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SUMMARY

Epithelia are barrier-type cells that regulate the transport of materials into and out of the

body. Dysfunction of these cells is implicated in numerous diseases such as cystic �brosis,

age-related macular degeneration, and diabetes. Since the discovery of induced pluripotent

stem cells (iPSCs) by Takahashi and Yamanaka in 2006, scientists around the world have

begun utilizing iPSC-based therapies to halt, and potentially reverse, the progression of

these diseases. For epithelia-based therapies, validation of tissue polarity and function is

an essential component of a thorough physiological exam, and are commonly performed

electrochemically, but existing methods are some combination of (1) destructive to the

cells, (2) incomplete, (3) extremely dif�cult, and (4) low throughput (e.g., 1-2 tissues/day).

Therefore, in this work, novel tools and measurement techniques were developed to study

epithelial cell function that addresses these issues.

For example, an algorithm that automates the insertion of a pipette into the cytoplasm

of a cell was developed (chapter 2). This algorithm outperforms a highly trained expert

at a much lower operator skill level; enabling more labs to explore the physiology, drug

toxicity, and disease processes of epithelia. In addition, a new mathematical model was de-

veloped that combines a technique called electrochemical impedance spectroscopy (EIS)

with intracellular voltage data to extract membrane-speci�c properties of epithelia (chapter

3). Furthermore, experimental data demonstrating an inverse relationship between tissue

capacitance and the median cell cross-sectional area is presented (chapter 4). Finally, a

mathematical link between membrane-speci�c properties of epithelia and the time con-

stant ratio, a property that does not require intracellular voltage data, is derived and exper-

imentally tested. This link can act as a bridge between the comprehensive, yet slow and

invasive, intracellular measurements and the fast, yet simple, extracellular measurements

of epithelial function (chapter 4).
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Cell membranes: ion transport and phospholipid organization

Reports of investigations into the electrochemical behavior of semi-permeable membranes

go back as far as the 4th century BCE when Aristotle described a method for obtaining

fresh drinking water from seawater using a sealed wax vessel as a �lter [1]. However, it

was Ostwald in 1890 who helped kick-start living membrane electrophysiology when he

postulated that the observed ”electromotive phenomena” in living tissues may arise because

they can selectively prevent or permit the passage of ions [2].

To understand how tissues can selectively transport ions, it is imperative to �rst study

the composition of a cell membrane. The outer shell (i.e., membrane) of a cell is composed

of a plasma membrane which, itself, is composed primarily of phospholipids. In general,

phospholipids are composed of two fatty acids, a phosphate group, and a glycerol molecule.

The unique organization and physical chemistry of each phospholipid give rise to the clas-

sic, bi-layer, organization of cell membranes and explain many of their most important

properties. Speci�cally, the fatty acid tails of a phospholipid are non-polar molecules that

lack the charged groups that would encourage any interactions with water (i.e.,hydropho-

bic). Conversely, the phosphate head groups - connected to the tails by a glycerol molecule -

are charged or polar and, thus, are very water-soluble (i.e.,hydrophilic). Because phospho-

lipids combine hydrophilic heads and hydrophobic tails, they will spontaneously organize

themselves in the manner shown below when submerged in aqueous solutions (Figure 1.1).

1



Figure 1.1: Cross-sectional view of a phospholipid bilayer. (A) Identi�es the traditional
icon for a phospholipid with its characteristic, hydrophobic, twin tails, and a single hy-
drophilic head. (B) Demonstrates the traditional phospholipid bilayer organization when
fully submerged in a water-based solution with the polar head facing out on each surface
to interact with water, and with the hydrophobic tails driven inward. (C) Shows cholesterol
embedded into the phospholipid membrane. Cholesterol, in particular, is an example of
cellular material that contributes to cell membrane stiffness.

In this bilayer con�guration, the phospholipids form a membrane that is nearly im-

permeable to charged, water-soluble substances (e.g., Ca2+ , Cl� , K+ , Na+ ) and large

molecules (e.g., sugars and extracellular proteins). For ions to travel through the phos-

pholipid bilayer, it normally requires special proteins embedded within the membrane to

create an opening as shown in Figure 1.2.
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Figure 1.2: Cross-sectional view of a 3D phospholipid bilayer, separating the extracellular
and intracellular environments of a cell with embedded proteins that selectively transport
K+ , Na+ , Ca2+ , and Cl� .

Given an aqueous solution in a closed system, small, suspended particles tend to-

wards a homogeneous distribution given the sporadic interactions with neighboring parti-

cles spurred by temperature-induced vibrations. These interactions amongst ions generate

an osmotic pressure that generally results in a �ow down the concentration gradient. Fur-

thermore, the net charge of ions within the solution (or applied by external devices) can

similarly drive ion �ow towards areas of opposite charge. Therefore, the electrochemical

potential energy of an ion is equal to the sum of the osmotic pressure and electrostatic

potential energy gradients across a membrane as described by the following equation:

� � X = RT ln
�

[X ]i
[X ]e

�
+ zX F (Vi � Ve) (1.1)

where� � is the electrochemical potential energy of an ion (X ). The gas constant (R)

multiplied by the absolution temperature (T) and the natural log of the ratio between the

3
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