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Endocytosis of CF in marginal cells of stria vascularis regulated by ROCK and MLCK

signaling cascade, but not G-proteins



Abstract

Objective: The endocytosis of cationized feritin (CF) via a clathrin-mediated pathway is

regulated by a signaling network. Marginal cells showed the active endocytosis of CF

via a clathrin-mediated pathway. The internalization of receptors through this clathrin-

mediated pathway is an important regulatory event in signal transduction. Numerous

kinases are involved in endocytosis, and each endocytic route is subjected to high-order

regulation by cellular signaling mechanisms. In this study, we investigated whether

ROCK and MLCK signaling cascades and G-proteins regulate the endocytosis of CF in

marginal cells of the stria vascularis.

Methods: CF was infused into the cochlear duct with pertussis toxin (PTX), Clostridium

botulinum C3 toxin (BTX), guanosine(g-thio)-triphosphate (GTP-yS), ML-7, Y-27632.

Endocytic activity was measured at 30 minutes after the start of infusion under an

electron microscope.

Results: In marginal cells, CF was internalized via a clathrin-mediated pathway that

depends on F-actin and microtubules (MT). Its processes were controlled by myosin

light chain kinase (MLCK) and Rho-associated kinase (ROCK), but not affected by G-

protein-coupled receptor (GPCR) or the RhoA signaling cascade.



Conclusion: Our previous study showed that the main endocytotic pathway of

microperoxidase (MPO) did not depend on the Rho/ROCK molecular switch or

actin/myosin motor system, but was mainly regulated by the RhoA signaling cascade.

The present study results indicate that these signaling cascades regulating CF

internalization completely differ from the cascades for MPO internalization.

Key words: endocytosis, stria vascularis, marginal cell, CF, signaling network, MLCK,

ROCK



Introduction

The stria vascularis (SV) plays a pivotal role in cochlear fluid homeostasis, ion

transport, the production of endocochlear potential (EP), and maintaining the function

of the organ of Corti [1, 2]. Marginal cells of SV take up Na+ from endolymph and

secrete K+ [3-5]. It was observed in electron microscopic studies that marginal cells

have many apical vesicles (100-200 nm) in the apical cytoplasm. In 1968, Christoph

von Ilberg was the first to demonstrate the ultrastructural pinocytotic and endocytotic

uptake of thorotrast into and through cells of the cochlear walls of the perilymphatic and

endolymphatic fluid spaces following intracochlear thorotrast perfusion and/or injection

[6]. Marginal cells showed active clathrin-mediated endocytosis and clathrin-

independent endocytosis at the apical plasma membrane to internalize endolymph from

the cochlear duct [4, 7, 8]. Mammalian cells internalize the plasma membrane,

receptors, ion channels, ion pumps, ligand receptors, and solutes via several endocytic

pathways [9].

Endocytosis plays an important role in the activation and propagation of signaling. The

classical view of the role of endocytosis in cell signaling is that it down regulates signal

responses by internalizing receptors. However, in recent views on the role of



endocytosis, ligands bind to their receptors on the plasma membrane, initiate signal

transduction events, and induce receptor internalization [10].

In our previous report, marginal cells in the stria vascularis showed very active CF

endocytosis via a clathrin-mediated pathway. In a CF endocytic pathway, the transport

of the endocytic carrier vesicles (ECVs) loaded with CF was dependent on F-actin and

MT [4]. In the present report, we investigated the roles of G-protein, ROCK, MLCK,

and myosin phosphatase in the CF endocytosis of marginal cells using specific

inhibitors in order to understand how to regulate the endocytosis in stria vascularis.



Materials and Methods

Animals and chemicals:

Thirty Hartley white guinea pigs (250-350 g) were obtained from Japan SLC Inc.

(Hamamatsu, Japan) and divided into six groups each consisting of five animals (Table

1). Cationized ferritin (CF), pertussis toxin (PTX), Clostridium botulinum C3 toxin

(BTX), and guanosine(y-thio)-triphosphate (GTP-yS) were obtained from Sigma-

Aldrich. ML-7 and Y-27632 were obtained from Calbiochem-Novabiochem.

The care and use of the animals in this study were approved by the Kochi Medical

School Animal Care and use Committee.

Assay of endocytic activity:

Endocytic activity was examined using methods described previously [4]. Briefly, the

solution containing CF and an inhibitor dissolved in artificial endolymph were infused

into the cochlear duct of guinea pigs for 30 minutes. We set the infusion period as 30

minutes because the largest number of ECVs loaded with CF was observed at 30

minutes of infusion of the CF solution [7]. After infusion, the stria vascularis fixed in

glutaraldehyde was harvested, postfixed in buffered osmium tetraoxide for one hour,



and embedded in Spurr’s resin. The thin sections were examined by electron

microscopy, and ECVs labeled with CF were counted.

The concentrations of all the agents are based on published data: PTX at 0.25 pg/mL

[13], BTX at 2 pg/mL [14], GTP-yS at 40 uM [15, 16], Y-27632 at 30 uM [17], and

ML-7 at 20 uM [18].

Electron microscopy and quantitation of endocytic activity:

Ultrathin sections were examined with a Hitachi H-7000H Electron Microscope. The

endocytic activity was measured by counting the number of ECVs labeled with CF in

marginal cells. Marginal cells at the center of cells were shown at 9,000 times

magnification. The number of ECVs loaded with CF was counted in images magnified

20,000 times and expressed as the number of ECVs/cell. In Table 1, values in brackets

represent the number of cells analyzed and not the number of images. Statistical

analysis was performed using Dunnett’s test to evaluate the differences in means

compared with the control, and P-values <0.05 were considered significant.



Results

1) Endocytosis of CF in marginal cells of control animals

CF (1 mg/mL) in artificial endolymph was infused into the cochlear duct for 30

minutes. CF was internalized via clathrin-coated pits and vesicles, and transported to the

early sorting endosomes. Invagination of the plasma membrane is the first step of

endocytosis, creating a concave area with clathrin under the plasma membrane. Many

ECVs labeled with CF were observed in the apical cytoplasm of marginal cells and the

early sorting endosomes were labeled with CF (Figure 1, Table 1).

2) Effects of PTX on endocytosis of CF

PTX is a G-protein ADP-ribosylation inducer. CF (1 mg/mL) and PTX (0.25 pg/mL) in

artificial endolymph were infused into the cochlear duct for 30 minutes. The

internalization of CF was not inhibited. The number of ECVs labeled with CF was not

different from that in the control. The number of invaginations of the plasma membrane

was similar to that in the control. (Figure 2, Table 1).

3) Effects of BTX on endocytosis of CF



BTX is a low-molecular-weight GTP-binding protein that inactivates RhoA by the

ADP-ribosylation, and results in inactivation of ERK signaling cascade. CF (1 mg/mL)

and BTX (2 pg/mL) were infused into the cochlear duct for 30 minutes. The

endocytosis of CF was not affected by BTX. The number of invaginations of the plasma

membrane was similar to that in the control. (Figure 3, Table 1).

4) Effects of GTP-yS on the CF endocytosis

GTP-yS is a nonhydrolyzable analog of GTP and an activator of G-proteins. GTP-yS

(40 uM) in artificial endolymph was infused into the cochlear duct for 30 minutes. CF

endocytosis was moderately inhibited. Many invaginations of the plasma membrane

were observed (Figure 4, Table 1).

5) Effects of Y27632 on endocytosis of CF

Rho-associated kinase (ROCK) phosphorylates a number of substrates, such as LIM

kinasel/LIM kinase2, regulator myosin light chain (MLC), and MLC phosphatase.

Through phosphorylation events, ROCK promotes the stabilization of F-actin and

increases myosin ATPase activity, leading to the formation of contractile actin-myosin

bundles (stress fibers), and integrin-containing focal adhesions. A specific inhibitor of



ROCK, Y27632 (30 uM), and CF (1 mg/mL) in artificial endolymph were infused into
the cochlear duct for 30 minutes. The endocytosis of CF was markedly inhibited by
Y27632. The number of ECVs loaded with CF was 25% of the control. The number of
invaginations of the plasma membrane was similar to that in the control. (Figure 5,

Table 1).

6) Effects of ML-7 on endocytosis of CF

Phosphorylation of MLC plays a critical role in controlling actomyosin contractivity.
MLC phosphorylation is regulated by the balance of MLC kinases (MLCK) and MLC
phosphatase (MLCP). A specific inhibitor of MLCK, ML-7 (20 uM), and CF (1
mg/mL) in artificial endolymph were infused into the cochlear duct for 30 minutes. The
endocytosis of CF was markedly inhibited. The number of ECVs loaded with CF was
decreased to 50% of the control. This means that the increased MLC phosphorylation
inhibits vesicular transport along F-actin. Many invaginations of the plasma membrane

were observed (Figure 6, Table 1).



Discussion

Marginal cells of the stria vascularis internalize CF that is infused into the cochlear duct

via the clathrin-mediated endocytic pathway. Internalized CF is transported from the

plasma membrane to the early sorting endosomes by smooth endocytic carrier vesicles

(ECVs) (70 nm in diameter). These processes are dependent on MT and the F-actin

cytoskeleton [4]. The most widely used mechanism for intracellular transport within

vesicles involves motor proteins, myosins along F-actin, and kinesins and dyneins along

MT. The activity of motor proteins is controlled by G-protein signaling pathways [19].

The largest number of ECVs loaded with CF was observed at 30 minutes after starting

endocytic infusion of the CF solution [7].

In this report, CF endocytosis in marginal cells was not inhibited by PTX. PTX induces

ADP-ribosylation of the Ga subunit of GPCR, inhibits GPCR signaling transduction,

and inactivates ERK and JNK activities [20]. GPCRs are the main receptors in the

plasma membrane. There are over 900 members known as GPCRs [11]. GPCRs are

mainly internalized via a clathrin-, dynamin-dependent pathway. GPCR signalings are

regulated by receptor internalization, rapid desensitization, and receptor trafficking [11].



CF endocytosis in marginal cells may not involve internalizing GPCRs or ERK/JNK

activity.

In the present report, BTX did not inhibit CF endocytosis in marginal cells of the stria

vascularis. BTX recognizes a cell-surface glycoprotein, translocates an ADP-

ribosyltransferase to the cytoplasm, and inactivates RhoA and ERK signaling [21]. CF

endocytosis in marginal cells may not involve the glycoprotein or RhoA/ERK signaling.

Our previous study showed that the main endocytotic pathway of microperoxdase

(MPO) is mainly regulated by the RhoA signaling cascade [22]. The signaling cascades

regulating CF internalization are different from the cascades for MPO internalization.

In the present report, GTP-yS interference in CF endocytosis was moderate, but coated

invaginations of the plasma membrane were observed frequently. GTP-yS inhibits rapid

and slow endocytosis in clomaffin cells and arrests the fission of coated vesicles, but

does not inhibit coated pit invagination [12]. Marginal cells of the stria vascularis may

have similar mechanisms of endocytosis in clomaffin cells. The increase in the number

of coated invaginations of the plasma membrane may be due to a decrease in the

number of ECVs. The process from coated pits to ECV may be inhibited by GTP-yS

and then the coated pits may accumulate.



In the present study, Y-27632 markedly inhibited CF endocytosis without the

accumulation of coated pit invaginations. A selective ROCK inhibitor, Y27632, disrupts

the F-actin network, and reduces the F-actin cytoskeleton, especially at the cell center.

Y-27632 also inhibits the internalization of an intercellular adhesion molecule (ICAM-

1) [23]. Inhibition of the internalization of ICAM-1 may explain why the number of

coated pit invaginations did not increase. CF endocytosis in marginal cells may be

regulated by ROCK. Our previous study showed that the main endocytotic pathway of

MPO was not dependent on the Rho/ROCK molecular switch [22]. The signaling

cascades regulating CF internalization are different from the cascades for MPO

internalization.

In the present report, ML-7 moderately inhibited CF endocytosis, but coated

invaginations of the plasma membrane were frequently observed. The manner of

inhibition of ML-7 is similar to that of Y-27632. An MLCK-specific inhibitor, ML-7,

induces the disassembly of F-actin, and inhibits lamellipodia formation. However,

Y27632 causes lamellipodia formation. The reported results and our own indicate that

Y-27632 and ML-7 inhibit MLCK via distinct signaling cascades. We are clearly on the

verge of understanding the role of endocytosis in marginal cells, and so further

investigations are required.
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Legends

Figure 1. Endocytosis of CF in marginal cells of control animals.

CF (1 mg/mL) in artificial endolymph was infused into the cochlear duct for 30

minutes. ECVs were labeled with CF (arrowhead) in the apical part of the cell. Early

sorting endosomes (star) were labeled with CF. Invaginations of the plasma membrane

(arrow) were observed. Magnified image of the rectangular area in this figure indicates

an invagination of the plasma membrane. (Bar: 0.5 pm)

Figure 2. Endocytosis of CF in marginal cells of PTX-treated animals.

CF (1 mg/mL) and PTX (0.25 pg/mL) in artificial endolymph were infused into the

cochlear duct for 30 minutes. Many ECVs were labeled with CF (arrowhead), with little

CF present in the early sorting endosomes (star). The number of invaginations (arrow)

of the plasma membrane was similar to the control. (Bar: 0.5 pm)

Figure 3. Endocytosis of CF in marginal cells of BTX-treated animals.

CF (1 mg/mL) and BTX (2 ug/mL) in artificial endolymph were infused into the

cochlear duct for 30 minutes. Many ECVs labeled with CF were observed. Early sorting



endosomes (star) were labeled with CF. The number of invaginations (arrow) of the

plasma membrane was similar to the control. (Bar: 0.5 um)

Figure 4. Endocytosis of CF in marginal cells of GTP-yS-treated animals. CF (1

mg/mL) and GTP-yS (40 uM) in artificial endolymph were infused into the cochlear

duct for 30 minutes. A few ECVs were labeled with CF (arrowhead), and little CF is

present in the early sorting endosomes (star). Many invaginations of the plasma

membrane (arrow) were observed. (Bar: 0.5 pm)

Figure 5. Endocytosis of CF in marginal cells of Y-27632-treated animals.

CF (1 mg/mL) and Y-27632 (30 uM) in artificial endolymph were infused into the

cochlear duct for 30 minutes. Few ECVs were labeled with CF (arrowhead), and little

CF was present in the early sorting endosomes (star). The number of invaginations

(arrow) of the plasma membrane was similar to that in the control. (Bar: 0.5 pm)

Figure 6. Endocytosis of CF in marginal cells of ML-7-treated animals.

CF (1 mg/mL) and ML-7 (20 uM) were infused into the cochlear duct for 30 minutes.

Few ECVs were labeled with CF (arrowhead), and little CF was present in the early



sorting endosomes (star). Many invaginations of the plasma membrane (arrow) were

observed. (Bar: 0.5 um)

Table 1. Quantitation of ECV labeled with CF

ECVs labeled with CF were counted as described in Materials and Methods. The

average number/cell and standard deviation were calculated. Values in brackets show

the number of cells counted. Statistical analysis was performed with Dunnett’s test to

evaluate differences in means compared with the control, and P-values <0.05 were

considered significant. *: P<0.05, **: P<0.01



References

l.

Wangemann P, Schacht J. Homeostatic Mechanisms in the Cochlea. 1996 In:

Dallos P, Popper AN, Fay R. (Eds.), Springer Handbook of Auditory Research, Vol.

8: The Cochlea. Springer, Berlin, pp. 130-185.

Takeuchi S, Ando M, Kakigi A. Mechanism generating endocochlear potential: role

played by intermediate cells in stria vascularis. Biophys J. 2000;79:2572-25.

Higashiyama K, Takeuchi S, Azuma H, Sawada S, Yamakawa K, Kakigi A, et al.

Bumetanide-induced enlargement of the intercellular space in the stria vascularis

critically depends on Na+ transport. Hear Res. 2003;186:1-9.

Kakigi A, Okada T, Takeda T, Taguchi D, Nishioka R, Nishimura M. Actin

filaments and microtubules regulate endocytosis in marginal cells of the stria

vascularis. Acta Otolaryngol. 2008;128:856-60.

Wangemann P. K+ cycling and the endocochlear potential. Hear Res. 2002;165:1-9.

Ilberg CV. Elektronenmikroskopische untersuchung iiber diffusion und resorption

von thoriumdioxyd an der meerschweinchenschnecke. Archiv kiln. Exper. Ohren-,

Nasen- und Kehlkopfheilk. 1968;190:415-25.



10.

11.

12.

13.

Kakigi A, Okada T, Takeda T, Taguchi D, Zinchuk V. Endocytosis of Cationized

Ferritin in the Marginal Cells of Stria Vascularis. Acta Histochem Cytochem

2005;38, 373-80.

Kakigi A, Okada T, Takeda T, Taguchi D, Nishioka R. Endocytosis of

microperoxidase in the marginal cells of stria vascularis. Auris Nasus Larynx

2007;34: 39-43.

Mayor S, Pagano RE. Pathways of clathrin-independent endocytosis. Nat Rev Mol

Cell Biol. 2007;8:603-12.

McPherson PS, Kay BK, Hussain NK. Signaling on the endocytic pathway. Traffic.

2001;2:375-84.

Wolfe BL, Trejo J. Clathrin-dependent mechanisms of G protein-coupled receptor

endocytosis. Traffic. 2007;8:462-70.

Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle

trafficking. Trends Cell Biol. 2006;16:522-9.

Stojilkovic SS, Murano T, Gonzalez-Iglesias AE, Andric SA, Popovic MA, Van

Goor F, et al. Multiple roles of Gi/o protein-coupled receptors in control of action

potential secretion coupling in pituitary lactotrophs. Ann N'Y Acad Sci.

2009;1152:174-86.



14.

15.

16.

17.

18.

19.

Wilde C, Genth H, Aktories K, Just I. Recognition of RhoA by Clostridium

botulinum C3 exoenzyme. J Biol Chem. 2000;275:16478-83.

Tamma G, Klussmann E, Procino G, Svelto M, Rosenthal W, Valenti G. cAMP-

induced AQP?2 translocation is associated with RhoA inhibition through RhoA

phosphorylation and interaction with RhoGDI. J Cell Sci 2003;116:1519-25.

Dreikhausen U, Varga G, Hofmann F, Barth H, Aktories K, Resch K, et al.

Regulation by rho family GTPases of IL-1 receptor induced signaling: C3-like

chimeric toxin and Clostridium difficile toxin B inhibit signaling pathways

involved in IL-2 gene expression. Eur J Immunol 2001;31:1610-19.

Bauer PO, Wong HK, Oyama F, Goswami A, Okuno M, Kino Y, et al. Inhibition of

Rho kinases enhances the degradation of mutant huntingtin. J Biol Chem.

2009;284:13153-64.

Mansfield PJ, Shayman JA, Boxer LA. Regulation of polymorphonuclear leukocyte

phagocytosis by myosin light chain kinase after activation of mitogen-activated

protein kinase. Blood. 2000;95:2407-12.

Sweeney HL, Houdusse A. What can myosin VI do in cells? Curr Opin Cell Biol.

2007;19:57-66.



20.

21.

22.

23.

Cadwallader K, Beltman J, McCormick F, Cook S. Differential regulation of

extracellular signal-regulated protein kinase 1 and Jun N-terminal kinase 1 by Ca2+

and protein kinase C in endothelin-stimulated Rat-1 cells. Biochem J.

1997;321:795-804.

Wilde C, Chhatwal GS, Schmalzing G, Aktories K, Just I. A novel C3-like ADP-

ribosyltransferase from Staphylococcus aureus modifying RhoE and Rnd3. J Biol

Chem. 2001;276:9537-42.

Kakigi A, Okada T, Takeda T, Takeda S, Taguchi D, Nishimura M, et al.

Endocytosis of MPO in marginal cells is regulated by PKC, protein phosphatase,

ERK and PI3-K signaling cascades, but not by PKA and MEK signaling cascades.

ORL; journal for oto-rhino-laryngology and its related specialties. 2010;72:188-95.

Muro S, Wiewrodt R, Thomas A, Koniaris L, Albelda SM, Muzykantov VR, et al.

A novel endocytic pathway induced by clustering endothelial ICAM-1 or PECAM-

1. J Cell Sci. 2003;116:1599-609.



A
Pk e,

g



















Table 1

inhibitor
control
PTX BTX GTP+S Y-27632 ML-7
Number of ECVs
) 213 = 848 18.8 = 9.34 19.9 = 8.43 14.1 = 4.62%* 5.5 &£ 3.52%* 11.6 = 5.44%
labeled with CF
(158) (141) (74) (62) (100) (114)
(cells)
n 5 5 5 5 5 5




