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Preface

The contributions of this volume are concerned with transport phenomena in
multimembrane systems and in simple epithelia. In addition to the very substan-
tial progress that has been made in the area of transport of fluid and solutes
across artifical model membranes in vitro and across simple symmetrical cell
membranes, much has been learned from studies of transport phenomena in
multimembrane systems of higher complexity to be reviewed in this volume. It
should be recalled that many of the fundamental conceptual and methodological
problems of transport physiology have been successfully approached and defin-
ed by studying simple epithelia /n vitro, and that the direction that research has
taken has been affected in a major way by the cellular transport models that
have evolved from this approach. Since then striking progress has been made in
several areas. Not only have we been witnessing a keen and productive interest
in the realtionship between fine structure and transport behavior in multimem-
brane systems but significant advancements have also been made in defining
individual active and passive transport operations, in analysing cell ion activities
and transport pools, and in describing the differences in transport functions that
underly the membrane asymmetry and cell polarization of cells subserving di-
rectional transport. What has emerged is a better understanding of the func-
tional organization of directional solute and solvent transport through and be-
tween cells, and a firm and rational basis for the even more complex problem of
studying transport phenomena on the whole organ level.
New Haven, Boston, Copenhagen G. Giebisch
D. C. Tosteson
H. H. Ussing



List of Contributors

Mary A. Bisson
The University of North Carolina, School of Medicine, Dept. of Medicine,
Chapel Hill, N. C./USA

David Erlij
SUNY Downstate Medical Center, Department of Physiology, Box 31,
450 Clarkson Avenue, Brooklyn, N. Y. 11203 / USA

Arthur L. Finn

The University of North Carolina, School of Medicine, Dept. of Medicine,
Division of Nephrology, Old Clinic Building 226 H,

Chapel Hill, N. C. 27514 / USA

John Gutknecht
Duke University Marine Laboratory, Beaufort, N. C. 28516 / USA

David F. Hastings
Duke University Medical Center, Dept. of Biochemistry, Durham, N. C. / USA

Jorn Hess Thaysen
Rigshospitalet, University Hospital, 9 Blegdamsvej, DK-2100 Copenhagen

Alexander Leaf
Massachusetts General Hospital, Medical Services, Boston, Mass. 02114 / USA

E. MacRobbie
University of Cambridge, Botany School, Downing Street,
Cambridge CB2 3EA / Great Britain

S. H. P. Maddrell
University of Cambridge, Department of Zoology, Downing Street,
Cambridge CB2 3EJ / Great Britain



XVIII List of Contributors

A. Martinez-Palomo
Centro de Investigacion del IPN, Apartado Postal 14-740,
Mexico 14, D. F. / Mexico

James Oschman
Marine Biological Laboratory, Woods Hole, Mass. 02543 / USA

Hans H. Ussing
University of Copenhagen, Institute of Biological Chemistry A,
13 Universitetsparken, DK-2100 Copenhagen

Ernest M. Wright
University of California, Department of Physiology, School of Medicine,
Los Angeles, Calif. 90024 / USA

Jose A. Zadunaisky
New York University Medical Center, MSB — 451, 550 First Avenue,
New York, N.Y. 10016 / USA

Karl Zerahn
University of Copenhagen, Institute of Biological Chemistry A,
13 Universitetsparken, DK-2100 Copenhagen



Contents

List of Contributors . . . . . . . . . e e e e e e e e e e e e e e XVII

Chapter 1 — Transport Across Multimembrane Systems
(H.H.Ussingand A. Leaf) . . . ... ... .. ...

AIntroducHOn. . v v & o ¢ § & F e m m a3 s E S E T RS E 4 BEE

B. Organization of Epithelia . . . . . . .. . ... ... .............

L “Black Box” Approach . . . . .. .. .. .. ... ...

II. Transepithelial Potentials . . . . . ... ... ... .. .........

III. The Two-Membrane Theory for Transepithelial Potentials . . . . . . . .
IV. Nature of the Individual Transport Processes of the Two-Membrane

Model for Transepithelial Transport . . . . . . . . .. ... ... .. ..

1. The EntryStepforSodiomy . « v » = w2 « ¢ « ¢ & s s wm e e o o s s

2. Ion Selectivity of the Inward-Facing Membrane . . . . . . ... ...

3. The SodiumPump . . . . . ... .. ... ...,

0

. Sodium Entry Coupled with Transport of Organic Substances . . . . . . . . ..

o

. Exchange Diffusion and Counter-Transport Systems in Epithelial Transport

E: Transportof Water .. : « « v+ s sw s s mms 535 8 s s smm @ vs s s 8 § 8
I Reflection Coefficients of Epithelia . . . . . . .. ... ... .. ....
II.  Water Permeability Determined with Isotopic Water . . . . . . . . . ..
III. Effects of Unstirred Layers . . . . . . . . . . . . ... . ... .....
IV. The Problem of Isotonic Water Transport . . . . . . . .. .. ... ...

F. Hormonal Effects on Epithelial Transport . . . . . . . . .. .. ... .....

References . . . . . . . . . L e e e e e

Chapter 2 — Role of Tight Junctions in Epithelial Function
(D. Erlij and A. Martinez-Palomo)

A. Introduction

B. Ultrastructure . . . . . . . . . . . ... e e e e e e e e
I. Thin Sections
1I.  Freeze Fracture

C. Epithelial Diversity and the Paracellular Pathway . . . . . . .. ... ... ..
) Identification



VIII Contents

I Evaluation . . . . . .« o v v w s & o a8 o s o o m o oo o w a o n o w
1.IonMoOVEmMENtS . . . . . . . . . e e e e e e e e e s
2.Nonelectrolytes . . . . . . . . .. e
3.Water . . v o« ow 50w s T S IR IEIE I

D. Molecular Organization . . . . . . . . . o v o 0 b e e e e

L Tight vs. Leaky Junctions: is the Difference Molecular or Anatomical?
IT. Chemical Organization: Inferences from Ion Permeability Measurements .

L. InorganicTons : & . o ¢ ¢ wos wm @ e 0 5 55 oe s mw w e e w
2.0rganicCations . . . . . . . . .0 et i e e e e e e s e

E. Modification of Tight Junction Permeability . . . . . .. .. .. ... ... ..
I TORICIET g o o = 5 o 5 5 5 s @ams o 4 » 5 s micmmes o n s 5 5o

II. PotentialDifference : : : ¢ s cu mwsa s s ¢ s 4§ s wwwews « v« 5
III. Chemical Agents and Physiological Conditions . . . . . .. . ... ...
IV. Tight Junction Reconstruction and Metabolism . . . . . . .. ... ...

F. Role of Junctional Permeability in Epithelial Transport . . . . . .. .. .. ..
REfEIeNCEs: . . o v wow o a8 5 § % 8 ¢ v a6 W a5 65 5 8§ am@sooss§s &

Chapter 3 — Morphological Correiates of Transport
(T L OSBRMAN) 5 5w o 202 53 2 2 6 s s R E MM 6 o 4 5 5 5 5w @ w oo a v g

A Tntroduction: « o o s & v 3 § 5 # 8 6B G S % T 5 5 5 5 8 F RS E Ewma 5 8 5w 6w

B. The Organizationof Cytoplasm . . . . . . . .. .. .. ... ... ......
I. Water . . . . . e e e e e e e e e

II. Solutes . . . . . . . . . e e e e e
1.WNa"and K™ o v s s 5 5 8 s v s ww ma 8 ¢ 5 s 6 488 &8 T 58

2 HT e e e e e e
CattandMe® ™ .. . s s smes s s a e mw B o oo s
1 A
. Intracellular Ion Concentrations . . . . . . . . . .. ... ... ...
. Histochemical Localizationof Ions . . . . . . . ... ... ......
.Microprobe Analysis . . . . . . . .. oL h e e e e e e
. Compartmentation of Organic Solutes

(o JBEN e VLI S VS |

C. Pericellular Pathways . . . . . . . . . . .. .. . ... .. ... ...
I Junctional Permeability in Vascular Tissues
II.  Junctional Permeability in Epithelia
ITI. Freeze-Fracture Studies . . . . . . . ... ... ... ... .......
IV. Properties of the ShuntPathway . . . . . .. . .. ... ... ......
V. Nature of the Intercellular Cement . . . . . .. ... ... .......
VI. Perspectives on the Pericellular Pathways . . . . . . . ... .. .. ...
D, TheCellSurface . « sv v s ¢ s ¢ s s s wmas s s s 80 ammuassasiss
I. The Plasma Membrane
1. Water Movement

2. Jon Movement

Acknowledgements

References



Contents

Chapter 4 — Transport in Giant Plant Cells Il — Freshwater Cells
(E.A.C.MacRobbie) . . . . . . . . . ...

A INroduCtion . . . v v o e e e e e e e e e e e e e e e e e e e e e e e e s

B. Active Transport Processes . . . . . . . . . . . .. e
I. General . . . v . e e e e e e e e s s e v s e e e e e e

I[I. CationTransport . . . . . . . . . . o ot v v v v v vt e
III. Active Proton Extrusion . . . . . . . . . . . .. oo v .
IV. NetSalt Accumulation . . . . . . . . . ... ...

1. Transport at the Plasmalemma . . . . . . . .. ... ... ... ...

2. Ion Transfer from Cytoplasm to Vacuole . . . . . .. .. ... .. ..

V. Bicarbonate Uptake . . . . . . . .. . ... ..
VIE OH EBMIUX . : ¢ cvmpmms ss § « 6 o 60 m 5 wen s o v« o ommmme

C. Intercellular Transport . . . . . . . . . . . . . . .
D. Control of Ionic Composition . . . . . . . . . . . .
E. Excitability of CharaceanCells . . . . . . ... . ... ... ... .. .. ..

REfErenCeS . . . . v o o o o e e e e e e e e e e e e e e e e e e e e e s

Chapter 5 — Ion Transport and Turgor Pressure Regulation
in Giant Algal Cells
(J. Gutknecht, D.F. Hastingsand M. A. Bisson) . . . . . . ... ... .. ....

A:Introduction & <« s 5 5 2 5 v i B s T s s ok E ¥ FE w w @ ow s s s 8w ow e
L. Origin and Functions of Turgor Pressure . . . . . . .. ... ... ...
II.  Historical Background . . . . . . . . . ... .. ...
III. Objectives and Scope of thisReview . . . . . . . ... .. ... .....
IV. Functional AnatomyofaPlantCell . . . . . .. . ... .. .......

B. Basic Elements of Turgor Regulation . . . . . . .. .. ... .........
L Basic Concepts and Terminology . . . . . . . . . ... ... ......
II.  Physical and Chemical Signals Related to Turgor Pressure . . . . . . . .
1II. Flux-Force Relationships Governing Fluid Movements in Walled Cells
IV. Elements of a Turgor Regulation System . . . . . . . . ... ... ...
V. Hypothetical Example of Turgor Regulation . . . . .. ... ... ...

C. Experimental Methods of Measuring and Controlling Turgor Pressure . . . . .
L. Indirect Methods of Estimating Turgor . . . . . . .. . ... ... ...
II. Direct Methods of Measuring and Controlling Turgor Pressure . . . . . .

D. Experimental Data on Osmotic Regulation . . . . . .. ... ... ......

I. Summary . ... e e e e
II. Valonia . . . . . . . . . . e e e e e e e e e e
II. Codium . . . . . . . . . e e e e e e e e

IV. Halicystis

V. Chaetomorpha L
VI. Nitella

E. Cellular Transport Properties Affected by Turgor Pressure . . . . . . .. . ..
L. TIonTransport . . . . . . . L. e

II.  Protoplasm Conductance and the Vacuole Potential
III. Water and Nonelectrolyte Permeability . . . . . . . ... .. ... ...
IV. Volumetric Elastic Modulus of the Cell Wall



X Contents

F. Location and Nature of the Turgor-Pressure Transducer . . . . . . . .. . .. 155

L Location of the Turgor Transducer . . . . . . . . .. .. .. ... ... 155

II. Nature of the Turgor Transducer . . . . . . .. ... ... ....... 156

III. Separate Mechanism for Hypertonic and Hypotonic Regulation? . . . . . 159

G. Relations between Turgor Regulation and other Controlled Processes . . . . . 159

I.  Regulation of Cytoplasmic Volume and Ionic Composition . . . . . . .. 160

II.  Turgor Regulation and Expansion Growth . . . . . .. ... ... ... 161

ITI. Developmental Aspects of Turgor Regulation . . . . . . ... ... ... 163

IV. Inorganic Nutrient Uptake and Turgor Regulation . . . . .. . .. ... 164

H. Alternative Strategies for Controlling Turgor or Volume . . . . .. .. .. .. 164

L. Relation between Volume Regulation and Turgor Regulation . . . . . . 164

II.  Regulation of Cell Volume by Contractile Vacuoles . . . . . . ... ... 166

ITI. Regulation of Cell Volume or Turgor by Biochemical Interconversions . . 166
IV. Indirect Regulation of Turgor by Regulation of Intracellular Solute

Concentrations o o ws 60: s 6 v v oo @masas so @@ ks fas i 167

V. Regulation of Turgor or Volume by a Pump-Leak System . . . . . . . .. 168

J. Conclusions and Aims for Future Work . . . . . . ... ... ......... 168

Ackniowledgements « + « v v o 5 v s s v e s w s e £ w w W e E s s 169

Note AddedinProof .; u v sv5 6 ¢ v vamumsosas s v anmowsss s 170

REFEIBOACES o o v s usmammem e s s 68 B R B a® §68 i B s M6 @ %6 F 650 170

Chapter 6 — Transport Across Amphibian Skin

(D.Erlijand H-H. Ussing) . . . . . . . . . . . it 175
A. Introduction: The Amphibian Skin as Experimental Object . . . . . . .. .. 175
B. Anatomical Problems . . . . .. .. ... Lo 176
C. TheOuterBarrier . . . . . . . . .. .. . . ..t 177
L. Localz8tion s s nd a5 3 .05 i 6 S @ a9 a5 0 FRE 6O & ¥ 5 &4 3 178

II.  Cation Selectivity . . . . . . . . . . .. e 179
III. CationFluxes . . . . . . . . . . . . . . it ittt 179
IV: BlocKkingAGents s « siiw s s » 2 6w e om0 s 5 5w & mom o s 181

V. Regulation . . ... ... ... ... 182

Lo HOTMONES « o 5 wovio5i 9 575 3 5 669 o 9 55 48 6.6 %58 6 &% &5 6% 182

2. Chemical Agents . . . . . . . . ... 183
3.8odium ..o e 183

4. Physical Faclors  « s 5 5 ¢ « s v v m s s ms 5 5 ¢ aimim o min m =5 5 184

D. The Transport Compartment . . . . . . . . . . .. .. ... 186
E. TheInternal Barrier . . . . . . . . . .. . ... ... ... ... .... 190
L Locabzation. = s v s o s v v a e s ¥ o5 65 25 LGS R B BT &5 190

II. CationSelectivity . . . . . . ... ... ... ... 191
III. Cation Fluxes and Coupling Ratios . . . . . ... ... ......... 192

E. THEPOtemtialProhle: « « v u s vv spsm s e my ame m® e @ 6 2 @5 % @8 0 195
G.Chlorideand Other Anions . . . . . . . .« o v v v v v v e o v o e v e e e s 197
L Passive Movements . . . . . . . .. ... ... ... 197

IT.  Active Transport . . . . . . . . .. ..o v et 198



H.

L.

K.

Contents

Hydrogen Ion Secretion . . . . . . . .. vt
Aldosteroneand Molting . . . . . . . ...

COoNCIUSIONS .+ « « « v v v oo o e me s s 6 & 66 0 @ & s s 8 5 8 s e

REfErenCeS . . « v v o v e e e e e e e e e e e e e e e e e e e e e e e e s

Chapter 7 — Transport Across Amphibian Urinary Bladder
(ATaFINNY o 56 5 8 5 5 5 s mwoe s oo c ommmmmms s s ¢ 5 b&Fw

A

m g 0w

F.

G.

References

Introduction . . . . . . . . . e e e e e e e e e e e e e e e e e e e

. Structure as RelatedtoFunction . . . . . . . .. .. ... ...
. Blectrical Properties . . . « : ¢ o5 @ wo 005 5 4 0 5 v mm e me 0 oo 0w oo oe
.Membrane Selectivity . . : i s ¢ sv e ws s o6 5 s vs s ma w e e s s e s s

. Active Sodium Transport . . . . . . . ... .o e e

L Sodium Entry at the Mucosal Border . . . . .. ... ... .......
II. The Sodium TransportPool . . . . .. ... . ... ...........
III. Serosal Sodium Exit . . . . . . .. ... ... ... ... ... ...
IV. The Effect of Vasopressin on Sodium Transport . . . . . . . .. .. ...
V. The Effect of Aldosterone on Sodium Transport . . . . ... ... ...

Movement of Water and Other Nonelectrolytes: Effects of Vasopressing. . . .

Effects of Other Hormones. . . . . . . . . . . . . . . v v i vt it

Chapter 8 — Transport Across Insect Excretory Epithelia
(S.H.P.Maddrell) . . . . . . . . . e e e e

A. Introduction
B.

C.

MalpighianTubules . :c s s s 55 s 8 s ¢ s smwa oo s s s 5 585 5@ @3
I.  Fluid Transport by Malpighian Tubules . . . . .. .. ... ... ....
II.  Ton Transport by Malpighian Tubules . . . . . ... ... ... ... ...
III. Coupling of Water Movements to Solute Movements . . . . . . .. ...
IV. Evidence for a Common Cation Pump in Malpighian Tubules . . . . . . .
V. Transportof Chloridelons . . . . ... .. ...............
VI. Transport of Mg and SO, by Malpighian Tubules . . . . ... ... ...
VII. Active Transport of Organic Compounds by Malpighian Tubules . . . . .
1. Organic Anions
2.0rganicCations . . . . . . ... e e e
3. 0uabain EXCIOtION. .« « : < w4 » s + ¢ 6w w o w2 s s s s 5 6.8 6 w0
VIII. Resorptive Processes in Malpighian Tubules
L.KCLBESOIPHON - » o v o woe s 5 5 v 8 0.8 /8 © 5% 5 § § 2 ¢ §% & & & 3
2. Reabsorption of Sugars . . . . . . ... ... ... ... ... ...,

Transport Processes inthe Hindgut . . . . . . .. .. ... ..........
I.  Transportinthe AnteriorHindgut . . . . . . ... ... .........
1. Absorption of KCl in the Hindgut Adult Pieris . . . . ... ... ...
2. Transport of NH; Ions by the Hindgut of Sarcophaga. . . . . . . . .



XII Contents

II. Transport Processes in the Insect Rectum . . . . . . ... ... ..... 260

1. Recoveryof Water . . . « ¢ v e v v o v v vt m o mes s b e s 260

2. Absorption of Water Vapour fromthe Air . . . . .. ... ... ... 262

a) Tenebriomolitor . . . . . . . . ... ... 262

b) Thermobiadomestiead : « = s w5 o ¢ » ¢ 2 4w wwm e o o o oo v 266

3. Rectal Transportoflons . . . . . . . .. .. ... .. ........ 267

4. Rectal Absorption of Aminoacids . . . . . . . ... .. ... ... .. 267

D. Transport Processes Important to Excretion in Other Epithelia . . . . . . . .. 268
I. VEABIL .« o om eon = e e momie i wm wiie e b h o & B E R R 5 E & E s 268

IE. LablalGlands . . o o « « v v wseom o mom o o e o & omwm w W S 268
IDI. Epidemmis o s 53535 s s s awmaop 86 5 § 068 mis @ o #4 § % 269

E. ConcludingRemarks . . . . « v s 6 s wa oo s 35 ¢ 605 @ma 6 a5 s 85 269
RE[ETENEBE . v v 5 v m 5 2 5 c s wmm e @ mms s faGE o@D 84 § § 8.4 270

Chapter 9 — Transport Across Insect Gut Epithelium

(K:Zerahn) : s mssssrnssssnmmamams s i 38508 F 05 08 i 273
AIntroduction ; : . « s v 4 ¢ 5 ¢ s R mE 8F s s i s i EE A e s ¥ § s 8 273
I Foregut . . . . . . . . . . e e 273
I, MIAEEE © « = w o s wo 53 8 s v ewmm@as o3 s 8 68 cmbmsowss b 274
III. Hindgutand Rectum . . . . . . . ... .. ... ... ......... 275

B. Transport of Uncharged Molecules by the Insect Intestine . . . . . . . ... .. 275
I. 'Transportof GIUCOSE . . . « c v s w ws 28 s s £ 550 v 6 me s o 275

II. Transportof Aminoacids . . . . .. ... ... ............. 277
III. Transport of Ions through the Midgut . . . . . . . ... .. ... .. .. 280
IV. Transport of Ions through the Hindgut of Sarcophaga . . . . . . .. ... 284
I.Sarcophaga . . . . . . . . . . . ... 284
2.Millipede . w5 w w35 0 s s s s E B EE P S d § e E S e e 286

C; B-PumpofCecropia. « « s =6 s v s v s v s wa s ws v s 5 ¢ LEE o9 &5 &6 55 287
I: Introduction . . . . . . .. L 287
II.  Studies by Harvey and Nedergaard (1964) . . . . . ... ... ... .. 287
III. Imhibitors . . . . . . . . . . ... 290
IV. Oxygen Consumptionand K Transport . . . . . .. ... ... ..... 290

V. Effect of K Concentration on Bathing Solution on Potential Difference . . 290
VI. KFluxandL, ... . . . .. . . . . .. .. e 291
VIL METMAnSPOTE . o vov = v v v 3 505 €55 S n 0 #0298 65 &5 s o6 @ » s 291
VIII. Competition Between the Alkali Metal Ions for the K-Pump. . . . . . . 292
IX. Competition of the Ions for Uptake by the Midgut . . . . . . . .. ... 293

X: DISCOSSION « « v o mws s o v s wes SE s &6 5 5B EEE RS D 294
D:LagTime : s v 7 ssmmamms t 5 88 @ o5 %@ & 55 5685 wedsnasss 295
L Pool Determination . . . . . . . . . .. ... 298

II. CellPotentidl . s susvsssvisanpnsness vosssss 300
III. CsPool . .................. o TSIy 1)
E. Uniformityof Gut . . . . .. ... ... ... ... ..............303
i K Concentrationin MidgutCells . . . . . ... ... .. ........ 303

II.  Exchange of K Between the Midgut Cell and the Outside K . . . . . . . 304

References . . . . . . . . . . L e e 305



Contents XIII

Chapter 10 — Transport in Eye Epithelia: The Cornea and Crystalline Lens

(J.A.Zadunaisky) . . . . . ... e e e e e e s 307
A. Introduction and Morphology . . . . . . . .. ... ... 307
B.TheComead . .« omiosmwanes i veeedssas s s es @ sssxs 308
L Structureofthe Corfied . . . . . . ¢ v v v v v m v v o v v v e b 309

II. Electrophysiology and Active TransportofIons . . . . . .. ... .. .. 310

1. The Corneal Epithelium . . . . . . . .. .. .. .. ......... 310

3) JORICPUHAPE : v w o w o o958 swammma s sms e @i b 3 300

b) Intracellular Recordings . . . . . .. .. ... ...........311

¢) Sodium Dependence and Location of the Epithelial Pumps . . . . . 312

2. The Transparency and Hydration of the Stroma . . . . . .. .. .. . 313

AN BWEINE :k = 5 5 2 AT EIE 58w B 5 Ao 5B B EE & 319

b) Physical Basis for Corneal Transparency . . . ... ... ... .. 314

c) Diffusion of Ions and Molecules in the Stroma of the Cornea . . . . 314

d) Concentration of Ionsinthe Stroma . . . . . . ... ... .. ... 315

e) Permeability of BoundaryLayers . . . . ... ...........31l5

3. The Corneal Endothelium . . . . .. .. ... ... ......... 315

4. General Picture of Corneal Ion and Water Movements . . . . . . . . . 316

5. Comparative ASpects . . . . . . . .. ... 317

a) HumanCorneas . . . . . . .. .. .. .. ... ..........317

b) The/Corneaof Fishes < : « s ¢ + s s s s ww v s 6 s 5 s 5 654 &% 318

6. Action of Drugsand Hormones . . . . . . .. .. .. ......... 318

a) Bpithehum. . v v o w5 3038 ¢« s s s mamas 56 5 § 5 8 45 @5 318

b) Endothelium . . . . . . . .. ... ... ... .. ... 320

ITI. Transport of Nonelectrolytes . . . . . ... ... ... ......... 321
1LAMINOACHAS . i s e s mws 55 5 8 8§ 6 5 m @@ s 55 o85G waw 321

2. Transportof Sugars . . . . . ... ... ... .............321

C. The CrystallineLens . . . . . . . . .. . . .. ... ... ... ........322
L. Sttucture ofthe Lens 26 ¢ ¢ o s s s mwmw s 6 8 5 58 8 %00 & 5 @5 322

II.  Basic Views on Transport Mechanisms in the Lens . . . . . .. ... .. 323
ITI. ElectrophysiologyoftheLens . . . . .. .. .. ... .......... 325

1. Reexamination of the Pumpand Leak Model . . . . .. ... ... ..325

2. Short-Circuiting of the IsolatedLens . . . . . .. .. ... ... ...326

3. Extracellular SpaceinthelLens . . . . . ... ... ..........327

4. JonicFluxes . . . . . . . . . . ... 328

5. Interfibrillar Low-Resistance Pathways . . . . . . ... ... .. ... 329

IV. Transport of Nonelectrolytes . . . . . .. ... ... ... ....... 330
V. Cataract Formation . .. ... ... ... ................331
Acknowledpements . . . . « c c ch u s v s s e w s s e e s s e s e 333
REIEFEACES o : cMp B 0 £ DWW # I% P E S 653 AUE B & RS 8 S % & 2 5 333

Chapter 11 — Transport in Eye Epithelia: Ciliary Epithelium and Retina
Pigment Epithelium
(J.A.Zadunaisky) . . . . . .. 337

A.lIntroduction . . . .. .. e 337
B. Ciliary Epithelium and Outflow Channels . . . . . . ... ... ... ..... 338



X1V Contents

I.  Structure of the Ciliary Epithelium and Outflow Channels for the

Aqueous HUMOT . . & . . . . . oo i v v v wens ... 338
II. Basic Concepts of Fluid Formation and Qutflow . . .. .. ... ... .342
III. Electrophysiology of the Ciliary Epithelium . . . . . .. .. .. ... .. 344
IV. Ultrafiltration Versus Secretion . . . . . . . ... ... ... ......345
V. New Theories for Aqueous Humor Outflow Mechanisms . . . . . . . . . 346
V1. Comparative ASpects . . . . . . . .« .o oo ... 348
C. Retina Pigment Epithelium . . . .. ... ... ... .............349
L. Structure and Relationship with the Neural Retina and Choroid . . . . . 349

II. The Retinal Pigment Epithelium as a Diffusion Barrier and Site of
Transporl s 2 5 & o s s mwe w50 @@ ¥ 0 v s e @@ w5 ey SO
Acknowledgements « « = s « « : s ¢ s mEw S @ e s g s E e e w s s e s vy 6 DD
RefEIences : « v o s e o s 25 65 38 8w o @ oo s 6 8 mmogeensss s 30D

Chapter 12 — Ion Transport Across the Choroid Plexus

(E:M.WHght) s msssc: 55 dmsesss s s s cmmmmzms awse 355
A Infroduction & . . v v i s i s s s aaE w@s s s LEEs e GSE 85 3y 355
B. The Experimental Approach . . . . . . .. ... ... ............ 356
C. Ton Fluxes Across the Epithelium . . . . . . .. .. ... ... ........ 357

L. The Mode of Actionof Quabain . . . . . . .. .. ... ......... 358

II. TheSite of OuabainBinding . . . . . . ... ... ............ 362
D. Na-K-ATPase and Secretion . . . . . . . ... ... ... .......... 363
E. The Intracellular Na and K Concentrations . . . . . . ... ... .......365
F. Potassium Transport Across the Apical Membrane . . . . . .. ... ... .. 366

L. Pharmacological Aspects . . . . . . . .. ... ..o 369

II. TheRoleof HCO; . .. .........................370
G. Na and Cl Fluxes Across the Apical Membrane . . . . . . . ... ... .... 371
H. Passive Permeation . . . . . . . . . . .. L. Lo 372
J. AModelforIonTransport . - . « « <« s v o = a w0 2 o s v v o w oo o o 374
Acknowledgements : : . :o o5 v 2 e s 5 5 o8 @8 B e @ E G E 4 & £ E s R w3 376
Referenices s s s o5 v s oo s oo 5 8 8§ 6 68 B EH ™ B3 § ¢ v 8 85 & 8@ 3 377

Chapter 13 — The Sweat Glands

(J. HESSTHAYSEN) .« = vco o w w0 500 5 6 % 6w 6 0 @ o 53 5 5 % 0 6 iy B B omE @0 379

A;INEOducHOR . ¢ s s ww s s v 5 s s x s s E A s G 5 B E e W E R & 379

I.  The Eccrine Glands of the General Body Surface . . . . . .. ... ... 379

II. The Eccrine Glands on the Palmsandthe Soles . . . . . .. . ... ... 379
ITII. The Apocrine Glands of the Axillary, Genital, Perineal, and Perianal

Regions . . . . . . .. 380

B. The Morphology of the SweatGlands . . . . . . .. .. ... .........380

L. The Epithelium of the Eccrine Secretory Coil . . . . . . . .. ... ... 380

II. The Epithelium of the Eccrine Duct . . . . . . . . ... .. ....... 381



Contents XV

III. TheMyoepithelium . . . . .. ... ...................381
IV. TheApocrineGlands . . . . . . .. ... ..o v v, 382
C. The Vascularization of the Sweat Glands . . . . . . .. ... ... ......382
D. Innervationof the SweatGlands . . . . . . . . . ... ... .. ... ... 382
L. Innervation of the Duct Epithelium . . . . . .. ... ... ....... 383
II. Innervation of the SecretoryCoil . . . . . . .. .. ... ... ..... 383
E. Numberof SweatGlands . . . . .. .. ... ... ..............2385
F. Maximum Rateof Secretion . . . . . .. ... .................386
G. Rate of Secretion from Individual Glands . . . . .. . ... ... .......387
I GlandularInfermittency - : s : s v & o5 2 %« 25 s « s & # % @@ @ & & 3 388
II.  Variation in Secretory RateperGland . . . . . . . ... . ... ... .. 388
III. Variation in Functional Capacity of Individual Sweat Glands Within and
Between Skin Areas . . ; s v s w s s 5 5 55 swwmavi 65 55 & 85w 08
H. Tonic Composition of Sweat in Relation to SecretoryRate . . . . . . . . . . .. 389
L. Methodological Problems . . . . . . . . ... ... ... ... 390
1. Sample Contamination . . . . . . . . . . .. .. ... 390
2. Rate-Independent Variables . . . . ... ... ............39
3.RateperGland . . .. ... ... ... ... .............39
A.DeadSPate « - » s ¢ « s s s www o s s i v s s mE e w3y s & w§ IDL
I SOMUDN 559 56 mas: i Adcmmamas s cwawddbhidi s 391
1. Relation Between Sodium Concentration and Secretory Rate in Sweat
Harvested from a Smaller or Larger Skin Area. . . . . . .. ... .. 391
2. Relation Between Sodium Concentration and Secretory Rate in Sweat
Harvested from Single SweatGlands . . . . . ... ... .......393
I, Potassium . . . . .. .. .. .. .. ... uuuuwunwueneeo....393
IV. The Potassium Transient . . . . .. ... ... .............39
Vi ANODS s 5 6050w i i sdomommys i s o8 asamannisiisa IO
J. Mechnismof Secretion . . . . . ... ... ... ... 395
L. Direct Observation of the Composition of the Primary Secretion . . . . . 401
1. MicrocryoscopicMethods . . . . . .. .. ... ... ... 401
2. Micropuncture of the SecretoryCoil . . . . . . . .. .. ... .... 401
3. The Isolated SecretoryCoil . . . . . . .. ... ... ......... 401
II.  Direct Observation of the Modification of the Primary Secretion in the
DRICE & 5 cm o v 5 5 5 66 6@ 8 M8 58 5 5 o 0o s s e 402
III. The Mechanism of Formation of the Primary Secretion . . . . . .. . .. 404
IV. The Mechanism of Ductal Sodium Reabsorption . . . . ... ... ... 406
K. The Metabolism of the SweatGlands . . . . . . . . ... ... .. ...... 407
L. Species Differences in Eccrine Sweat Gland Function . . . . . . .. ... ... 409
L The Eccrine Sweat Gland of the Monkey’sPalm . . . . . .. ... .. . . 409
II.  The Eccrine Sweat Gland of the Cat’'sPaw . . . . . ... .. ... ... 410
III. The Eccrine Sweat Gland of the Rat’sPaw . . . . . . .. ... .. ... 410
REFEEENOES] (e 2 i 6 3R A B N E B G F GBS GG ERE D @ DR G P 58§ 411
Chapter 14 — The Lacrimal Gland
(1, HEsS TRAYSER) . 50 5 v 5 5 5 5 55 % 95 5 5 5 5 5 v e 0ot om0 o o ca o » o m 415

A. Introduction



