody against HMGR was not applicable
for the detection of the protein by immunocytochemistry,
we compared the localization of Rabl with that of BiP, a
lumenal ER protein that has been previously shown to re-
side in the SER compartment present in the extensions and
growth cones of neuronlike cells (Tooze et al., 1989). Inter-
estingly, partial colocalization of the two proteins was ob-
served both in the growth cones (Figure 8D, top) and along
the extensions (Figure 8D, bottom) of polarized PC12 cells.
In addition, a large pool of (~40%) of BiP cosedimented with
the slowly migrating, Rabl-enriched IC elements in the ve-
locity gradients (our unpublished data).

DISCUSSION

We have studied here the organization and dynamics of the
IC in different polarized and nonpolarized cell types and
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obtained results that reveal an unexpected topological and
functional complexity of this membrane system. These re-
sults are schematically summarized in Figure 9. We propose
that the IC consists of two morphologically distinct (light
microscopically distinguishable), globular and tubular sub-
domains that also differ in their composition and dynamics.
Partial segregation of these domains seemed to take place in
polarized PC12 cells, indicating that they have different
functions. We suggest that the “globular” domain of the IC
(Figure 9) operates in ER-to-Golgi transport. Accordingly, it
is enriched in newly synthesized cargo proteins (Presley
et al., 1997; Scales et al., 1997; Palokangas ef al., 1998), COPI
coats, and the cargo receptor p58/ERGIC-53 that interacts
with these coats (Hauri et al., 2000). This domain most likely
corresponds to (or includes) the large, pleiomorphic ele-
ments that by immunoelectron microscopy have been
shown to contain p58 (Saraste and Svensson; 1991) and
membrane-bound or secretory cargo (Saraste and Kuis-
manen, 1984; Horstmann et al., 2002; Mironov et al., 2003). It
is further divided into COPI-coated and uncoated mem-
brane regions that may have distinct functions in bidirec-
tional (antero- and retrograde) ER-to-Golgi trafficking
(Martinez-Menarguez et al., 1999, Shima et al., 1999).

The tubular subcompartment of the IC is defined by Rab1
(Figure 9), which according to the present results is enriched
in this domain (Figure 8). It was first described by confocal
microscopy in cells in which transport between the ER and
Golgi was arrested at reduced temperature (15°C) or by
blocking organelle acidification (Palokangas et al., 1998).
Interestingly, the Rab1-positive IC tubules accumulating in
the transport-arrested cells were largely devoid of antero-
grade cargo, suggesting that they function in a retrograde
pathway (Palokangas ef al., 1998; Sannerud et al., 2003). Here,
we show that NGF-induced differentiation of PC12 cells leads
to proliferation of this domain and its transfer to the develop-
ing neurites (Figure 9). In addition, imaging of GFP-Rab1A in
living cells provided evidence that these tubules constitute a
dynamic pathway that interconnects peripheral and central IC
elements and also extends from the IC toward cortical regions
of the cell (Figure 9). It is possible that cells contain different
populations of Rabl-containing tubules that differ in their com-
position depending on their cellular localization (e.g., cis-Golgi
region versus cell periphery).

The effector molecules that interact with Rab1 in the nar-
row IC tubules remain to be identified. Rabl may function
during the formation of the tubules, for example by regu-
lating the recruitment of specific structural components or
motors to these membranes, or in their fusion with other IC
elements. As suggested in Figure 9, it is possible that COPI
(Lippincott-Schwartz ef al., 2000; Alvarez et al., 2003) and
Rabl play key roles in the organization of the IC into its
subdomains. The function of Rab1 could also be related to the
long-distance movement of the tubules. Recently, MICAL
proteins were identified as novel Rabl-interacting proteins,
providing a possible functional link with the cytoskeleton
(Fischer et al., 2005).

In addition to the tubular IC elements, Rab1 is also de-
tected in the globular IC domain (Figure 9; Palokangas et al.,
1998), most likely corresponding to the vacuolar structures
seen by electron microscopy (Saraste et al., 1995). Therefore,
visualization of GFP-Rab1A in living cells provided a more
comprehensive picture of IC dynamics than has been ob-
tained thus far. These experiments showed that the narrow
IC tubules are highly dynamic. Moreover, the globular IC
elements, apparently residing in the vicinity of ERES, could
remain stationary for variable periods of time, but suddenly
assumed an elongated shape and became mobile. Treatment
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Figure 8. Localization of HMGR and BiP to Rabl-positive IC ele-
ments. (A and B) A 3000 X g supernatant prepared from PC12 cells
was subjected to velocity sedimentation in a 5-25% iodixanol gra-
dient, and the gradient fractions were analyzed by immunoblotting
with antibodies against Rabl and p58 (IC), HMGR (SER) and
SPC-25 (RER). The distributions of the four proteins (A and B) are
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Figure 9. Dynamic organization of the IC in nonpolarized and
polarized cells. Top left, schematic model of the dynamics and
topology of the IC elements in nonpolarized HeLa and NRK cells. In
addition to mediating two-way traffic between ER exit sites (ERES)
and the cis-Golgi region, dynamic IC elements also interconnect
different ERES and move centrifugally to cortical regions of the
cytoplasm where they become more stationary. Top right, the IC
consists of compositionally distinct globular and tubular domains.
The globular “anterograde cargo domain” contains p58, which as-
sociates with BFA-sensitive COPI coats, whereas the tubular do-
main is specifically enriched in Rabl. Bottom, the Rabl-containing
IC tubules move to the neurites and growth cones of differentiating
PC12 cells, whereas p58/COPI-positive IC elements, like RER and
Golgi membranes, remain in the cell body. However, disassembly of
the COPI coats by BFA results in missorting of p58 to the tubular IC
domain and its transport to the neurites. ERES also move to the
neurites and their growth cones, where they together with the
dynamic Rab1-containing IC elements are proposed to give rise to a
smooth membrane network (SER) that in highly differentiated cells
may become more stationary and establish stable connections with
membranes in the cell body.

of cells with nocodazole inhibited both types of movements.
Moreover, coalignment of the p58- and Rabl-positive IC
elements with microtubules (Marie and Saraste, unpub-
lished data) supports the conclusion that the bidirectional,
long-range movements of these membranes take place along
microtubule tracks. Live cell imaging also demonstrated the

representative for three (Rabl, p58, and HMGR) or two experiments
(SPC25). The three bottom fractions were devoid of immunoreactive
material and are not shown. Note the separation of the IC elements into
slow- and fast-sedimenting components, enriched in Rabl and p58,
respectively, and the colocalization of HMGR with the IC elements
enriched in Rabl. (C) Corresponding immunoblots for the four pro-
teins are shown. (D) Partially overlapping distributions of Rabl and
BiP in the neurites of PC12 cells. The arrows indicate colocalization of
the two proteins in the growth cones (top) and along the extensions
(bottom) of the NGF-treated cells. Bars, 5 um.
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dynamic continuity of the two IC subdomains by showing
the budding and detachment of the narrow tubules from the
globular IC domains. Functional evidence for this dynamic
continuity was obtained when polarized PC12 cells were
treated with BFA, which blocks COPI binding to IC mem-
branes. Under these conditions, p58 occurred in tubular
elements and was transported to the growth cones of the
neurites, indicating that it is missorted to the IC tubules
(Figure 9). Similar missorting, because high overexpression
of the protein, could explain the recently reported appear-
ance of GFP-ERGIC-53 in dynamic tubular structures (Ben-
Tekaya et al., 2005).

The exclusion of RER and Golgi membranes as well as the
Rabl1 effectors p115 and GM130 from the neurites support
the conclusion that the Rab1-containing tubules at these sites
have functions that are not directly related to ER-to-Golgi
trafficking. Interestingly, our results suggest that the func-
tion of this IC domain is related to the biogenesis and
dynamics of SER. Namely, the neurites of differentiating
cultured cells (Luckenbill-Edds et al., 1979; Tooze et al.,
1989), like the axons and dendrites of neurons, contain SER
elements that store and release Ca?*, and are important for
neurite formation and the function of the growth cones
(Berridge, 1998). Recent studies have shown that the IC,
including its tubular subdomain, contain ER Ca?*-ATPase
and calreticulin (Zuber et al., 2001; Ying et al., 2002; Sanne-
rud, Berger Hansen, and Saraste, unpublished data), indi-
cating their compositional similarity with SER. As depicted
in Figure 9, the SER in the neurites may be continuous with
the ER network of the cell body (Lindsey and Ellisman, 1985;
Terasaki ef al., 1994). However, recent studies have shown
bidirectional, microtubule-based movements of Ca®*-releas-
able SER elements in the dendrites of hippocampal neurons
(Bannai et al., 2004). Imaging of GFP-RablA in living cells
revealed that the IC tubules also share topological features
with the SER elements, which often closely associate with
the plasma membrane (Blaustein and Golovina, 2001).

We also show here that HMG-CoA reductase, a SER
marker (Anderson et al., 1983; Singer et al., 1988), colocalizes
with the Rabl-containing IC elements, supporting the idea
that these represent the same membrane structures. Because
HMGR is the key enzyme of cellular cholesterol synthesis,
these results further suggest that the dynamic IC tubules
participate in biosynthetic transport of cholesterol to the
plasma membrane. The bulk of newly synthesized choles-
terol en route to the plasma membrane follows a low-tem-
perature (15°C)-sensitive, but BFA-insensitive pathway,
which thus is distinct from the transport route followed by
viral glycoproteins (Urbani and Simoni, 1990; Heino et al.,
2000). This apparent Golgi-bypass route is inhibited by mi-
crotubule polymerization similarly as the classical secretory
pathway (Heino et al., 2000). The function of IC tubules in
cholesterol transport does not require their direct fusion
with the plasma membrane, because the intracellular trans-
port of cholesterol also can involve nonvesicular transfer
between closely opposed ER and plasma membranes (Lis-
cum and Munn, 1999; Baumann et al., 2005).

Neurite outgrowth requires a considerable increase in the
synthesis of membrane components to sustain the massive
expansion of the plasma membrane. Interestingly, the for-
mation of neurites is unaffected in PC12 cell clones that lack
the post-Golgi machinery of regulated secretion. By contrast,
it is blocked by antisense oligonucleotides against Rab-
GDle, indicating that it involves functional Rab protein(s)
other than those required for the regulated post-Golgi route
(Leoni ef al., 1999). An intriguing possibility is that the
Rabl-mediated Golgi bypass pathway described here deliv-
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ers certain membrane components, such as cholesterol, to
the neurites and their growth cones. It could also participate
in the reorganization of the secretory apparatus that takes
place in developing neurons (Horton and Ehlers, 2003; Ari-
dor et al., 2004).

In summary, the model presented in Figure 9 proposes
that the two functionally distinct IC domains constitute an
interconnected, highly dynamic, but at the same time stable
membrane system at the ER-Golgi boundary. Our results
also suggest that Rabl has multiple functions within this
dynamic IC network that involve its interaction with still
unidentified effectors. Accordingly, we provide evidence for
a bidirectional pathway, mediated by Rabl-containing IC
elements, that connects the IC with peripheral regions of the
cell, and corresponds to the dynamics of SER. Possible cargo
proteins that use this novel pathway remain to be identified.
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