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ABSTRACT
Modeling of Glomerular Basement Membrane as a Charged Fiber-Matrix. Mark,
Lawrence A., Ph.D. Medical Biophysics Program, Indiana University School of

Medicine, Indianapolis, IN 46202 110 pp. Chief advisor: James C. Williams, Jr., Ph.D.

We set out to determine if the magnitude of fixed anionic charges found in glomerular
basement membrane (GBM) is theoretically capable of providing GBM with the degree
of restriction necessary to account for the low sieving coefficient observed for negatively
charged albumin. Model functions for partitioning of macromolecules into matrix
examined were a charged pore model and charged fiber-matrix models based on either
the theory of Ogston or Schnitzer. The fiber-matrix models relied on calculations of the
free energy of electrostatic interaction for an assemblage ot a charged sphere and charged
rod. Methods used for calculating this energy were derived from the Derjaguin
approximation, a finite element aﬂéfglsis, or an exact formula derived for the interaction
between an ion-penetrable rod and sphere. Partition experiments were performed to test
the validity of the models using carboxylated Ficoll and polyacrylamide gel containing
fixed anionic charges. It was concluded that the charged fiber-matrix models, using
either the finite element analysis or ion-penetrable approximation to calculate free
energy, could be used to predict the partitioning of a charged macromolecule into a loose
gel where solute on average interacts with only one fiber at a time, and that the
mathematical models moderately underestimated partitioning in tight gels where fibers

are on average separated by less than six Debye lengths. Also, the Derjaguin



approximation consistently overestimated interaction energy in the experimental system
tested. The Schnitzer/finite element analysis model was then used to estimate GBM
charge from parameters gleaned from the literature. Since GBM is a tight gel, it was
expected that the model would predict GBM charge only slightly higher than the true
charge. However, this model predicted a GBM charge several orders of magnitude
greater than any reported experimentally. We conclude that the model predicts that GBM

charge could not significantly contribute to the charge selectivity of GBM.



iv

TABLE OF CONTENTS

Page

LIST OF ABBREVIATIONS ..ottt ettt et eses et e vii
LIST OF FIGURES.......coiireeiintienecte et e trtesaessestesse e aesemsesn et nass s srsenns sssssasesssores viii
ABSTRACT ...ttt ettt sttt esasba s e eests st s s e s sao st bessaenssassoens X
CHAPTER I: Introduction to the glomerular permeability problem.............................. 1
A. Anatomy and fUNCHOM..........ccvveiciiiirieree et et s e s eeae b 2

B. Previous WOTK by Others.......cc.ovveeeieiiecceieiinniese ettt st se s ste e 4

B.1 Arguments for the primacy of GBM in charge selectivity................... 5

B.2 Arguments for the primacy of cells in charge selectivity.........c.......... 6

C. Modeling GBM as a charged permselective barrier...........cccooevenevceieneennnnnne. 7

D. REfEICICES.....ccuiiiteciecerect ettt ceee ettt et e s ese e coressesore s saneeneeen 9
CHAPTER 1II: The experimental SYSIEML...........cccceereeereeremerereereeenereeseseesaesenasesesasennenns 12
A. Buffered SOIUHONS.........c.coiieieeirirciicir et 14

B. The permeability Darmier...............cccecevrevrienirniceereree et eresre s sse e ene 15

B.1 Gel Castig......c.cceeuereieecieieriireeieereet et cr ettt 15

B.2 Gel characterization..............ccoeereeeecniniiniinivciii st 16
B.2.1 Charge density of modified gels........ccovueovvninivnnniinnens 16

B.2.2 Darcy permeability of gels
and calculated fiber radii..........cccoocrviininiiinn 17
B.2.3 Estimated gel void volume fractions..............ccoeevnvennnnnns 18

C. The permeating tracer SOIULE..........oceerieericcrriierc i 19



C.1 Dendrimer: Partition and permeation in charged gel......................... 20
C.11 SOIULES..c.cviieieecceetee ettt e e e, 20
C.1.2 Partition Xperiments.............c.ccoovieveeieeeceeeeerseeveesssesenens. 21
C.1.3 Ditfusion eXperiments..............cccecvevemvreoreeceeeeee e e, 22
C.1.4 SHAtISHCS....c.oovvereececeeiaee et e et e e e 22
C.1.5 Results and diSCUSSION........c..eoeeeeeieirieneiieniriene e eeeeeraeen, 22
C.2 Myoglobin as a tracer SOIULE............cveeerereierrereereere e 27

C.3 Carboxylated Ficoll as a variably sized and charged tracer solute....30

C.3.1 Carboxylated Ficoll preparation...........ecceeecveeerverreeneseennne. 31
C.3.2 Ficoll size fractionation............cocecveereeceecnicnicceieeecrenennns 33
C.3.3 Titration of charge on Ficoll........c.cocovevevvevviceecceieenene. 34

C.3.4 Capillary electrophoresis for measurement

of charge on Ficolls........ccecnerirnniniinninnineneen, 35

C.3.5 Stoichiometry of FITC-labeling.........ccocoveeeveeiiimnnnnnncen. 36

C.3.6 Results of fractionation and titrations.........c.cccceveerecevennennes 36

C.3.7 DISCUSSION. .c.uermireeererreriecererrieeniesteerisetreesee et eesenesnnenesaees 38

D. Experimental design of final SYStem.........cccovreeriiieiiieeeiencerceeeeer e 40

D.1 Methods for partition eXperiments..........c.ocoevnerniviininnnenccinieeea 40

E. References.......cooiveeeieverniiciniiic sttt st 41
CHAPTER III: Mathematical models and theory........cc.cceniriicieniineininnecirennne, e 44
A. Smith and Deen pore model.........cocooovvirciirinnicnriincectee e 46

B. Ogston fiber-matrix model.........cc.veeereereneeirnrnrreereenicnerecerreeeseerseeeneees 30

C. Schnitzer fiber-matrix MOAEL......vviieuveieeviieieeeerereeceerrvreecesreeeseresnesseassnneees I 2



vi

D. Approximations of electrostatic free energy...........cccevvveceeciereececennnn 54
D.1 Derjaguin approXimation..........cccereeueruerecicveeiieeeeceieeseeeeeeees e ereseenns 56

D.2 Johnson and Deen formula..........ccccovvivimiiciiviiiiiciiiceeeee .58

D.3 Ion-penetrable bodies approximation..............coeeveceevveeereeneeeeneeenn, 60

D.3.1 Distribution of potentials in the system...................... RT3

D.3.2 Electrostatic double layer interaction energy...................... 64

D.3.3 Comparison to Johnson and Deen formula......................... 65

E. ReMATKS....cootieiiiitiieriininenienetessteerittessee senteesaesseessueesnenenses snssnsssasesnssennsess 70
F. REIEICES. ..ottt ettt ettt et et srae e baeeans 71
CHAPTER IV: Experimental results and fit to theory.......cccoccevrecnncenvnnnccnnrveennen, 73
A. Experimentally derived parameters.........ceeecvereeerneveniveniecinns e 75

A.1 Void volume fractions, effective fiber radii

and effective pore radii........cooecceeeiviiinii e 75

A.2 Ficoll surface charge density.........ccccoininiiiininininiinees 82

A.3 Gel charge density.......ccoccveerveecrericeniiicnie e 82

B. Results of fit to gel charge density.......c.cccoccereemiiiiinniniiini e 83

C. DiSCUSSION. ....cveenrireeeerereriiereceerteeiie st eae st be e b s s s se s b s b snesass st snennans 87

D. RefEICNCES.....ceeviieeeeieiretet ettt s e st s 95
CHAPTER V: Extrapolation of theory to glomerular basement membrane................... 97
A. Model parameters and equations USEd..........ooecvviveineriniensneniiii e 100

B. Results and CONCIUSIONS.........ueeceeriiieenmrniiiiiniiieiie sttt 104

(O 235 S (= 1 101 AU U OO OO U ST Or PPN 108



