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Cholera toxin using anti-CT-A antibodies to quantify rich in and lacking caveolin and
. . . CT uptake, we found 58% inhibition by caveolae, respectively. Thus, the
internalization and filipin. As Torgersen et al. found only disruption of CT intoxication of cells
intoxication 17% inhibition by using a different independent of the presence of caveolin

. i ) method, they speculated that our assaynd caveolae led us to conclude that CT
We read, with considerable dismay, amay have overestimated CT uptake if theinternalization and ~activation are
recentResearch Articlen cholera toxin - antihodies could not reach CT clusteredmediated through cholesterol-  and
(CT) internalization (Torgersen et al., j the narrow necks connecting caveolaeglycolipid-rich microdomains  rather
2001), in which the authors extensively to the cell surface, and if filipin could than a specific morphological structure.
challenged methods, ~results andspomehow alter the necks and increaselorgersen et al. challenged our thesis by
conclusions that we had published fourantinody binding. They ignored our asserting, “DIGs have been proposed to
years ago (Orlandi and Fishman, 1998).second assay in which cells were labeledact as the vehicle for CT entry in Jurkat
As space limits a point-by-point rebuttal \ith - rhodamine-conjugated CT-B at T Ilymphoma cells (Orlandi and
of their comments and critique of the 15°C. when warmed at 3¢, there is an  Fishman, 1998), but there are no data
many deficiencies in their study, we extensive redistribution of fluorescenceindicating how DIGs might be
encourage readers to evaluate OUfrom the plasma membrane to theinternalized.” We refer them to a review
response by comparing both papers. Agerinuclear region that is blocked by (Simons and Ikonen, 1997) and an
a preface to our reply, we state that mosfjlipin  but not CPZ. Even when article on endocytosis of a GPl-anchored
aspects of CT intoxication are generally Torgersen et al. found filipin to be protein through DIGs in Jurkat cells
accepted, such as its structure andneffective on two other cell lines, they (Deckert et al., 1996).
receptor, its mechanism of retrogradefajled to show that the filipin was active.
trafficking through the.Go_Igl and ER, Filipin is known to be unstable in Torgersen et al. chide us for not
its mechanism of activating adenylyl solution. This led them to a circular investigating the role of dynamin in
cyclase and its pathophysiological argument: as CT uptake is only slightly caveolae-mediated uptake and finally for
effects on human enterocytes. However,jnhibited by filipin, it must not be via suggesting that CaCo-2 cells have
we believe that the crux of the dispute iscaveolae/DIGs. Thus when they found caveolae based on small amounts of
our differing views on the relationship that BCD inhibits CT internalization in  caveolin. The papers that link dynamin
between CT internalization and CaCo-2 cells by 43% (similar to our with caveolae-mediated uptake were
intoxication. Whereas most of the cell- 399), they concluded that the uptake iSpublished while ours was in press (Oh et
surface-bound CT is internalized, only a clathrin-dependent based on the weaky 1998 Henley et al., 1998). Although
small percentage is activated on releaseffect of filipin and cited studies dy,namin,is now known to be involved in
of the enzymatic Apeptide (Kassis et showing thaBCD also blocks the latter poth clathrin- and caveolae-mediated
al., 1982; Orlandi and Fishman, 1998). pathway. Surprisingly, two of the four endocytosis, we are not aware of any
Thus, to understand the mechanism ofreferences cited were not relevant. Weygje in DIG-mediated uptake. Regarding
CT action, one must determine not only found that botfBCD- and filipin-treated,  the presence of caveolin and caveolae in
the pathway(s) for CT internalization but but not CPZ-treated, CaCo-2 cells caco-2 cells. others agree with us
also whether the uptake leads toremain sensitive to DT. Others have vayor et al., 1994; Field et al., 1998).
intoxication of the cell. shown that these agents selectivelyRegardiess, our major thesis is that of

inhibit caveolae/DIG-mediated, but not ne role of bIGs and not caveolae per se

Our paper focused on whether both CTclathrin-mediated, endocytosis i ain CT internalization and intoxication
internalization and activation are variety of cells (Puri et al., 2001; Wolf Finally, we are not dogmatic about odr
mediated by caveolae or by detergent-et al., 2002). conclusions as some cell types may use
insoluble glycolipid-enriched complexes a different pathway for CT activation.
(DIGs) (also known as lipid rafts) in We also assayed CT activation andyeyrons, although lacking caveolin/
cells deficient in caveolin and caveolae.activity by A1 and cAMP formation, caveolaé have DIGs to which CT binds
Torgersen et al. primarily were respectively. Filipin totally blocks both but the ’internalization and activation’
interested in  showing caveolae- CT activation and activity in CaCo-2 of the toxin is clathrin-mediated
independent endocytosis of CT. Our cells, andBCD inhibits CT activity by (Shogomori and Futerman, 2001)
approach was to compare CT uptake an®8%. Thus, both filipin an@®CD are ' '
action in three cells that have no, low or more effective in inhibiting CT activity References
high levels of caveolin and caveolae, andthan endocytosis. Although filipin- and
to use the cholesterol modifiers filipin BCD-treated cells still internalize Deckert, M., Ticchioni, M. and Bernard, A.
andB-cyclodextrin BCD) to selectively substantial amounts of the bound CT by(1996). Endocytosis of GPl-anchored proteins in
inhibit caveolae/DIG-mediated endo- other pathways, CT remains inactive.ggm:ﬂ]s'y;zﬁogttg:kegfn Ogndg'gfg'e?r']d[(ti’s;ggs
cytosis. Chlorpromazine (CPZ) and In this regard, filipin blocks CT-B  j cen Biol.133 791-799. '
diphtheria toxin (DT) served as inhibitor trafficking from plasma membranes Field, F. J., Born, E., Murthy, S. and Mathur, S.
and probe for clathrin-mediated uptake.to Golgi, but not clathrin-mediated N. (1998). Caveolin is present in intestinal cells:
One of our cell lines, human intestinal endocytosis of CT-B and transferrin in role in cholesterol trafficking?. Lipid Res.39,
CaCo-2, played a major role in their COS-7 cells (Nichols et al., 2001). We ﬁ%ﬂi;gjsoé Krueger, E. W., Oswald, B. J. and
study and appears to be the source ofound that filipin also inhibits CT \cniven, M. A. (1998). Dynamin-mediated
many of their repetitious complaints. By activity in A431 and Jurkat cells that are internalization of caveolad. Cell Biol. 141, 85-
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9. _ the Golgi apparatus and to the ER, ashe importance of cholesterol (either by
Kassis, S., Hagmann, J., Fishman, P. H., Chang, well as cAMP production (Sandvig et adding drugs, removing cholesterol or
P. P. and Moss, J(1982). Mechanism of action of - 5 "1996), and we were among the firstadding cholesterol) on the action of a
cholera toxin on intact cells. Generation of Al . . .

peptide and activation of adenylate cyclds@iol. (O der_no_nstrate th_|s transport step fortoxin, a reduced or increased effect can
Chem.257, 12148-12152. CT. Similarly, as first shown for Shiga be caused by an effect on the endocytic
Mayor, S., Rothberg, K. G. and Maxfield, . R.  toxin (Sandvig et al., 1992), other toxins uptake, or by an effect on a later step,

(1994). Sequestration of GPl-anchored proteins ingre  transported retrogradely beforesuch as endosome to Golgi transport of
caveolae triggered by cross-linkin§cience264,

1948-1951. entry into the cytosol (for a review, see the toxin. Along these lines, it has
Nichols, B. J., Kenworthy, A. K., Polishchuk, R.  Sandvig and van Deurs, 2002). recently been published that transport of
S., Lodge, R., Roberts, T. H., Hirschberg, K., CT (Shogomori and Futerman, 2001),

22322 Fi-y('?l-i r:’*g”% fLiIFi’rgié‘Crgtft{Sn‘fngzvbtt(vzvggﬁ)-the However, studies of CT entry are of ricin (Grimmer et al., 2000) and the
. : interest not only because this toxin canShiga toxin B subunit (Falguieres et al.
cell surface and Golgi compleX. Cell Biol.153 . . !
529-541. g P increase the level of cAMP in some cells2001) from endosomes to the Golgi
Oh, P., Mcintosh, D. P. and Schnitzer, J. E. and cause diarrhoea, but also becausapparatus are affected by changes in
(1998). Dynamin at the neck of caveolae mediatesCT has been commonly used to labelcholesterol. Also, when comparing the
fjhriev';r?“ﬁsdé?gntoﬂg’r;m tgznzﬁgéh‘fsﬁf;t%riﬁ} GM1 and to study endocytosis from effect of a drug on the cytoplasmic
endothelium.J. Cell Biol. 141, 101-114. caveolae. In our study (Torgersen et al.,action of various toxins, there may not
Orlandi, P. A. and Fishman, P. H.(1998). 2001), we used three different model necessarily be a difference because of
Filipin-dependent inhibition of cholera toxin: systems to modulate uptake by the different endocytic mechanisms used
fr:’r'gjnﬁecg’/re;g(e'[‘"llgtzrg;':iﬁ;(’geﬁ”gi0?0{':1’2"0” endocytic pathways: (1) Caco cells by the toxins, but a different response
905_9915. ' : transfected with caveolin to create could be caused by different
Puri, V., Watanabe, R., Singh, R. D. caveolge at th(_e cell surfac_:e; (2) Helaiqtracellglar . pathway; (cholera/
Dominguez, M., Brown, J. C., Wheatley, C. L., cells with inducible synthesis of mutant diphtheria toxin). Alternatively, the drug
g"ea”gia Zr-]:-- :Sg ﬁﬁ\%in%n%-e Et(z?r?té)rhglliig?onr; Ofplyr.la_min,. which have been reported tocould have a direct effect on the target
plapsma membrane Sghingonpids initiates two inhibit pinching-off of vesicles from molecule, for instance on the activity of
Golgi targeting pathwaysl. Cell Biol. 154 535-  both clathrin-coated pits and caveolae;a membrane-associated target such as
547. and (3) BHK cells with inducible adenylyl cyclase, which in itself could
Simons, K. and lkonen, E.(1997). Functional  synthesis of antisense-clathrin heavybe regulated by, for instance, cholesterol
rs""r‘:t;g'(;‘ r’:grlll ”‘:’mf;ﬁ”‘éﬁ‘tit#;‘;??fﬁﬁ'?ngl) chain (cells in which clathrin-dependent or drugs affecting cholesterol. Studies
Cholera toxin is found in detergent-insoluble €NAOCYtosis can be shut off selectively).with proteoliposomes have even shown
rafts/domains at the cell surface of hippocampal The data obtained from the three that coupling between &Gand adenylyl
neurons but is internalized via a raft-independentsystems reveal that both clathrin- cyclase can be dependent on the
?oerd;?;;mih B|10|'si?:t?nzmeglsiﬁgése%rs 5 dependent and clathrin- and caveolae-cholesterol:phospolipid ratio (Bai and
anngand\}ig .K.(.é001).Intg’rnaii’zation of cholera iNdependent mechanisms can lead tovouguo, 1998). In order to avoid such
toxin by different endocytic mechanisms.Cell ~ €ndocytosis of CT. This study does notcomplications in our endocytosis
Sci 114, 3737-3747. allow us to conclude whether caveolaestudies, we concentrated on the
\/;/8'(';»2 A-UA-' FUJI'_”agavf YH a”?] ILencefv ,VV-C;-M , can be responsible for endocytosis ofendocytic uptake by directly measuring
éang")(')si dg?&‘é‘éggr Ocortnr?Ie():( o é?]’ggcytosis cholera. Although caveolae (with the internalization from the cell surface
i ok ’ lin) are quite stable structures in(Torgersen et al., 2001).
retrograde Golgi trafficking, and downstream Cave€o '

signal transduction by depletion of membrane SOome cell types (Thomsen et al., 2002),

cholesterol.J. Biol. Chem277, 16249-16256. the toxin itself might affect the stability. It should be noted that there are cell-
Peter H. Fishman* and Palmer A. To date, no publications have addressedspecific differences (as discussed in our
Orlandi this question. However, our study article) when it comes to uptake from the
*The National Institutes of Health, (Torgersen et al., 2001) clearly showscell surface (as well as to intracellular
Bethesda, MD, USA that different endocytic pathways can berouting of toxins). Thus, whether a toxin
*Food and Drug Administration, involved. This is in agreement with is associated with lipid rafts (Falguieres
Washington, DC, USA recent data published by otheret al., 2001), and to what extent it is
Journal of Cell Science 116, 431-433 © 2003 laboratories (Nichols et al.,, 2001; transported to the Golgi apparatus, is
The Company of Biologists Ltd Shogomori and Futerman, 2001). Weclearly cell-type dependent and can be

0101242650019 did not make any attempt to answerdependent on the type of fatty acid in the

whether toxin taken in by the various toxin receptor (Falguieres et al., 2001;
Reply endocytic mechanisms can elicit aSandvig and van Deurs, 2002;

biological response (Torgersen et al.,Lingwood, 1999). That endocytosis of
As  described in our title, 2001). This is of course an important CT can occur independently of filipin
“Internalization of cholera toxin by question but was not addressed in ouraddition is supported by a previous study
different endocytic mechanisms”, we study. (Shogomori and Futerman, 2001).
studied the endocytic pathways by In fact, when clathrin-dependent
which cholera toxin (CT) can be taken When one investigates the effect of aendocytosis is reduced by antisense-
in from the cell surface. We have certain drug (which quite often has more clathrin induction, or when dominant-
previously studied CT transport through than one effect on cells) or, for instance,negative mutant dynamin is induced to



inhibit both clathrin-
dependent endocytosis, there
further decrease in the uptake of CT by
extraction of cholesterol with BCD

(M. L. Torgersen, B.v.D. and K.S,,
unpublished). Thus, in the cells we have

studied, CT can be endocytosed evertingwood, C. A. (1999). Glycolipid receptors for

under such conditions.

In conclusion, it is clear that CT can be
taken in by various

mechanisms, and that more has to b%

Cell 12, 2453-2468.
Grimmer, S., Iversen, T. G., van Deurs, B. and

Sandvig, K. (2000). Endosome to golgi transport

of ricin is regulated by cholesterdllol. Biol. Cell
11, 4205-4216.

verotoxin and Helicobacter pylori: role in
pathologyBiochim. Biophys. Acta455 375-386.
Nichols, B. J., Kenworthy, A. K., Polishchuk, R.
S., Lodge, R., Roberts, T. H., Hirschberg, K.,

endocytic Phair, R. D. and Lippincott-Schwartz, J.(2001).
apid Cycling of Lipid Raft Markers between the

ell Surface and Golgi CompleX. Cell Biol.153

done to characterize these mechanismgsq. 54>

as well as the intracellular transport of
CT. To fully characterize the transport of

Sandvig, K., Garred, @., Prydz, K., Kozlov, J.
V., Hansen, S. H. and van Deurs, B(1992).
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and caveolae- subunit to retrograde transport route in associationneurons but is internalized via a raft-independent
is nowith detergent-resistant membranédol. Biol.

mechanismJ. Biol. Chem276, 9182-9188.
Shogomori, H. and Futerman, A. H.(2001).
Cholesterol depletion by methyl-beta-cyclodextrin
blocks cholera toxin transport from endosomes to
the Golgi apparatus in hippocampal neurahs.
Neurochem?78, 991-999.

Thomsen, P., Roepstorff, K., Stahlhut, M. and
van Deurs, B. (2002). Caveolae are highly
immobile plasma membrane microdomains, which
are not involved in constitutive endocytic
trafficking. Mol. Biol. Cell 13, 238-250.

Torgersen, M. L., Skretting, G., van Deurs, B.
and Sandvig, K.(2001). Internalization of cholera
toxin by different endocytic mechanismk. Cell
Sci. 114, 3737-3747.

Kirsten Sandvig* and Bo van

CT, investigation of each step will be Retrograde transport of endocytosed Shiga toxin toDeurs ¥

necessary.
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