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Abstract In the biosynthetic-secretory route from the
rough endoplasmic reticulum, across the pre-Golgi interme-
diate compartments, the Golgi apparatus stacks, trans Golgi
network, and post-Golgi organelles, anterograde transport
is accompanied and counterbalanced by retrograde traffic of
both membranes and contents. In the physiologic dynamics
of cells, retrograde flow is necessary for retrieval of mole-
cules that escaped from their compartments of function, for
keeping the compartments’ balances, and maintenance of
the functional integrities of organelles and compartments
along the secretory route, for repeated use of molecules,
and molecule repair. Internalized molecules may be trans-
ported in retrograde direction along certain sections of the
secretory route, and compartments and machineries of the
secretory pathway may be misused by toxins. An important
example is the toxin of Shigella dysenteriae, which has
been shown to travel from the cell surface across endo-
somes, and the Golgi apparatus en route to the endoplasmic
reticulum, and the cytosol, where it exerts its deleterious
effects. Most importantly in medical research, knowledge
about the retrograde cellular pathways is increasingly being
utilized for the development of strategies for targeted deliv-
ery of drugs to the interior of cells. Multiple details about
the molecular transport machineries involved in retrograde
traffic are known; a high number of the molecular constitu-
ents have been characterized, and the complicated fine
structural architectures of the compartments involved
become more and more visible. However, multiple con-
tradictions exist, and already established traffic models
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again are in question by contradictory results obtained with
diverse cell systems, and/or different techniques. Additional
problems arise by the fact that the conditions used in the
experimental protocols frequently do not reflect the physio-
logic situations of the cells. Regular and pathologic situa-
tions often are intermingled, and experimental treatments
by themselves change cell organizations. This review
addresses physiologic and pathologic situations, tries to
correlate results obtained by different cell biologic tech-
niques, and asks questions, which may be the basis and
starting point for further investigations.

Keywords Biosynthetic secretory route -
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Introduction

The biosynthetic-secretory route is traveled by newly synthe-
sized luminal and membrane proteins and glycoproteins from
their sites of synthesis at bound ribosomes of the rough endo-
plasmic reticulum (RER) to their final destinations inside and
outside the cells (for review e.g. Farquhar and Hauri 1997;
Mellman and Warren 2000). It involves complex and highly
dynamic organelles, such as the Golgi apparatus, pre-Golgi
intermediates, and post-Golgi organelles, which all have cen-
tral roles in transport regulation, sorting, and targeting. The
route that leads out of the RER at special ER-export sites,
involves complicated ER-Golgi intermediate compartments,
enters the Golgi apparatus stacks at their cis side, leads
across the stacks of Golgi cisternae, where the traversing
molecules are subjected to major modifications, and contin-
ues at the frans Golgi side. The trans Golgi network (TGN)
is a central place of molecule sorting, and packaging of cargo
molecules into vehicles for transport to the final intra or
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extracellular destinations, where the molecules eventually
exert their specific functions, such as organelles of the lyso-
somal system, diverse domains of the plasma membrane, and
the extracellular space. At all levels of the biosynthetic-secre-
tory route, anterograde transport of membranes and cargo is
counterbalanced by retrograde traffic (for review Sannerud
etal. 2003). This is necessary for several reasons, which
include the retrieval of molecules that have escaped from the
sites of their specific functions, for membrane balance and
the maintenance of the functional integrities of organelles
and compartments along the secretory route and repeated use
of molecules, and molecule repair. Major antero-retrograde
traffic cycles are located at the pre-Golgi junction between
the ER, the intermediate compartment, and the Golgi appara-
tus, as well as at the post-Golgi junctions between the TGN,
early and late endosomes, and plasma membrane. Within the
Golgi apparatus stacks, anterograde transport is assumed to
be counterbalanced by retrograde traffic as well. Internalized
molecules have been shown to travel along retrograde bio-
synthetic pathways (e.g. Gonatas et al. 1983; Pavelka et al.
1998; Vetterlein et al. 2002; Volz et al. 1995), and physio-
logic retrograde routes are misused by harmful substances to
reach the sites of their specific toxic effects (e.g. Pelham et al.
1992; Rapak et al. 1997; Sandvig et al. 1991, 1992, 2002; for
review Sandvig and van Deurs 2002, 2005). Since the early
report in 1992 by Kirsten Sandvig and colleagues, who for
the first time showed that along such pathways toxins could
be transported en route from the plasma membrane into early
compartments of the biosynthetic-secretory system, such ret-
rograde trails of toxins are at the center of cell biologic and
medical research.

For both the cell physiologic retrograde routes, and mis-
used pathways, knowledge about molecular machineries,
and insights into regulatory mechanisms are increasing rap-
idly (e.g. Gokool et al. 2007; Mari et al. 2008; Popoff et al.
2007; Wailchli et al. 2008; Yamane et al. 2007; for review
Bonifacino and Rojas 2006; Sannerud etal. 2003). In
immuno and fine structural analyses, multiple fine details of
the compartments, structures and complex architectures
involved have been visualized (e.g. Mari et al. 2008; Marsh
2005; Mogelsvang and Howell 2006; Mogelsvang et al.
2004; Pavelka 2007; Pavelka et al. 1998; Vetterlein et al.
2002, 2003). However, there still exists a considerable lack
in understanding the mechanisms involved and uncertain-
ties in the interpretations of individual results obtained by
molecular biologic and genetic investigations on one hand,
and morphologic findings on the other hand. Well known
functional processes yet cannot be exactly attributed to con-
crete defined compartments, and vice versa, the functional
implications of multiple structures and architectures need to
be clarified. There is a strong need to bring together the bio-
chemical, molecular biological, genetic, morphologic,
immuno-cytochemical, and fine structural results.
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Retrograde traffic in cell physiology

Anterograde transport in the secretory route is accompanied
and counterbalanced by retrograde traffic at each section of
the secretory route, including pre- and post-Golgi areas,
and presumably at the level of the stacks of Golgi cisternae
as well. The diverse retrograde routes and cycles cannot be
seen separately. There exist similarities in the mechanisms
and machineries, close relationships, and mutual influences.

Retrograde Golgi-to-ER traffic and pre-Golgi circuits

By retrograde Golgi apparatus-to-ER traffic, ER-resident
luminal and membrane proteins are retrieved (Munro and
Pelham 1987; Semenza et al. 1990), and membrane pro-
teins, including the cargo receptor ERGIC-53 (Appenzeller
et al. 1999; Schweizer et al. 1988), and Golgi-resident pro-
teins, such as glycosyltransferases, recycle (Lee et al. 2004;
Lippincott-Schwartz et al. 1990; Storrie et al. 1998; Storrie
2005). It is evident that multiple retrograde traffic routes
work in parallel in order to retrieve molecules to the ER,
and cycle proteins and lipids between ER and Golgi appara-
tus. The first retrograde Golgi-to-ER pathway described
was the KDEL-receptor mediated transport of luminal ER
proteins (Lewis and Pelham 1990; Munro and Pelham
1987; Semenza et al. 1990), which following the export out
of the ER together with the flow of multiple other proteins
destined for transport to other destinations have to be
retrieved to their sites of functions in the ER. This traffic, as
well as the transport of type-I transmembrane proteins bear-
ing the double-lysin motif signal (Letourneur et al. 1994) is
mediated by COPI-coated vesicles (Nickel and Wieland
2002). The retrieval of escaped ER-proteins takes place
most efficiently from the ER-Golgi intermediate compart-
ment (ERGIC) but can occur from successive Golgi appara-
tus compartments up to the TGN as well. Luminal
acidification, and calcium concentration in the lumina of
the respective compartments have been suggested to be reg-
ulatory factors (reviewed in Sannerud et al. 2003).
Furthermore, COPI-independent transport machineries
act in Golgi-to-ER retrograde traffic (Johannes and Goud
2000). Such routes are known to involve Rab6 GTPases
(Girod et al. 1999; Storrie 2005; White et al. 1999), key reg-
ulators of intracellular membrane traffic (Hammer and Wu
2002; Stenmark and Olkkonen 2001; Zerial and McBride
2001). Three different isoforms are known, Rab6A, Rab6A’,
an alternatively spliced variant of Rab6A (Echard et al.
2000), and the brain-specific Rab6B (Wanschers et al.
2007). Recently, it has been shown that Rab6A and Rab6A’
perform different non-overlapping functions in cells, and the
Rab6A’ isoform is shown mainly regulating the COPI-inde-
pendent retrograde pathway to the ER (Del Nery etal.
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2006). Rab6A GTPases interact with a subunit of the
dynein—dynactin complex, and transport compartments
move between Golgi apparatus and ER bidirectionally along
the microtubules (Matanis et al. 2002; Short et al. 2002).
COPI-independent Rab6A-dependent retrograde pathways
are used by Golgi apparatus-resident proteins, such as gly-
cosyltransferases, which cycle continuously between the
Golgi apparatus and ER (Martinez et al. 1997; Rhee et al.
2005; Storrie 2005; Storrie et al. 1998).

Retrograde traffic within the Golgi apparatus

In the anterograde biosynthetic-secretory traffic, newly syn-
thesized molecules arriving from the ER and ERGIC are
taken up into the Golgi apparatus, visit cisternae of the
stacks to be modified in well known subsequent steps, and
are sorted to different further destinations at the trans side
and TGN. Since decades, it is well established that the
stacks of Golgi cisternae are subcompartmentalized into
separate functional spaces, in each of which defined sets of
enzymes are active, and collaborate in performing specific
modifications of the molecules that visit the respective cis-
ternae, e.g. perform changes of the sugar chains of the gly-
coconjugates, such as secretory and plasma membrane
glycoproteins, enzymes of the lysosomal system, and lyso-
somal membrane constituents (Berger 1985; Farquhar and
Palade 1998; Glick 2000; Pavelka 1987; Puthenveedu and
Linstedt 2005; Rambourg and Clermont 1997; Roth 1997;
Storrie 2005). It is assumed that the cisternae of the Golgi
apparatus stacks are visited by the molecules to be modi-
fied, and there occurs a flow of membranes and contents
across the stacks. However, at present, it is not clear, how
in the dynamics of the flow the Golgi apparatus subcom-
partmentalization, which ensures effective glycosylation
and other processing in the secretory pathway, is main-
tained. Conflicting results make interpretations complicated
but there exist indications that retrograde transport of mem-
brane constituents, such as the subcompartment-specific
glycosyltransferases, is involved. The question how, and
even whether, newly synthesized membrane and cargo pro-
teins traverse the stacked Golgi cisternae, is a major point
of debate. Several models are discussed, suggesting either
an anterograde transport via vesicles, or anterograde flow
by progression of the cisternae themselves, or by tubular
connections between the cisternae, or by a signal-mediated
temporary opening of channels connecting adjacent cister-
nae (Kartberg etal. 2005; Malhotra and Mayor 2006;
Marsh and Howell 2002; Marsh et al. 2004; Mironov et al.
2005; Pelham and Rothman 2000; Puthenveedu and Lin-
stedt 2005; Rodriguez-Boulan and Miisch 2005; Sallese
et al. 2006; Storrie 2005, Trucco et al. 2004). Contradictory
results also concern the retrograde traffic, which at least in
the “cisternae progression model” is required for mainte-

nance of the specific subcompartments. COPI-coated vesi-
cles, also being involved in the retrograde Golgi-to-ER
traffic (see the previous chapter), have been proposed as the
candidates for retrograde intra-Golgi traffic but the results
are conflicting (summerized by Rabouille and Klumperman
2005), and alternative mechanisms are considered as well,
such as traffic across tubular connections between the Golgi
cisternae (Marsh et al. 2004; Trucco et al. 2004). The retro-
grade transport and the cycling of Golgi-resident glycosyl-
transferases between Golgi apparatus and ER have been
shown to be functionally connected with the maintenance
of the structure of the Golgi apparatus (Starr et al. 2007;
Storrie 2005). Recently, it has been shown that the Rab6-
binding protein TMF (TATA element modulatory factor),
which is involved in the Rab6-dependent retrograde trans-
port processes both from endosomes to the Golgi apparatus,
and from the Golgi apparatus to the ER, via its cytoplasmic
region is implicated in the retention of N-acetylgalactos-
aminyltransferase-2 (Yamane et al. 2007).

Retrograde plasma membrane-to-Golgi traffic and post-
Golgi circuits

In part comparable with the pre-Golgi retrograde routes,
post-Golgi retrograde traffic on one hand represents a back-
ward flow that counterbalances forward flow by antero-
grade traffic to the final destinations of newly synthesized
molecules to the plasma membrane, extracellular space,
secretory granules, endosomes, or lysosomes. Post-Golgi
retrograde trafficking concerns TGN-resident proteins, such
as TGN38, and receptors involved in the sorting of newly
synthesized molecules of the trans Golgi apparatus and
TGN to their specific sites of action. This transport is bidi-
rectional; the receptors recycle to the TGN to be reused in
further rounds, possibly also being modified or repaired
(Bonifacino and Rojas 2006; Rohn et al. 2000; Snyder and
Rogers 1985; Volz et al. 1995). Best-studied examples are
the cation-independent and the cation-dependent mannose-
6-phosphate receptors (CI- and CD-MPR; Ghosh et al.
2003). Other recycling proteins are the multi-ligand recep-
tor sortilin (Mari et al. 2008), TGN38 (Banting and Pon-
nambalam 1997; Ghosh etal. 1998; Stanley and Howell
1993), GPP130 and GP73 (Puri et al. 2002), processing
enzymes, such as the transmembrane endoproteases furin
and carboxypeptidase D (Molloy et al. 1999; Varlamov and
Fricker 1998), and SNAREs (soluble N-maleimide-sensi-
tive fusion protein /NFS/ attachment protein receptor; Het-
tema et al. 2003; Hong 2005). At least, two independent
retrograde routes from early endosomes to the TGN exist
involving specific components of the Rab and SNARE
machineries. One leads to the TGN via late endosomes
(Barbero et al. 2002; Carrol etal. 2001; Lombardi et al.
1993; Mallet and Maxfiled 1999); the other one is a direct

@ Springer



280

Histochem Cell Biol (2008) 129:277-288

route from early and/or recycling endosomes to the TGN,
thus bypassing late endosomes (Mallard et al. 1998, 2002).
During the past years, insights into the regulatory mecha-
nisms of retrograde traffic from endosomes to the TGN
considerably increased. Multiple constituents of the molec-
ular transport machineries have been characterized and
their roles specified; these include Rab9 and TIP47 (tail-
interacting protein 47 kDa; Diaz etal. 1997), PACSI1
(phosphofurin acidic cluster sorting protein 1) and AP-1
(Crump et al. 2001; Meyer et al. 2000), EpsinR (Saint-Pol
etal. 2004), the t-SNAREs syntaxin 16 and 5 (Amessou
et al. 2007), and constituents of the retromer complex with
the two subcomplexes, a membrane-bound coat that con-
sists of the phosphinositide binding proteins Sorting nexin
1 and possibly Sorting nexin 2, and the cargo-binding pro-
teins Vps26, Vps29, and Vps35 (Arighi et al. 2004; Gokool
et al. 2007; Popoff et al. 2007; Restrepo et al. 2007; Rojas
et al 2007; Seaman et al. 1998; Seaman 2004, 2005; for
review Bonifacino and Rojas 2006). Clathrin and the retro-
mer complex are suggested to function in consecutive retro-
grade sorting steps on early endosomes (Popoff et al. 2007).

There exist several different carrier compartments for
retrograde endosome-to-TGN traffic that can form at the
same vacuolar early endosome (Mari et al. 2008): tubular
sorting endosomes (Peden et al. 2004), and tubular endo-
somal networks (Bonifacino and Rojas 2006), and the
endosome-to-TGN carriers (Mari et al. 2008). The tubular
endosomal network (TEN) is connected to vacuolar early
endosomes, which exhibit bilayered coats composed of
clathrin and Hrs (hepatocyte-growth-factor-regulated tyro-
sine kinase substrate) thought to contain the ESCRT
machinery that targets proteins to the intraluminal vesicles,
thus being sorted to the multivesicular-late endosomal-
lysosomal route (Hurley and Emr 2006; Sachse et al. 2002).
The vacuolar endosomal part is suggested to receive endo-
cytic cargo from the plasma membrane on one hand, and
biosynthetic cargo, e.g. lysosomal enzymes, from the TGN
on the other hand; it progressively becomes acidic, leading
to the release of the cargo from the receptors. It is proposed
that the vacuolar endosomal region matures into late endo-
somes, whereas from the TEN-region, cargos are sorted to
different destination, such as to the TGN and Golgi appara-
tus along the retrograde route but also to different regions of
the plasma membrane for recycling and transcytosis, and to
specialized storage compartments, such as melanosomes.
The TEN is equipped with different transport machineries
including the retromer. It is considered that the pericentrio-
lar endocytic recycling compartment (Ghosh et al. 1998;
Maxfield and McGraw 2004; Ullrich et al. 1996) could be a
specialized subdomain of TEN. With respect to its central
sorting role, TEN is proposed to represent a “mirror image”
of the TGN (Bonifacino and Rojas 2006). A possibly com-
parable endocytic trans-Golgi network has been shown to
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develop after internalization of wheat germ agglutinin
(WGA; Pavelka et al. 1998; Vetterlein et al. 2002; Figs. 1,
2). Recently, a novel class of carriers, the endosome-to-
TGN carriers (ETCs), has been characterized (Mari et al.
2008). These carriers transport mannose-6-phosphate
receptors and sortilin; they are dependent on the presence
of sorting nexin 1 (SNX1), and show unique structures
appearing as non-branched tubules and vesicles, clearly
different from the tubular sorting endosomes (Peden et al.
2004) and tubular networks (Bonifacino and Rojas 2006).

Retrograde traffic of internalized molecules

The plasma membrane-endosome-TGN pathway used by
plasma membrane proteins for reentry into the biosynthetic
system for reuse, or modification and repair (Snyder and
Rogers 1985; Volz et al. 1995; reviewed in Bonifacino and
Rojas 2006) also opens the secretory pathway for entry of
extracellular ligands, including harmful substances, such as
bacterial and plant toxins (for review Sandvig and van
Deurs 2005), and provides tracks for drug delivery to the
interior of cells (for review Tarrago-Trani and Storrie
2007).

Retrograde routes of lectins and toxins

Since more than two decades, it is known that lectins, and
bacterial and plant toxins, such as the Shiga and Cholera
toxins, the Pseudomonas exotoxin A, and ricin, utilize the
retrograde routes within the cells to travel to the TGN and
Golgi apparatus, ER, and cytosol (e.g. Gonatas et al. 1983,
Sandvig and Brown 1987; van Deurs et al. 1986, 1987).
Sandvig et al. (1992) were the first, who showed that Shiga
toxin is transported from the cell surface en route to the
endoplasmic reticulum. Shiga toxin consists of an enzymat-
ically active A-subunit that is noncovalently linked to a
pentamer of B-chains. The latter binds to the glycosphingo-
lipid Gb3, and mediates the toxin’s transport. Following
internalization, the toxin is transported to early endosomes,
sorted to the TGN and Golgi apparatus, and further trans-
ported to the ER, from where after cleavage the A-subunit
is retrotranslocated to the cytosol, the site where it exerts its
toxic action by inactivation of ribosomes, and inhibition of
protein synthesis (Johannes and Goud 1998, 2000; Sandvig
and van Deurs 1994, 1996, 2002, 2005). It is well estab-
lished that different uptake mechanisms are used, and there
exists not only one route to the endoplasmic reticulum but
different retrograde pathways may be traveled by different
toxins, and trafficking of one class of toxin is not limited to
one route, e.g. Pseudomonas exotoxin A has been shown to
travel to the endoplasmic reticulum along multiple path-
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Fig. 1 The Golgi apparatus reorganizes during endocytosis of WGA
within a period of 30 min. a insert: The insert shows WGA-HRP reac-
tion products concentrated in a clathrin-coated pit, and a coated vesicle
(arrows), as well as lining the membrane of a small uncoated vesicle
(arrowhead). x35,000. a Small endosomes (arrowheads), and a large
vacuolar endosome (arrow) are apparent in the cytocentre (c¢), and
close to a small Golgi apparatus stack (Golgi). A distinct TGN is not
visible. x30,000. b Globular early endosomes are accumulated close
to the trans side of Golgi apparatus stacks (Golgi); some of the endo-
somes are covered with clathrin coats (arrowheads); partly, they ex-
hibit WGA reaction products attached to the membranes, partly
contained within the lumina. Some of endosomes appear to contact
each other, and fine bridges are visible (short arrows). WGA reactions

ways (Smith et al. 2006). There also appears to be funda-
mental differences between the endosomal sorting into the
retrograde pathway to the TGN of Shiga and Cholera toxins
(Bujny et al. 2007; Chinnapen et al. 2007; Feng et al. 2004;

are apparent within the cisternae of a small Golgi apparatus stack
(large arrow). x31.500. ¢ A network, an endocytic trans Golgi net-
work (endocytic TGN), is apparent consisting of interconnected glob-
ular pieces (arrowheads) that resemble the earlier globular endosomes.
Again here, the WGA reaction products are either attached to the mem-
branes, or fill the lumina. Parts of this endocytic TGN are attached to
stacks of Golgi cisternae at their trans sides (arrows), and are associ-
ated with rrans Golgi ER. At the cis side, ER-Golgi-intermediate com-
partments (ERGIC) are visible. x28,000. d Endocytic TGN consisting
of interconnected globular pieces (arrowheads) and filled with WGA
reaction products are partly attached to Golgi apparatus stacks (ar-
rows), and associated with trans Golgi ER. x32,000

Massol et al. 2004; Torgersen et al. 2001). Multiple details
concerning different uptake mechanisms, and retrograde
traffic of Shiga toxin and ricin have been elucidated during
the past years (e.g. Amessou et al. 2007; Garred et al. 1995;
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Fig. 2 Portions of the endocytic TGN are integrated in the Golgi appa-
ratus stacks a The WGA-labeled endocytic TGN (long arrows) repre-
sents an integrated part of this Golgi apparatus stack, and is closely
associated to the transmost Golgi cisterna at one side, and with trans
Golgi ER at the opposite side. One large vacuolar part (V) of the endo-

cytic TGN is visible; some of the globular pieces of the endocytic TGN
are covered with clathrin coats (short arrow). x35,000. b The endo-
cytic TGN (arrows) consists of globular pieces, and a large vacuole
part (V), which here is attached to the Golgi apparatus stack. x44,000

Fig. 3 a-d This 3D-model of a Golgi apparatus stack containing inte-
grated endocytic TGN, has been formed according to the data of an
electron tomography tilting series. The model is shown from different
sides. The endocytic TGN (green) consists of a free portion (long ar-
rows), and another portion integrated in the stack (short arrows), and
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is closely associated with trans Golgi ER (red). In both the free and the
Golgi-associated portions, globular elements are visible. Stacked Gol-
gi cisternae are shown in yellow. In ¢, the stacked Golgi cisternae are
removed. Spikes mark clathrin coats



Histochem Cell Biol (2008) 129:277-288

283

Grimmer et al. 2005, 2006; Johannes et al. 1997; Lauvrak
et al. 2004, 2006; Mallard et al. 1998; Rapak et al. 1997;
Romer etal. 2007; Skanland etal. 2007; Slominska-
Wojewodzka et al. 2006; Tai et al. 2004; Torgersen et al.
2007; Utskarpen et al. 2006, 2007; Yoshino et al. 2005). A
key compartment is the early endosome (see previous chap-
ter), from where internalized molecules, are either recycled
to the plasma membrane to be reused, or sorted to the late
endosomal pathway and to the lysosomes to be degraded,
or transferred to a direct pathway to the TGN, travelled by
endogenous proteins, like the mannose-6-phosphate recep-
tors (for review Bonifacino and Rojas 2006). It is the latter
route that is travelled by Shiga toxin and ricin. For efficient
transport of Shiga toxin from early endosomes to the TGN
and Golgi apparatus, the retromer complex is required
(Bujny etal. 2007; Popoff et al. 2007; Utskarpen et al.
2007). The ricin endosome-to-TGN and Golgi traffic has
been shown to be facilitated by depletion of sphingolipid
(Grimmer et al. 2006), and to be dependent on Rab6A and
Rab6A’ (Utskarpen et al. 2006), which are also regulators
in pre-Golgi circuits (see previous chapter). The syntaxins 5
and 16 being involved in retrograde transport of mannose-
6-phosphate receptors, also are necessary for efficient retro-
grade traffic of Shiga toxin, as well as for trafficking into
the cells of ricin and cholera toxin (Amessou et al. 2007).
In the center of interest are the regulatory roles of phospho-
inositides (for review De Matteis and Godi 2004), and the
importance of signaling (Pelkmans et al. 2005; Perret et al.
2005; von Zastrow and Sorkin 2007). Recently, it has been
demonstrated that retrograde traffic of Shiga toxin and ricin
are phosphoinositide-regulated (Skanland et al. 2007; Uts-
karpen et al. 2007). The phosphoinositide-binding proteins
sorting nexins 1 and 2, being part of the retromer complex
(Seaman 2004, 2005), are necessary for efficient transport
of Shiga toxin to the Golgi apparatus (Bujny et al. 2007;
Popoff et al. 2007; Utskarpen et al. 2007). Sorting nexins
have been shown to be in crosstalk with the phosphatidylin-
ositol (PI) 3-kinase hVps34; it is proposed that hVps34 pro-
duces a specific PI(3)P pool needed for the localization of
sorting nexins on endosome vesicles, which in turn is
required for retrograde endosome-to-Golgi traffic of ricin
(Skanland et al. 2007).

Shiga toxin is an active player in its own transport medi-
ating both internalization, and intracellular transport. Upon
binding to the plasma membrane or entry into the cells, it is
able to trigger signaling cascades (Ikeda et al. 2000; Lauv-
rak et al. 2006; Wilchli et al. 2008). Shiga toxin activates
the tyrosine kinase Syk, by which clathrin phosphorylation
and uptake of Shiga toxin is induced (Lauvrak et al. 2006).
Protein kinase Co is specifically activated by Shiga toxin
regulating endosome-to-Golgi transport (Torgersen et al.
2007). Evidence is provided for activation of a signaling
cascade that involves a crosstalk between Ca’* and the MAP

kinase p38; it is suggested that Shiga toxin, by modifying
Ca** homeostasis, recruits p38 to endosomes for regulation
of transport to the Golgi apparatus (Wilchli et al. 2008).

The entry of internalized molecules into the secretory
pathway at the TGN and Golgi apparatus level is a major
event influencing further retrograde traffic to the ER and
cytosol. Although it is well established, and has been
shown ultrastructurally very early for several toxins, that
transport to the TGN and Golgi apparatus is followed by
uptake into cisternae of the Golgi apparatus stacks (e.g.
Sandvig et al. 1992; van Deurs et al. 1987), the involved
mechanisms are still poorly understood. A detailed ultra-
structural analysis has been undertaken using a HepG2 hep-
atoma cell model, and uptake of wheat germ agglutinin
labeled with horseradish peroxidase (WGA-HRP; Pavelka
et al. 1998; Pavelka 2007; Vetterlein et al. 2002).

Wheat germ agglutinin is an N-acetyl-glucosamine and
sialic acid-specific lectin, which is known for many years to
be transported to the Golgi apparatus in retrograde direction
(e.g. Gonatas et al. 1977; Stieber et al. 1984); it is also used
in connection with the developments of drug delivery sys-
tems (Lochner et al. 2003; Weissenbock et al. 2004). WGA
reacts with numerous binding sites at the cell surface, and is
taken up in large amounts, thus mimicking normal situa-
tions in cells, and here particularly reflecting the functions
of hepatocytes in the liver tissue. HepG2 hepatoma cells are
especially well suited for these studies, since prior to, and
in the initial phases of WGA endocytosis, the Golgi appara-
tus mainly consists of small inconspicuous stacks of cister-
nae (Fig. la), and the changes and reorganizations of the
Golgi apparatus during WGA-endocytosis are clearly visi-
ble (Figs. 1, 2, 4). Briefly, the results show that internalized
WGA, following internalization via clathrin-coated vesicles
(Fig. 1a insert) and possibly other mechanisms as well, is
rapidly transported to the Golgi apparatus, and induces dra-
matic Golgi reorganizations. Early globular endosomes
accumulate at the trans Golgi side (Fig. 1b) and a network
is formed, an endocytic trans-Golgi network (endocytic
TGN) that consists of interconnected globular pieces
(Fig. 1c), which in dimensions and shapes resemble the ear-
lier globular endosomes (Fig. 1b). In these compartments,
the WGA reaction products in part detach from the limiting
membranes, and fill the lumina (Fig. 1b, ¢, d) indicating
that the luminal milieu is changing. Portions of the endo-
cytic TGN in close association with trans-Golgi ER, attach
to trans Golgi cisternae (Fig. 1c, d), thus becoming inte-
grated parts of the Golgi apparatus stacks (Figs. 2a, b, 4a;
various views of a 3D-model are presented in Fig. 3a—d).
The trans-Golgi attachment of the endocytic TGN leads to
interconnections of the small Golgi stacks (Figs. lc, d, 4b),
and causes the formation of Golgi apparatus ribbons. Con-
comitantly, and in part prior to the formation of an endo-
cytic TGN, internalized WGA appears within cisternae of
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Fig. 4 WGA is taken up into the stacked Golgi cisternae a Free por-
tions (long arrows), and Golgi-integrated portions (short arrows) of
the WGA-reactive endocytic TGN are visible. Fine WGA reactions
also are apparent at confined regions of some of the stacked Golgi cis-
ternae (double arrow). Several multivesiculated bodies (MVB) are
densely filled with WGA-reaction products, and show domains, where
tubular and vesicular transport carriers are formed. x20,000. b A Golgi
ribbon is visible, in which the individual stacks of cisternae are inter-
connected at the cis, as well as at the trans side. Most of the stacked
Golgi cisternae are densely filled with WGA reaction products; others
show reactions at limited regions (arrow). At the right lower corner,
connections of medial cisternae with the cis-most cisterna of the same
stack, and of other stacks are shown. In a vacuolar endosome (V),
WGA reaction products are attached to the limiting membrane, and to
an intra-vacuolar vesicle (arrowhead). x 23,000

Golgi apparatus stacks (Figs. 1b, d, 4a). Stacks that contain
high amounts of WGA within the lumina of all the cisternae
are mainly found at later periods of WGA endocytosis, e.g.
after 45-60 min (Fig. 4b). Very seldom, internalized WGA
can be localized within the ER cisternae. At all periods of
WGA endocytosis, internalized WGA appears within multi-
vesiculated bodies (Fig. 4a, b), indicating that internalized

@ Springer

WGA not only trafficks into the Golgi apparatus but is
sorted to the late endosomal-lysosomal pathway as well.

The detailed knowledge of these endocytosis-induced
Golgi reorganizations has been used to develop a precise
time schedule for regulated retrograde transport of WGA
into the endoplasmic reticulum by treatment with Brefeldin
A (Vetterlein et al. 2003). However, multiple questions are
open, which concern the mechanisms of formation of the
endocytic TGN, and its attachment to the Golgi stacks, the
delivery of cargo, and uptake of membranes, interactions of
transport carriers with Golgi subcompartments, mecha-
nisms of retrograde transport within the Golgi apparatus
stacks, signaling and the role of contact points, the impor-
tance of lipid transfer (De Matteis et al. 2007; Hanada et al.
2007), and possible direct endocytic TGN-to-ER traffic via
trans-Golgi associated ER. Of particular interest are ques-
tions, as to whether secretory anterograde flow influences
retrograde traffic, and vice versa, as to whether retrograde
flow influences Golgi apparatus size and localization, and
whether the formation of Golgi ribbons by retrograde flow
is comparable with the formation of Golgi ribbons by input
of membrane derived from the ER (Marra et al. 2007).

Concluding remarks

In future studies, it will be important to correlate the
detailed fine structural findings with the molecular biologic
and genetic results on the machineries and regulatory
mechanisms of retrograde traffic (e.g. Amessou et al. 2007;
Bonifacino and Rojas 2006; De Matteis et al. 2007; Hanada
et al. 2007; Levine and Loewen 2006; Marra et al. 2007;
Missiaen etal. 2007; von Zastrow and Sorkin. 2007;
Wiilchli et al. 2008). The crucial roles of retrograde traffic
in the biosynthetic-secretory route for cellular homeostasis
and intoxication of cells, the importance for assessment of
effects and side effects of drugs (e.g. Sandoval and Molito-
ris 2004), and the development of strategies for targeted
drug delivery to the interior of cells (El Alaoui et al. 2007;
Johannes and Decaudin 2005; Kreitman 2006; Smith et al.
2002; Tarrago-Trani and Storrie 2007; Weissenbock et al.
2004) will be the driving forces.
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