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Optical Methods for Measuring Plasma Membrane Osmotic
Water Permeability in Cell Layers

by Javier Anibal Farinas

Optical methods were developed to measure water permeability in cell layers and used to

characterize water channel transfected cells and measure individual plasma membrane water

permeabilities of epithelial cells. The general approach was to measure the rate of change of cell

volume in response to osmotic gradients. Changes in solute concentration resulting from cell

volume changes were used to generate optical signals. Because of the high data acquisition rates

obtainable with optical instruments, very high water permeabilities found in cells containing

water channels can be measured. Total internal reflection microfluorimetry was used to measure

water permeability in cells grown on transparent, solid supports. The fluorescence measured

from cells containing a cytosolic fluorophore was inversely proportional to cell volume. The

method was applied to transfected cells which expressed water channels and to investigate a cell

model of the vasopressin-regulated shuttling of AQP2. Interferometry was used to measure cell

volume and water permeability in adherent or non-adherent epithelial cell layers. Volume

changes were shown to alter the optical path length of light passing through a cell layer. An

interferometer was used to convert the small changes in optical path length to measurable

changes in intensity. Cell membrane osmotic water permeability was determined from the time

course of interference signal in response to osmotic gradients. Individual plasma membrane

water permeabilities of epithelial cells were measured. To overcome the difficulties associated

with interferometry, a spatial filtering microscopy method was developed based on changes in

transmitted light intensity in a phase contrast microscope occurring after volume changes

induced by osmotic gradients. A theory based on the refractive index changes observed in cells

by interferometry was developed to explain the dependence of transmitted light intensity on cell

volume. The method was applied to measure water permeability in epithelial cells from human

trachea and to study the vasopressin response in intact toad bladder. Together, these methods

will allow the elucidation of the role of water channels in fluid transport.
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Chapter 1 Introduction

1. 1 Water homeostasis in mammals

The chemical reactions that comprise life take place in water at precisely controlled

chemical concentrations. Because of this, regulation of the amount and location of water in the

body is critical to life. Water accounts for about 60% of the weight of an average human body

(Guyton, 1981). Water homeostasis is maintained even under extreme physiological stress by

balancing the rate of intake of water with the rate of outflow. On average, 2.3 liters of water are

taken in each day. Two thirds of this is in the form of beverages while the bulk of the remainder

is in the food that is eaten. This is balanced by the net loss of 2.3 liters of water per day. Two

thirds of the water is lost in the urine while most of the remainder escapes by evaporation from

the respiratory tract and skin. The majority of fluid in the body is located in three compartments:

intracellular fluid, plasma and interstitial fluid. Maintenance of fluid balance in each

compartment is vital to the function of the body. For example, if plasma volume falls below a

threshold value, death rapidly ensues. Similarly, the chemical reactions within cells are

determined by the concentration of intracellular molecules so the concentration of water must be

tightly controlled. Over long periods of time the three fluid compartments are in balance so that

the concentration of water in each compartment is equal. However, the constant loss of fluid by

evaporation or excretion of urine and the periodic ingestion of water act to upset this balance.

Balance is maintained by water transport among the compartments and by regulation of the

intake and outflow of fluid. These processes require the osmotic flow of water across

membranes. The rate of osmotic flow across membranes is determined by the difference in the

concentration of water across the membrane and by the permeability of the membrane to water.

The importance of each of these factors in regulating water transport is shown by the

role of water transport in two organs: kidney and lung. The kidney is responsible for the

excretion of water by the formation of urine. As the blood enters the kidney, the blood is filtered

by the glomerulus. The ultrafiltrate that enters the kidney nephron has essentially the same



composition as the plasma. By the time the fluid enters the collecting tubule it contains the

unwanted substances (i.e. urea, water etc.) which must be excreted. The alteration of the fluid

composition is accomplished by specialized transporting epithelia which line the nephron. The

transporting properties of the nephron vary axially as fluid moves from the proximal tubule to

the loop of Henle into the distal tubule and finally into the collecting duct. Depending on the

state of water balance, the amount of water excreted is adjusted by generating either a

concentrated or dilute urine. This is accomplished by the osmosodium receptor-antidiuretic

hormone system. Specialized neurons in the hypothalamus respond to increases in osmolarity

(due to a deficit of water) by causing release of the hormone vasopressin into the blood.

Vasopressin acts at the collecting duct by increasing the water permeability of the collecting duct

epithelia. The increased water permeability of the collecting duct allows water to flow back into

the interstitium by osmosis. In this way, less water is excreted so that water is conserved by the

formation of a concentrated urine. In contrast, in response to decreases in osmolarity (due to an

excess of water) the level of vasopressin falls causing the collecting duct water permeability to

decrease. This prevents water reabsorption and forms a dilute urine. In this way, the water

permeability of the nephron allows for water homeostasis.

The lung airways are lined with a layer of mucus which traps and clears particulates

from the surface of the respiratory tract. The viscous behavior of this layer is complex and

important for the functioning of the lung. If the mucus is dehydrated, the mucus thickens and the

cilia lining the airway epithelia can no longer move the mucus. Because water is constantly lost

in this layer due to respiration, a constant flow of water into the mucus layer must result if the

mucus viscosity is to be maintained at the optimum level. The net movement of water into the

mucus layer results from the net transport of salt into the mucus leading to an osmotic gradient

which pulls water into the mucus.

The importance of the water permeability and the osmotic driving force in controlling

water transport is demonstrated by two genetic diseases: In non-X linked nephrogenic diabetes

insipidus, the body is unable to adjust the water permeability of the cells lining the collecting



duct of the kidney and therefore unable to form a concentrated urine. This leads to the excretion

of tens of liters of urine per day and requires the ingestion of large quantities of fluid in order to

prevent dehydration. In cystic fibrosis, the chloride channel responsible for the transport of salt

into the mucus is defective. It is thought that the diminished osmotic driving force for water

transport into the mucus layer leads to a thickened mucus. The inability to properly clear

particulates results in an increase in bacterial infection and thus is a leading cause of death in the

cystic fibrosis patient.

1.2 Role of Aquaporins in Water Transport

For most cells, the modest water permeability of lipid membranes is sufficient for proper

cell function. However, some cell types require either a high water permeability or a regulated

water permeability. For this reason, it had long been postulated that certain cell types in the

body contained proteins which acted as water channels to allow the selective transport of water

across lipid bilayers. The first evidence for such water channels was obtained by Solomon (Sidel

and Solomon, 1957; Paganelli and Solomon, 1957) who demonstrated that for red blood cells,

the osmotic water permeability was greater than the diffusional water permeability. The finding

that the mercurial agent p-chloromercuribenzene sulfonate inhibited water transport in red blood

cells suggested that the mercurial agent was binding to a cysteine within a water channel protein

and preventing the protein from transporting water (Macey and Farmer, 1970). The activation

energy for water transport in the red blood cell was found to be lower than that for lipid

membranes, again suggesting that water flowed through a proteinaceous pore. Finally, the

heterologous expression of mRNA from kidney in Xenopus oocytes caused an increase in water

permeability (Zhang et al. 1990).

It was not until recently, however, that the first water channel protein was isolated. The

cloning of the protein AQP1 (originally termed CHIP28) was followed by the demonstration that

expression of this protein in Xenopus oocytes led to increased water permeability (Preston and

Agre, 1991; Preston et al. 1992). This led to the subsequent identification of a family of water

27. -
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channels termed the aquaporins: AQP0, AQP2, AQP3, AQP4, AQP5, AQP6 and AQP7 all of

which share significant sequence homology to AQP1 and function as water channels (Verkman

et al. 1996). These water channels have wide and varied tissue distribution.

The best characterized water channel is AQP1. It is an integral membrane protein of 28

kilodaltons. It consists of six membrane spanning alpha helices (Mitra et al., 1997). The AQP1

monomer packs into tetramers (Verbavatz et al., 1993) although each monomer contains a

functional water pore (Shi et al., 1994). The protein is a selective water channel (Van Hoek et

al., 1992 and Zeidel et al., 1992). The pore in AQP1 excludes neutral solutes such as sucrose or

urea as well as ions such as Na' or CI as well H3O'. The single channel water permeability of

each monomer is 6 x 10" cm's at 10°C with an activation energy of 2.1 kcal/mole (Zhang et

al., 1993). Water permeability is specifically inhibited by mercurials.

The physiological importance of the water channels has only been established for AQP2.

AQP2 is found in the kidney collecting duct and is responsible for the vasopressin-regulated

water permeability of this membrane. As discussed above, the vasopressin-regulated water

permeability of this membrane acts to control the amount of water excreted into the urine. The

membrane shuttle hypothesis (reviewed in Jo and Harris, 1995) accounts for the variable water

permeability of the collecting duct epithelial cells. The hypothesis requires that the water

permeability of the basolateral membrane is constitutively high due to the presence of water

channels and that the water permeability of the apical membrane is modulated by the shuttling of

a water channel between the apical membrane and an internal compartment. Binding of

vasopressin to its receptor at the basolateral membrane leads through a protein kinase A

signaling cascade to the shuttling of water channels from an intracellular endocytic compartment

to the apical membrane. This hypothesis was confirmed when it was shown that AQP2 shuttles

between an endosomal compartment and the apical membrane (DiGiovanni et al., 1994; Nielsen

et al., 1995; Nielsen et al., 1993 and Sasaki et al., 1994). Furthermore, individuals without

functional AQP2 expression suffer from nephrogenic diabetes insipidus (Deen et al., 1994). The

inability of the patients to form a concentrated urine is a result of the absence of functional



AQP2. A number of unresolved issues remain regarding the membrane shuttle hypothesis. The

molecular details of how AQP2 is targeted to an endocytic compartment and whether AQP is

truly recycled or delivered and then destroyed are as yet unknown. Also, measurements of the

water permeability of the basolateral membrane have not been carried out to demonstrate that the

water permeability of this membrane is constitutively high.

The physiological importance of the other water channels is less clear. For example,

AQP4 has a wide tissue distribution including the basolateral membrane of tracheal cells. Here

it is thought to play a role in maintaining the mucus layer lining the trachea properly hydrated.

To address the physiological importance of AQP4, an AQP4 knockout mouse model has been

generated. Comparison of the knock-out and wild type mice will allow the role of this water

channel in water transport to be determined.

1.3 Biophysics of Water Transport

The net volume flow across a semi-permeable membrane dividing two compartments is

driven either by a pressure gradient or an osmotic gradient. The molecular and structural details

of the membrane determine the relationship between the driving forces and the resultant water

flow. This relationship can be understood by an analysis of the membrane system using non

equilibrium thermodynamics. According to this theory, the rate of volume flow across the

membrane depends on the difference in chemical potential for the species in each compartment

(Kedem and Katchalsky, 1958). For water the chemical potential is uw-uw"+RTInXw FPVW

where pºw” is the standard chemical potential, R is the gas constant, T is temperature, Xw is the

mole fraction of water, P is the pressure and Vw is the partial molar volume of water. The

difference in chemical potential between the compartments separated by the membrane is :

Aplw- RT(lnXwl- lnxw?) + V w(P1-P2) (1.1)

which assuming dilute solution (solute mole fraction, Xs=1) can be rewritten as



Aplw= Vw(P1-P2) - RTV w(CsI-Cs2) (1.2)

where Csi is the osmolarity of compartment I. From this equation, two “forces” are identified:

the pressure gradient (P1-P2) and the osmotic gradient (CsI-Cs2). Equilibrium thermodynamics

assumes that the net flows in a system are proportional to each of the “forces” in the system so

long as the forces are small. Applying this formalism to the system yields an expression for the

volume flow, J.(cm's):

J.-Lp AP-o Lp RTAC, (1.3)

where Lp is the hydraulic permeability and o is the reflection coefficient. Lp is the

proportionality constant between volume flow and the pressure driving force. Similarly the

product oLp is the proportionality constant relating the volume flow to the osmotic driving

force. Typically, results are reported in terms of the osmotic water permeability coefficient, Pf

(cm/s), where P=Lp RT/VWA to yield:

Jy= Pf A Vw (AP/RT - o Acs) (1.4)

where A is the surface area. This result demonstrates that either a pressure gradient or an

osmotic gradient can drive net volume flow. The reflection coefficient results from the coupling

of water and solute flows across the membrane. For both lipid membranes and water channels,

o has been found to be equal to one. This implies that water and solute flows are not coupled.

The only parameters required to describe the ability of a membrane to transport water are Pfand

o. In the body each of the two driving forces operates to differing extents. For example, the

pressure difference between capillaries and the interstitium drives the flow of water across the

capillary membrane. On the other hand, osmotic gradients are the predominant driving force in



the kidney nephron. In all cases (assuming O-1) the value of Pf is the only parameter required to

relate the volume flow to the driving force.

1.4 Review of Methods to Measure Water Permeability

Experimental approaches to measure the osmotic water permeability of lipid membranes

fall into two classes: those that directly measure the amount of fluid transported across a cell

layer and those that measure changes in cell volume (Verkman, 1995). An example, of the first

approach is the study of water permeability of toad urinary bladder conducted by Finkelstein

(Levine et al., 1984). An epithelial cell sheet was clamped into a chamber to divide the chamber

into two compartments. The net rate of volume flow from one side to the other in response to a

difference in osmolarity was measured by detecting the change in height of the fluid in a thin

capillary due to the volume accumulation. Similar approaches have been used to measure water

transport in the toad urinary bladder (Shi et al., 1990). The change in volume of the lumen of the

bladder is measured gravimetrically. The main drawback of these approaches is the poor

temporal resolution and the inability to obtain the water permeability of the individual apical and

basolateral membranes. Furthermore, since flow across the cell layer is measured, if cells are

grown on supports the supports must be water permeable.

The amount of water volume flow across a cell layer can also be measured by

quantifying the dilution of a marker. This idea has been widely used to measure water transport

in tubular systems. For example the net transport of water into or out of the lumen of a perfused

tubule can be monitored by the dilution or concentration of a marker in the lumen. This has been

used to measure water permeability in kidney tubules by measuring the concentration of a

radioactive solute perfused through the tubule lumen (Al-Zahid et al., 1977). Similarly the water

permeability of distal airways was measured by measuring the concentration of a fluorophore

within the tubule by fluorescence microscopy (Folkesson et al., 1996). Although high temporal

resolution can be obtained, the method is limited to measurements of transepithelial water

permeability and is only applicable to tubular cell systems.



The second class of approaches to measure water permeability uses changes in cell

volume to sense the osmotic flux of water across a cell membrane. The best example of this

approach is of water permeability measurements of red blood cells. The time course of cell

volume change in response to an osmotic gradient has been measured by: coulter counting,

fluorescence quenching (Chen et al., 1988) and light scattering (Van Hoek and Verkman, 1992).

The initial rate of volume change can be related to the water permeability coefficient and the

known osmotic gradient with Eq. 1.4 since the rate of change in cell volume is equal to the

volume flow rate. Stopped-flow light scattering (Van Hoek and Verkman, 1992) and

fluorescence quenching (Verkman et al., 1988) methods have been applied to measure volume

changes in suspensions of small biomembrane vesicles and proteoliposomes reconstituted with

transporting proteins. However, stopped-flow methods are in general not suitable to study living

cells because the majority of light scattered from intact cells arises from intracellular structures

which do not participate in an osmotic response. In addition, the suspension of cells grown on

solid supports disrupts cell polarity and morphology.

Several methods have been proposed and evaluated to measure water permeability in

immobilized cell layers such as cultured epithelial cells that are grown on glass coverslips.

Light scattering from a cell layer was found to provide a qualitative index of cell volume

(Echevaria and Verkman, 1992; Fischbarg et al., 1993; McManus et al., 1993). However, the

light scattering signal is insensitive to cell volume for many cell types and there is no rigorous

basis for predicting the sign and amplitude of volume-dependent signal changes. Strategies to

measure cell volume changes have been proposed involving tracking of the z-position of

fluorescent beads at the cell surface (Crowe and Willis, 1991; Van Driessche et al., 1993; Kao

and Verkman, 1994) and cell shape reconstruction by imaging (Kachadorian et al., 1985);

however, these methods are approximate, too difficult technically for routine use, and have

limited data acquisition rates. Determination of the changes in relative volume of cells grown

on a support can also be accomplished by measurement of the concentration of an intracellular

solute by ion-sensitive electrodes (Alvarez-Leefnmans, et al. 1995) or by confocal optics (Crowe



et al. 1995). While promising, these approaches suffer from substantial drawbacks. The use of

ion-sensitive electrodes requires bulky equipment and is only usable on single cells. Muallem

et al. (1992) reported a fluorescence microscopy method to follow cell volume in which the

aqueous phase of cell cytosol was labeled with a fluorescent indicator and cell fluorescence was

monitored with a high magnification, high numerical aperture objective. Limited depth of focus

obtained with this objective confers a weak dependence to detected fluorescence on fluorophore

concentration and thus cell volume. However, this method produces variable, small signals

which depend strongly on cell morphology and the details of the optical configuration. The use

of fluorescence microscopy with high numerical aperture objectives required correction of

signal drift due to photobleaching and necessitated the use of a calibration curve. Furthermore,

it is difficult in small mammalian cells to generate a real-time signal from a slice of cytoplasm of

thickness much smaller than cell height.

1.5 Measurement of Water Permeability in Cell Layers

The development of methods to measure the plasma membrane osmotic water

permeability of cell layers has been motivated by the identification of a family of molecular

water channels (aquaporins) widely expressed in mammalian tissues (for review, see Nielsen

and Agre 1995; Verkman et al., 1996) and the inability to apply existing methods to systems of

interest. Water channels have been localized in many epithelia involved in fluid transport,

including kidney tubules, airways and alveoli in lung, choroid plexus in brain, and ciliary body

in eye. Although a considerable body of data has been obtained on the molecular biology and

expression pattern of water channels, there have been few measurements of the water

permeability of epithelial cell plasma membranes. Such functional measurements will be

required to determine whether water channels can account quantitatively for the wide variations

in water permeability of epithelial cell plasma membranes and to study the regulation of water

permeability.



For example, water channels in the lung are thought to mediate transepithelial fluid

transport (Matthay et al., 1996). Recent studies have demonstrated high water permeability in

bronchial (Folkesson et al., 1996) and alveolar epithelia (Carter et al., 1996). There have been

no measurements of water movement in tracheal epithelia nor have measurements been made of

water permeability of individual apical and basolateral plasma membranes in bronchial and

alveolar epithelium. The water channel aquaporin-4 has been localized to the basolateral

membrane of tracheal epithelia where it is thought to play a role in maintenance of proper

mucosal hydration (Frigeri et al., 1995). Similarly, experiments with the toad urinary bladder

led to the formulation of the shuttle hypothesis to account for vasopressin-regulated water

permeability (reviewed in Jo and Harris, 1995). This hypothesis predicts that the apical

membrane is the rate limiting barrier and that its permeability is modulated by the vasopressin

regulated targeting of water channels to the apical membrane. Although the transepithelial

water permeability has been measured in many studies, there is little information about water

permeability of the individual plasma membranes.

The goal of this work was to develop optical methods to measure water permeability in

cell layers. The methods were applied to characterize transfected cells expressing water

channels and to measure individual plasma membrane water permeabilities of epithelial cells.

The general approach was to measure the rate of change of cell volume in response to osmotic

gradients by optical techniques. These methods will allow the elucidation of the role of water

channels in fluid transport.
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Chapter 2 TIR Measurement of Water Permeability of Cells
Grown on Impermeable Supports

2.1 Summary

Total internal reflection (TIR) microfluorimetry was established as a method to measure

continuously the volume of adherent cells and applied to measure permeabilities in cells

transfected with water channel homologues. Cell cytosol was labeled with the membrane

impermeant fluorophore calcein. Fluorescence was excited by the TIR evanescent field in a thin

section of cytosol (~150 nm) adjacent to the cell-substrate interface. Because cytosolic

fluorophore number per cell remains constant, the TIR fluorescence signal should be inversely

related to cell volume. For small volume changes in Sf-9 and LLC-PK1 cells, relative TIR

fluorescence was nearly equal to inverse relative cell volume; deviations from ideality were

modeled theoretically. To measure plasma membrane osmotic water permeability, Pf, the time

course of osmotically-induced cell volume change was inferred from the TIR fluorescence

signal. LLC-PK1 cells expressing the AQP1 water channel had an HgCl2-sensitive, 3-fold

increase in Pf compared to nontransfected cells (Pf = 0.0043 cm/s at 10 °C). For AQP2

expressing cells, water permeability was increased in the presence of vasopressin. Measurement

of water permeability of transfected LLC-PK1 cells confirmed that this cell culture model

reconstituted the vasopressin-regulated trafficking of AQP2. Solute permeability was measured

from the TIR fluorescence time course in response to solute gradients. Glycerol permeability in

Sf-9 cells expressing the water channel homologue AQP3 was (1.3 + 0.2) x 10-5 cm/s (22 OC),

greater than that of (0.36 + 0.04) x 10-5 cm/s (n=4, p < 0.05) for control cells, indicating

functional expression of AQP3. Water and urea permeabilities were similar in AQP3-expressing

and control cells. The TIR method should be applicable to the study of water and solute

permeabilities and cell volume regulation in cells of arbitrary shape and size.



2.2 Introduction

A quantitative method to continuously measure the relative volume of adherent cultured

cells was developed. As shown schematically in Fig. 2.1A, cell cytosol was labeled with a

membrane-impermeant, aqueous-phase fluorophore. Total internal reflection (TIR)

microfluorimetry was utilized to quantify the fluorescence excited by the evanescent field in a

very thin layer of cytosol (~150 nm) adjacent to the glass-aqueous interface. Because the total

number of fluorophores in cytosol is constant, fluorophore concentration, and thus emitted

fluorescence, is predicted to be inversely related to relative cell volume. The TIR method

provided a simple and general approach to measure accurately and in real-time the relative

volume of adherent cells of arbitrary size and shape. The TIR method was validated for cell

volume measurements, and applied to measure water and solute permeabilities in cells

transfected with water channels.
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Figure 2.1 Schematic of the total internal reflection (TIR) microfluorimetry apparatus.
Fluorescence is excited in a thin section of fluorescently-labeled cell cytosol adjacent to a glass-aqueous
interface and collected by an objective lens. See Methods for details.
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2.3 Materials and Instrumentation

CELL CULTURE

Cell monolayers were cultured on 18 mm diameter, round glass coverslips. Sf-9 insect

cells (American Type Culture Collection No. CRL 1711) were grown at 28 OC in SFM-II serum

free medium. The coding sequences for water channel homologues AQP2 (Fushimi et al., 1993)

and AQP3 (Ma et al., 1994) were subcloned into plasmid pPlueBac III (Invitrogen, San Diego,

CA) and cotransfected into Sf-9 cell monolayers with wild-type, Autographa californica nuclear

polyhedrosis viral DNA using cationic liposomes. Purified recombinant virus was isolated by

serial plaque assays and propagated to high titer (~108 plaque forming units/ml) by standard

methods (O'Reilly et al., 1994). Protein expression and plasma membrane localization were

confirmed by immunofluorescence and immunoblot with peptide-derived polyclonal antibodies

(data not shown). For water and solute transport studies, Sf-9 cell monolayers were infected

with wild-type, AQP3-recombinant or AQP2-recombinant baculovirus at a multiplicity of

infection of 3-5. Permeabilities were measured at 2 days post infection.

Untransfected, AQP1-transfected and AQP2-transfected LLC-PK1 pig kidney epithelial

cells (American Type Culture Collection No. CL 101) were provided by Dennis Brown and

grown in M199 medium supplemented with 10% fetal calf serum, 100 units/ml penicillin and

100 mg/ml streptomycin. Cells were maintained at 37 OC in a 95% air/5% CO2 atmosphere.

TOTAL INTERNAL REFLECTION MICROFLUORIMETRY

Relative cell volume was measured from the TIR fluorescence of the cell-entrapped,

fluorescent dye calcein-AM. Fig. 2.1B shows a schematic of the apparatus. The perfusion

chamber containing the cultured cells was mounted on the stage of a Nikon Diaphot inverted

microscope. A 442 nm laser beam from a 4230NB HeCd laser (35 m Watt, Liconix, Santa Clara,

CA) was attenuated 10-fold by a neutral density filter, focused with a biconvex lens (40 cm focal

length), and directed through a 1 mm diameter circular aperture. Beam incidence angle was

adjusted from the vertical position of mirror M2. A right-triangular, glass prism (7 mm edge º
sº
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length, refractive index n=1.517) was optically coupled to the cell-free surface of the coverglass

by Type DF immersion oil (n=1.515). Maximum beam intensity at the slide/water interface was

70 mwatt/cm2. Emitted fluorescence was collected by a 25x air objective (numerical aperture

0.35, working distance 16 mm, Leitz), filtered by a GG520 cut-on filter (Schott Glass, Duryea,

PA) and detected by a type B2/RFI photomultiplier (Thorn EMI, Middlesex, England).

Photomultiplier current was amplified (Model 110, Pacific Instruments) and digitized by a 12 bit

analog-to-digital converter interfaced to a 486 PC computer. Data was generally collected at a

rate of 5 Hz.

A stainless steel cell perfusion chamber containing a 1.5 x 2.5 x 14 mm (W x H x L)

channel was constructed. The top of the perfusion chamber was bounded by the coverglass

containing the cultured cells (facing downward) and the bottom of the chamber was bounded by

a blank coverslip. Perfusion solutions were gravity fed (flow generally 5-12 ml/min) and

switched by a Hamilton four-way valve. Perfusate temperature was maintained by an in-line

metallic cooling coil (stainless steel, 40 mm length, 1 mm inner diameter, 1.2 mm outer

diameter) submerged in a water bath just proximal to the perfusion chamber. Effluent

temperature was monitored by an in-line thermistor.

CELL IMAGING

A custom built non-inverted fluorescence microscope and perfusion chamber were used

to image cells at high magnification (Bicknese et al., 1994). Calcein-loaded cells grown on glass

coverslips were illuminated from below with a 488 nm Ar laser beam and imaged with a 100x

water immersion objective (numerical aperture 1.2, working distance 0.17 mm, Leitz). Emitted

fluorescence passed through a 515 nm cut-on filter and was detected by a 14-bit cooled CCD

camera (Photometrics Ltd., Tucson, AZ). The laser beam could be rapidly switched between

supercritical and subcritical angles to produce TIR or trans-illuminated images, respectively.

Images were acquired and analyzed using PMIS software (Photometrics Ltd., Tucson, AZ).
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Cell surface-to-volume ratios were calculated from serial confocal images of calcein

loaded cells using a K2-Bio Nipkow wheel confocal microscope (Technical Instruments, San

Francisco, CA). Fluorescence was excited and measured with a fluorescein-filter set, a PlanApo

60x oil immersion objective (numerical aperture 1.4, Nikon, Melville, NY) and a cooled CCD

camera. Image z-resolution was ~0.9 pum. Cell images were recorded at 4.5 pum intervals

starting 2.25 pum above the glass substrate. Cell volume was calculated by Summing the volume

of serial right cylindrical sections. Cell surface area was calculated by a reconstruction

procedure: the boundary of each cell slice was defined by points spaced at 30 degree intervals.

A surface was reconstructed by joining neighboring points to form a series of triangular faces.

Total surface area was calculated by summing the areas of each triangular face and the top and

bottom surfaces.

PERMEABILITY MEASUREMENTS

Cells were used before confluence. Prior to microscopy measurements, cells were

washed with PBS (in mM: 137 NaCl, 0.9 CaCl2, 0.49 MgCl2, 2.7 KCl, 1.5 KH2PO4, 8.1

Na2HPO4, pH 7.4) and incubated for 20 min with PBS containing 10 HM calcein-AM

(Molecular Probes, Eugene, OR) added from a 10 mM stock solution in DMSO. Water

permeability was measured from the time course of TIR fluorescence in response to osmotic

gradients. Cells were initially perfused with PBS and then subjected to specified osmotic

gradients using solutions containing PBS diluted with distilled water (hypotonic) or containing

NaCl (hypertonic). The time course of TIR fluorescence for each experiment was fitted with a

single exponential function, F(t) = 0 + 3 exp (-t/t).

The osmotic water permeability, Pf, was calculated from the exponential time constant, t

, by using the equation describing net volume flow across a semi-permeable membrane:

d(V/Vo)/dt = -Pf Vw (A/V)o ATIo (2.1)
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where d(V/Vo)/dt is the initial rate of relative cell volume change, (A/V)o is the initial cell sur

face-to-volume ratio, Vw is the partial molar volume of water (18 cm3/mole) and AIIo is the

initial osmotic gradient (outside - inside).

To solve for Pf, V/Vo must be related to the measured relative fluorescence F/Fo. For

small osmotic gradients (see Fig. 3A), F/Fo is related to relative osmolarity, II/TIo, by the

equation,

F/Fo = x +y (II/IIo) (2.2)

where Y is the slope of the relative fluorescence vs. relative osmolarity calibration curve at a

relative osmolarity of unity. Cell volume is related to osmolarity by the equation:

(Vo - b) / (V - b) = TI/TIo (2.3)

where b/Vo is the fractional content of cell solids. Combining Eqs. 2.1-2.3,

Pf- [d(F/Fo) / dt) (1 - b/Vo) [y (A/V)o Vw. AIIo 1-1 (2.4)

The value of Y is calculated for each time course from the exponential fit by recognizing that y =

A (F/Fo) / A(II/IIo) = (-BIIo) / ([o + B][ AIIo 1). Because the exponential time constant, t, is

equal to - B /( [ 0 + B][d(F/Fo)/dt]) and assuming that b=0, Eq. 2.4 simplifies to:

Pf-[t (A/V)o Vw IIol-l. (2.5)

Plasma membrane solute permeability was measured from the time course of cell TIR

fluorescence in response to solute gradients. In response to an inwardly directed gradient of a

permeant solute, cell volume initially decreases by water efflux and then increases due to solute

sº. - ***
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(and water) influx. The solute permeability coefficient, Ps, can be related to the rate of cell

swelling using the expression for net solute flux across a semi-permeable membrane in response

to a solute gradient (Sout-Sin),

d(V/Vo)/dt = (A/V)o Ps (Sout- Sin)/TIo (2.6)

Applying the assumptions used for derivation of Eq. 2.5, and assuming that solute movement is

much slower than osmotic water movement (Ps • Pf) and that the solute reflection coefficient is

near unity, it follows that,

Ps = -(d (F/Fo) / dt) [.(Fo- Foo) (A/V)o (1 - (So-Sin}/IIo) |-| (2.7)

where Fo - Foo is the amplitude of the fluorescence decay and d(F/Fo) / dt is the initial slope of

the fluorescence time course during the phase of solute entry, determined from an empirical fit to

the data.

2.4 Theory

The dependence of the TIR fluorescence signal, F, on cell volume, V, is given by:

F(V) = <■■ . I(X,y,z)d(x,y,z)dv (2.8)

where k is an instrument constant which depends on the details of the optics and detector, I is the

evanescent field intensity, and D(x,y,z) is the dye concentration. For TIR excitation in a

homogeneous medium (Hecht, 1987):

I(x,y,z)= Eo” exp(-2 Bz) (2.9)

B = (2 : /A) [sin”qi/(naq'ng)? - 11°

--º

ºº- s
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where Eo” is related to incident beam intensity, A is wavelength, qi is beam incidence angle with

respect to the normal, naq is the refractive index of the aqueous phase, ng is the refractive index
of the glass prism, and ■ is a measure of the evanescent field penetration depth. For an idealized

rectangular cell with dimensions (in dimensionless units) of 1 x 1 x V (1 x w x h) and assuming

that the dye is uniformly distributed in the cell cytoplasm [D(x,y,z) = D]:

F = k D [1- exp (-2BV) ) (2.10)

The dependence of relative fluorescence on osmolarity is obtained from Eq. 2.10 and an equation

relating perfusate osmolarity, II, to cell volume. Since the cytosolic dye is membrane

impermeable, the product V D is constant. For a perfect osmometer (VTI = Vo IIo) with a large

cell height-to-probe depth (■ 3Vo P- 1) (model a):

F/Fo = TI/IIo (2.11)

For a perfect osmometer with a small height-to probe depth (■ 3Vo ~ 1) (model b):

F/Fo = (II/TIo) [1- exp (-23Wo II/TIo)] / [1- exp (-23Vo) ] (2.12)

If a fraction, b/Vo, of cell volume is osmotically inactive [(V-b) II = (Vo –b) IIo] and the cell

height-to-probe depth ratio is small (model c):

F/Fo = (II/TIo)/[1 - b/Vo + (b/Vo) II/TIo] (2.13)

The first three models assume that cell shape is invariant as cell volume changes. Model d

includes cell shape changes by forcing cell volume change to occur at constant cell surface area.

Consider an idealized cell geometry consisting of an ellipsoid of revolution, x2/p2 + y2/p2 + (z-

c)2/02 = 1, where p and o are the dimensions of the principal axes in dimensionless units. The
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values of p and o are calculated as a function of the cell volume, V= 4/3 it p20 and surface area

= 2 it p2 + p oz/e In [(1 + 2)/(1-6)], where g = (1 - oz/p2)1/2. As the cell shrinks, it flattens and

carries more dye into the evanescent field detection region. Assuming that the cell behaves as a

perfect osmometer, it follows that,

l l

FF-II/II.exp(-2b(c-co) jºinh(2/k, Ji-r’■ pºlrdrº■ sinh(2go. Wi-r'■ pºlidr (2.14)
0 0

where oo and po define initial cell volume and surface area and o and p were calculated by

varying the volume while keeping the surface area constant. Eq. 2.14 was integrated numerically

to generate F/Fo vs II/TIo curves.

2.5 Results

Fig. 2.2 shows the fluorescence signal from monolayers of uninfected Sf-9 cells perfused

with solutions of various osmolarities. Cell cytoplasm was stained with calcein, a fluid-phase

pH-insensitive fluorophore. As expected, excitation of calcein fluorescence by trans

illumination (subcritical illumination angle, 30 degrees) produced a signal which was insensitive

to perfusate osmolarity (and thus cell volume) (left portion of figure). In contrast, the signal

produced by TIR illumination was strongly dependent upon perfusate osmolarity; the signal

decreased upon perfusion with hypotonic solution as a consequence of osmotic water influx, cell

swelling, and decreased cytoplasmic calcein concentration. Similarly, the TIR signal increased

upon perfusion with a hypertonic solution. Photobleaching caused a significant decline in

fluorescence baseline with trans but not TIR illumination.
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Figure 2.2 TIR illumination yields a volume dependent signal. Relative fluorescence from Sf-9 cells
containing cytoplasmic calcein was excited with trans-illumination and then by TIR illumination.
Perfusate osmolarity is shown at the bottom. The arrow labeled "+ dextran" indicates addition of 3%
dextran (w/w) (MW = 40,000) to an isosmolar solution. The arrow labeled "H2O – D2O" indicates the
switch to an isosmolar solution containing 20% D2O. Perfusate refractive index is shown at the top.

The TIR fluorescence signal is, in principal, sensitive to changes in fluorophore

concentration and to the penetration depth of the evanescent field. The penetration depth

depends upon the refractive index of the aqueous phase, as well as upon excitation wavelength,

refractive index of the glass prism, and laser beam illumination angle (Hecht, 1987). To confirm

that the relative TIR fluorescence signal was dependent on perfusate osmolarity and not on the

small changes in perfusate or cytoplasmic refractive indices, perfusate and cytoplasmic refractive

indices were changed while keeping osmolarity constant. There was no significant change in

TIR fluorescence upon addition of 3% dextran (Fig. 2.2, first arrow), which increased perfusate

refractive index appreciably without altering perfusate osmolarity. The influence of cytoplasmic

refractive index on the TIR fluorescence signal was investigated by replacing the perfusate with

an isosmolar solution containing 20% D2O. Because equilibration of D2O across the cell

plasma membrane occurs rapidly and does not alter cell volume, changes in TIR fluorescence

must result from refractive index effects. Fig. 2.2 (Portion of curve at the right) shows that

switching from PBS (n=1.3352) to PBS containing 20% D2O (n=1.3342) did not change the

fluorescence signal appreciably. These results indicate that the TIR fluorescence signal is
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sensitive to changes in cell volume and not to changes in perfusate or intracellular refractive

index. Further, the relative change in TIR fluorescence in response to a given osmotic gradient

did not depend on the angle of incidence of the laser beam (and thus on the evanescent field

probe depth) over the range of 72 to 77 degrees (critical angle 620). Subsequent experiments

were conducted with an illumination angle of 72 degrees.

To determine the relationship between TIR fluorescence and cell volume, TIR

fluorescence was measured in Sf-9 and LLC-PK1 cells for a series of perfusate osmolarities (Fig.

2.3A). Theoretically, relative TIR fluorescence should be equal to relative solution osmolarity

(solid line) if the cells function as perfect osmometers (see below). For small changes in

osmolarity, the TIR signals from the calcein-loaded cells were close to the theoretical line.

However, significant deviations occurred for greater changes in osmolarity, most pronounced in

the LLC-PK1 cells at high osmolarity.

Several possible explanations for the non-ideal dependence of TIR fluorescence signal

on relative osmolarity were evaluated theoretically (see Theory). Fig. 2.3B shows the pre

dictions of four simple models. Curve a is the linear prediction for a perfect osmometer in which

the TIR evanescent field depth is much smaller than cell height and all intracellular volume is
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Figure 2.3 Dependence of relative TIR fluorescence on perfusate osmolarity. A. Relative TIR
fluorescence of Sf-9 cells (squares) and LLC-PK1 cells (filled circles) as a function of relative perfusate
osmolarity. Data is plotted as the mean + SE of 8-12 observations. The predicted behavior of a perfect
osmometer is shown as a solid line for comparison. B. Results of four models are shown: a) ideal
osmometer, Eq. 2.11; b) the effect of a thick evanescent probe depth, Eq. 2.12, BVo = 0.5; c) cells with
osmotically inactive volume, Eq. 2.13, b = 0.2, and d) the effect of cell shape changes, Eq. 2.14, po = 1.13,
oo = 0.205. See text for details.
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osmotically active. Curve b was generated by assuming perfect osmometric behavior but with a

larger evanescent field probe depth (exponential depth constant:cell height = 2), resulting in

illumination of a thicker cell section. The downward concavity of the relative fluorescence vs.

osmolarity curve is opposite to that observed experimentally. The evanescent field penetration

for the experiments in Fig. 2.3A was ~150 nm, much less than the average cell height of ~10 pum;

for this very small penetration:height ratio, the model predicted no noticeable curvature (not

shown). Curve c was generated for cells having non-zero osmotically-inactive volume (20% of

initial cell volume) arising from cell solids including proteins and lipids (Kao et al., 1993). The

smaller slope of curve c compared to that of curve a results from progressive exclusion of

fluorophore (by dye-excluding particulates) from the evanescent field as cell volume decreases.

It is predicted that at high osmolarity, curve c asymptotically approaches a maximum relative

fluorescence equal to the reciprocal of the fraction of osmotically-inactive volume.

Experimentally, the relative fluorescence measured in Sf-9 cells for a large relative osmolarity of

20 was > 12, indicating little effect of cell solids on curve shape in our experiments. The

absence of an influence of cell solids is probably due to a sieving effect of the membrane

cytoskeleton which results in the relative exclusion of cell solids from the evanescent field

(Luby-Phelps, et al., 1986).

Thus, neither penetration depth-cell height considerations nor osmotically-inactive

volume can account for the greater than unity slope of the relative fluorescence vs. relative

osmolarity data in Fig. 2.3A. For relative osmolarity > 1, the experimental results suggest that

cell shape is modified such that more fluorophores appear in the evanescent field than are

predicted by the simple concentrating effect of cell shrinkage. Curve d was computed from a

simple geometric model in which changes in cell shape accompany volume change. Although

the qualitative agreement between curve d and the experimental data is consistent with but does

not prove the cell shape model, it provides a possible explanation for the non-ideal osmotic

behavior observed in LLC-PK1 cells. Other effects such as non-uniform dye distribution

resulting from dye binding to intracellular structures could also explain the observed behavior

22



but are difficult to model. For small relative osmolarity values, the deviations from simple

osmometric behavior are probably due to the inability of the cell to swell indefinitely because of

mechanical restriction.

TIR fluorescence micrographs of Sf-9 cells perfused with 300, 150 and 500 mCsm

solutions are shown in Fig. 2.4A. As expected, TIR fluorescence signal intensity increases in

hypertonic solution and decreases in hypotonic solution. There was little heterogeneity in TIR

fluorescence signal over the cell, and the cell contact area remained fairly constant with changes

in perfusate osmolarity. Representative serial confocal images of Sf-9 cells used for cell shape

reconstruction are shown in Fig. 2.4B. Fig. 2.4C shows the reconstructed cell surfaces for an Sf

9 cell perfused with 300, 150 and 500 mOsm solutions. Note the elongated cell shape at low

300 mOSm 150 mCSm 500 mOSm i
300 mOsm 150 mOSm 500 mOsm

Figure 2.4 Photomicrographs of Sf-9 cells. A. Calcein-loaded cells perfused in 300, 150 and 500
mCsm solutions and imaged at 100x with TIR illumination. The inset shows the corresponding trans
illuminated image at 300 mOsm. B. Serial confocal cell images recorded at 4.5 pm intervals (bottom
image is of the cell-substrate interface). C. Representative cell surface reconstructions for a cell perfused
with 300, 150 and 500 mCsm solutions.
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osmolarity with little change in substrate contact area. As described in Methods, such

reconstructions were used to calculate surface-to-volume ratios of 4,800 and 2,500 cm-l for

LLC-PK1 and Sf-9 cells, respectively.

An application of the TIR fluorescence method to measure osmotic water permeability is

presented in Fig. 2.5. To determine the perfusion exchange/instrument response time under the

conditions of the cell experiments, a fluorescein-containing solution was replaced by water. The

figure inset, a, shows the decrease in fluorescence with a response time of ~0.6 s. For the cell

studies, the isosmolar (300 mCsm) perfusate was replaced by a hypotonic 200 mCsm perfusate

to induce osmotic water influx at 10 OC. Curve b shows a very fast osmotic response in Sf-9

cells preincubated with the artificial pore-forming agent amphotericin B (50 pig■ ml). The

average time constant for the TIR fluorescence response was 2.6 s. Given the perfusion

exchange/instrument response time, this represents the fastest resolvable rate of volume change.

Representative curves for LLC-PK1 cells (c), LLC-PK1 cells preincubated with 50 pig■ ml

Amphotericin B (d) and AQP1-transfected LLC-PK1 cells (e) give averaged exponential time

constants of 10 + 1 s, 4.9 + 0.3 s and 3.3 + 0.3 s (mean + SE, n=7-14), respectively. Using Eq.

2.5 and the measured cell surface-to-volume ratio of 4,800 cm-l, osmotic water permeabilities

(Pf, in cm/s x 10−4) were: 43 (control), 82 (amphotericin-treated), and 120 (AQP1-expressing).

AQP1 is a mercurial-sensitive plasma membrane water channel expressed widely in fluid

transporting epithelia and endothelia (Verkman et al., 1996; Agreet al., 1993). Curve f shows

that exposure of the AQP1-expressing LLC-PK1 cells to HgCl2 (0.3 mM) slows osmotic water

transport, giving an exponential time constant of 8.7+ 0.9 s-1 (n=5) corresponding to a Pf of 49

x 10-4 cm/s. This Pf value is similar to that measured in the control (non-transfected) cells

above, as well as in various cell types and lipid bilayers not containing water channels

(Finkelstein, 1987).

Measurement of water permeability in Sf-9 cells showed no difference between control,

AQP2-expressing and AQP3-expressing cells. All cell types showed a very rapid fluorescence

decay (t - 3 s, data not shown). Since this time constant is near the resolution limit of the
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instrument, attempts were made to slow the response. As can be seen from Eq. 2.5, for a given

Pf, t is predicted to increase by lowering the initial cell osmolarity, IIo. Experiments conducted

at IIo = 200 m.Csm increased the time constant for all cell types to 4-5 s (Pf- 0.02 cm/sec). The

presence of functional expressed water channels could not be determined with certainty under

the conditions of the experiment given the high basal water permeability of the Sf-9 cell plasma

membrane.

The measurement of solute permeabilities by TIR fluorescence is shown in Fig. 2.6.
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edC
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Figure 2.5 Measurement of cell plasma membrane osmotic water permeability. A. Solution
exchange time at a perfusion rate of 11 ml/min determined by exchange of 10 puM fluorescein with water.
For B-F, cell cytoplasm was stained with calcein and the time course of TIR fluorescence was measured in
response to a 100 mM outwardly directed osmotic gradient (200 mCsm perfusate) at 10 OC. See text for
averaged permeability values. B. Rapid osmotic response for Sf-9 cells incubated with Amphotericin B
(50 pig■ ml). C.-D. Non-transfected LLC-PK1 cells: control (C), and after incubation with Amphotericin
B (50 pg/ml) (D). E.-F. AQP1-transfected LLC-PK1 cells: control (E), and after perfusion with 0.3 mM
HgCl2 (F).



Perfusion of Sf-9 cells with a hypertonic solution to give a 100 m.Csm NaCl inwardly-directed

osmotic gradient resulted in increased TIR fluorescence and a stable plateau; replacement by

isosmotic perfusate (PBS) returned the signal to its initial level. The same maneuver performed

with a permeant solute, where the excess 100 mCsm NaCl was replaced by an equivalent

osmolarity of urea or glycerol, produced a similar signal increase, due to osmotic water efflux,

followed by a slower decline in signal resulting from solute (and water) influx. Using the

measured surface-to-volume ratio of 2,500 cm-l for Sf-9 cells, Eq. 2.7 gives urea and glycerol

permeabilities of (4.3 + 0.84) x 10-6 and (3.6 + 0.44) x 10−6 cm/s, respectively. An inward

gradient of the highly permeable solute ethylene glycol produced a small fluorescence increase

followed by a rapid decrease to the original signal level. From analysis of the coupled

solute/water transport described by the Kadem-Katchalsky equation (Chen et al., 1988), the shape

of the TIR fluorescence response would provide quantitative information about solute

permeability and reflection coefficient.

To test whether AQP3 was expressed functionally at the cell plasma membrane, glycerol

transport in Sf-9 cells expressing AQP3, a putative glycerol transporting protein, or AQP2, a

water selective transporting protein was compared to control cells. Cells were exposed to a 100

mCsm glycerol gradient; representative data are shown in Fig. 2.6B. AQP3-expressing cells

had a faster initial rate of fluorescence decrease than did the control (Fig. 2.6B) or AQP2

expressing cells. Pglycerol values calculated from Eq. 2.7 (in cm/s x 10-6) were: 3.6 + 0.44

(control cells), 5.7 ± 1.4 (AQP2-expressing cells), and 13 + 2 (AQP3-expressing cells). The

increased glycerol permeability in the AQP3-expressing cells was partially inhibited (66%) by

100 mM DIDS (4,4'-diisothiocyano-2,2'-disulfonic stilbene). These results indicate that AQP3 is

functionally expressed at the plasma membrane. Measurement of urea permeability showed no

significant difference in Purea for AQP3-expressing [(8.3 + 1.3) x 10−6 cm/s) vs. control [(6.6+

14) x 10−6 cm/s) cells (data not shown), indicating that AQP3 does not function as a urea

channel.
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Figure 2.6 Measurement of solute permeability of Sf-9 cells. The response of Sf-9 cells to 100
mCsm gradients of glycerol and urea at 23 OC was measured. A. Wild-type virus-infected Sf-9 cells
initially in PBS (300 mosm) were subjected to a 100 mCsm NaCl gradient, switched back to PBS, and
then subjected to 100 m.Csm gradients of urea, glycerol or ethylene glycol. B. Control Sf-9 cells and Sf-9
cells expressing AQP2 or AQP3 proteins were exposed to 100 mOsm glycerol gradients. Where indicated,
0.1 mM DIDS was present in the perfusion solution. See text for averaged solute permeability coefficients.

In native tissues, the water channel AQP1 is constitutively expressed at the plasma

membrane while AQP2 shuttles between an intracellular endocytic compartment and the plasma

membrane in a vasopressin-regulated manner. To investigate the molecular details responsible

for this difference in protein trafficking, Brown and colleagues developed a cell culture model

which reconstituted the alternative trafficking of these water channels (Katsura et al. 1995).

LLC-PK1 wells were stably transfected so that they expressed either AQP1 or AQP2.

Immunostaining showed that as in native tissues, AQP1 was constitutively expressed at the

plasma membrane while AQP2 was located intracellularly in the absence of vasopressin and

trafficked to the plasma membrane in the presence of vasopressin. To test whether the

immunostaining results reflected the presence and redistribution of functional water channels,

the osmotic water permeability of the LLC-PK1 cells was measured. Fig 2.7 shows the time

course of TIR fluorescence for AQP2 expressing cells after the application of an osmotic

gradient. After treatment of the cells with vasopressin (100 puu/ml), the rate of change of signal

increased. Averaged water permeability coefficients for control (mock-transfected), AQP1 and

AQP2 cells are summarized in Fig. 2.7B. For control cells, the water permeability was low and
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Figure 2.7 Vasopressin increases the plasma membrane water permeability in AQP2-transfected
LLC-PK1 cells. A. Representative TIR fluorescence time course of AQP2-transfected cells at 10 °C in
response to a 100 mosm inwardly directed NaCl gradient. Where indicated (+VP) 100 plu■ /ml of
vasopressin was incubated with the cells for 5 minutes at 37 °C. B. Averaged (+ SE) osmotic water
permeability coefficients, Pf, of mock, AQP2 and AQP1-transfected cells before incubation with
vasopressin (-VP), after incubation with 100 HU/ml vasopressin (+VP), and after incubation with 300 mM
HgCl2.

not altered by HgCl2 or vasopressin. For AQP1 cells, PF was high, inhibited by HgCl2 and

unaffected by vasopressin. For AQP2 cells, PF was low in the absence of vasopressin, increased

in the presence of vasopressin and the increase was inhibitable with HgCl2. These results

support the immunostaining results: vasopressin results in the recruitment of functional water

channels from intracellular stores to the plasma membrane in AQP2 cells while AQP1 cells

constitutively express AQP1 at the plasma membrane.

2.6 Discussion

A simple method was developed to measure continuously the relative volume of living

cells immobilized on a transparent substrate for application to studies of plasma membrane

permeability and cell volume regulation. The method utilized total internal reflection (TIR)

microfluorimetry to quantify the relative concentration of a fluorescent fluid-phase marker

entrapped in the cell cytosol. Because the TIR fluorescence signal was approximately
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proportional to inverse cell volume, relatively large volume-dependent signals could be

measured in real-time for cells of arbitrary shape and size.

Control studies (Fig. 2.2) indicated that the TIR fluorescence signal was insensitive to

changes in intracellular and extracellular refractive indices under the conditions of the

experiment. The relatively large TIR fluorescence signal amplitudes in response to changes in

cell volume eliminated the need for baseline drift corrections. For small changes in cell volume,

relative fluorescence was equal to relative osmolarity (Fig. 2.3). This simple relation facilitates

the rapid quantitative analysis of data without the need for extensive calibration of the

relationship between TIR fluorescence signal and cell volume. The deviations of relative TIR

fluorescence vs. relative perfusate osmolarity from ideality for larger changes in cell volume are

probably due to the inability of cells to swell indefinitely without bursting (for relative

osmolarity <1), and to cell shape changes and/or non-uniform dye distribution (for relative

osmolarity > 1).

The response of the TIR fluorescence signal to changes in cell volume is not

instantaneous but depends on the diffusion kinetics of the cytosol-entrapped fluorophore. In

bulk cytosol, the diffusion of small fluorophores has been measured by time-resolved anisotropy

(Fushimi and Verkman, 1991), photobleaching recovery (Kao et al., 1993) and viscosity

dependence fluorescence (Luby-Phelps et al., 1993) to be very fast (diffusion coefficient > 10-6

cm2/s). Bicknese et al. (1993) showed recently by time-resolved TIR fluorescence anisotropy

that cytoplasmic viscosity in membrane-adjacent cytoplasm was similar to that in bulk

cytoplasm. The characteristic diffusion time for fluorophore movement across a 100 nm

evanescent field depth would thus be < 1 ms. Therefore, the response time of the TIR

fluorescence signal is limited primarily by the fluid exchange rate and instrument response rather

than by fluorophore diffusion.

The time course of cell TIR fluorescence in response to solute gradients, together with

cell surface-to-volume measurement by confocal image reconstruction, allowed measurement of

absolute osmotic water and solute permeability coefficients. Surprisingly, Pf for non-transfected
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and wild-type virus-infected Sf-9 cells was high (> 0.015 cm/s at 100C), precluding the

measurement of small increases in water permeability associated with water channel expression.

The high Pf in Sf-9 cells suggests the presence of a water channel in the plasma membrane. In

contrast, Pf in non-transfected LLC-PK1 cells was low and similar to that in membranes not

containing water channels. The low Pf in LLC-PK1 cells made possible the measurement of an

incremental water permeability conferred by membrane insertion of the artificial water channel

Amphotericin B and the expression of the erythrocyte/epithelial water channel AQP1.

The permeability coefficients of uninfected Sf-9 cells for glycerol and urea were

comparable to values found in cell plasma membranes and liposomes not containing

glycerol/urea transporting proteins. The glycerol permeability coefficients of AQP3-expressing

and control cells (Fig. 2.6) indicated that functional AQP3 protein was expressed at the Sf-9 cell

plasma membrane. As in Xenopus oocytes, the expressed AQP3 protein conferred selective

stilbene-sensitive glycerol permeability. Urea was not transported measurably by the AQP3

protein. The functional expression of AQP3 represents the first application of the

baculovirus/Sf9 cell system for expression of proteins of the water channel family.

Measurement of the water permeability of transfected LLC-PK1 cells confirmed that this

model system reconstituted the differential trafficking of AQP1 and AQP2 water channels. The

water permeability coefficients were consistent with the vasopressin-regulated trafficking of

AQP2 from intracellular stores to the plasma membrane. The development of this cell culture

model system should allow the molecular determinants of this differential trafficking of water

channels.

For the data in Figs. 2.2, 2.3, 2.5, 2.6 and 2.7, the total TIR fluorescence signal was

measured from ~100 LLC-PK1 or ~300 Sf-9 cells in the field of view. However, a high

magnification objective or the use of image detection would allow TIR fluorescence to be

collected for single cells (e.g. Fig. 2.4A) for analysis of samples having heterogeneity in cell

composition (e.g. primary cell cultures) and/or function (e.g. transient cDNA transfection, cell

cycle variation). The apparatus for measurement of TIR fluorescence utilized a glass prism
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coupled optically to a glass coverslip to form the high refractive index (glass)-low refractive

index (water/cell) interface. To modify an existing epifluorescence microscope for TIR

fluorescence measurements, the conventional objective can be replaced with an objective of 1.4

numerical aperture in which the back focal plane has been partially blocked to illuminate the

sample at supercritical angles (Stout and Axelrod, 1989). Measurement of relative cell volume

by TIR can readily be combined with measurements of various cell parameters (e.g. pH, ion

activities, membrane potential) utilizing suitable fluorescent indicators and epi-illumination

optics. For example, simultaneous measurements of cell volume and cytosolic calcium, and of

cell volume and ion activities, have been particularly useful for analysis of signaling and volume

regulatory mechanisms in fluid-transporting cells (Foskett, 1990).

In short, the TIR method was developed to measure changes in relative cell volume for

cell layers. The method was applied to the measurement of plasma membrane water

permeability in cells expressing water channels. Transfected LLC-PK1 cells expressing AQP2

showed vasopressin regulated water permeability. This was consistent with the vasopressin

regulated trafficking of AQP2 revealed by immunostaining.
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Chapter 3 Interferometric Measurement of Volume Change in
Polarized Cell Layers

3.1 Summary

The development of strategies to measure plasma membrane osmotic water permeability

(Pf) in epithelial cells has been motivated by the identification of a family of molecular water

channels. A general approach utilizing interferometry to measure cell shape and volume was

developed and applied to measure Pf in cell layers. The method is based on the cell volume

dependence of optical path length (OPL) for a light beam passing through the cell. The small

changes in OPL were measured by interferometry. A mathematical model was developed to

relate the interference signal to cell volume changes for cells of arbitrary shape and size. To

validate the model, a Mach-Zehnder interference microscope was used to image OPL in an

MDCK cell layer and to reconstruct three-dimensional cell shape (OPL resolution < 2/25). As

predicted by the model, a doubling of cell volume resulted in a change in OPL which was

proportional to the difference in refractive indices between water and the extracellular medium.

The time course of relative cell volume in response to an osmotic gradient was computed from

serial interference images. To measure cell volume without microscopy and image analysis, a

Mach-Zehnder interferometer was constructed in which one of two interfering laser beams

passed through a flow chamber containing the cell layer. The interference signal in response to

an osmotic gradient was analyzed to quantify the time course of relative cell volume. The

calculated plasma membrane Pf of 6.1 x 10-4 cm/s at 24 °C agreed with that obtained by

interference microscopy and by a total internal reflection fluorescence method. The method was

also applied to measure the apical plasma membrane water permeability of intact toad urinary

bladder; Pf increased 5-fold after forskolin stimulation to 0.04 cm/s at 23 °C. These results

establish and validate the application of interferometry to quantify cell volume and osmotic

water permeability in cell layers.
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3.2 Introduction

Interferometry was applied to quantify cell shape and water permeability in adherent and

non-adherent cell layers. The principle of the method is shown schematically in Figure 3.1.

Light passing through a flow chamber containing a cell layer passes through two media with

different refractive indices: the perfusate (np) and the cell (n°cell) (Figure 3.1, left). The phase of

the electric field vector of a light beam emerging from the chamber is shifted relative to that of

the incident beam by an amount which depends on the optical path length. The total optical path

length (OPL) is the sum of the OPL in each medium: OPL = Xi hini, where hi is the geometric

path length in medium i and ni is the corresponding refractive index. As cell volume changes,

there is a change in the geometric path length of each medium as well as in the cell refractive

index, resulting in a change in OPL. Because neell is proportional to the concentration of solutes

in the cytoplasm (and thus proportional to inverse cell volume), the OPL for a swollen cell is

equivalent to the OPL for a hypothetical cell consisting of the original cell plus that for a layer of

decrease
osmolarity
—).

Anºt
-

■ cell l
h(x,y)

Figure 3.1 Schematic of a cell layer showing that optical path length (OPL) depends on cell
volume. Initially, light passes through a flow chamber containing a cell layer and perfusate with
refractive indices of n°cell and np, respectively. The phase of the light emerging from the chamber
(sinusoidal curve at left) is shifted relative to the phase of the incident light by an amount which depends
on the OPL (dashed line). A decrease in perfusate osmolarity produces an increase in cell height
[Ah(x,y)]. Because neell is proportional to the solute concentration in the cytosol, the OPL for a swollen
cell (left half of swollen cell shown at right) is equivalent to the OPL for a hypothetical cell consisting of
the original cell plus a layer of water (nw) (right half of swollen cell shown at right). The difference in
OPL before versus after cell swelling is in this layer; initially the refractive index in this layer is that of
the perfusate and after swelling the refractive index is that of water. The difference in OPL results in a
difference in the phase of the light emerging from the flow chamber (see arrows) as quantified by Eqs.
3.1-3.8.
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water (nw) (Figure 3.1, right). The difference in OPL before versus after cell swelling is in this

hypothetical “water” layer; initially the refractive index in this layer is that of the perfusate,

whereas after swelling the refractive index is that of water. As shown below, the change in OPL

is equal to the change in cell height multiplied by the difference in refractive indices between

water and the perfusate. Thus the phase of the light beam emerging from the flow chamber will

depend on cell volume. This small change in phase is measurable as a change in interference

signal amplitude using an interferometer. Further, by using interference microscopy and image

analysis, it is shown that cell shape can be reconstructed. Interferometry thus represents a simple

and general approach to measure the relative cell volume of adherent or non-adherent cell layers

of arbitrary shape and size. This report validates and applies interferometry to the measurement

of water permeability in MDCK cell layers and the epithelium of intact toad urinary bladder.

3.3 Instrumentation and Experimental Procedures

INTERFERENCE MICROSCOPY

A 5 m W diode laser (A =676 mm, Imatronic, Newbury Berks, UK) was used as the light

source for a Mach-Zehnder transmitted light interference microscope (Leitz, Wetzlar, Germany)

(Figure 3.2A). The light was passed through a vibrating fiberoptic to reduce the speckle pattern

for uniform illumination across the field of view. A beam-splitting prism (BS1) produced

reference (R) and sample (S) beams which passed through matched pairs of condensers and 50x

air objectives (numerical aperture 0.85). The cell layer was positioned in a flow chamber

(Farinas et al., 1995) in the sample beam path. A stack of glass microscope slides which

approximately matched the optical path length of the flow chamber was positioned in the

reference beam. The beams were recombined by a beam-splitting prism (BS2) to produce

interference, so that OPL differences introduced in the sample beam (due to the cell layer)

relative to the reference beam would alter the interference pattern. The path length difference

between the sample and reference beams could be adjusted with a series of plane parallel plates

to introduce a linear increase in OPL across the image and thus produce parallel interference
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Figure 3.2 Schematic of interference microscope (A) and Mach-Zehnder interferometer (B). BS:
beam-splitter, R: reference beam, S: sample beam, M: mirror. See Instrumentation and Experimental
Procedures for details.

fringes of adjustable width. The inhomogeneous cell sample caused deviations in the fringes.

For example, if the image shown in Fig. 3.3A were a map of optical path length for an object

imaged with an interference microscope where the light regions corresponded to regions of high

optical path length, then the corresponding image seen in the interference microscope is shown

in Fig. 3.3B. Note that regions of high optical path length lead to large deviations in the fringe

pattern. Interference images were recorded by a 14-bit cooled CCD camera (512x512 pixels)

controlled by PMIS software (Photometrics Ltd., Tucson, AZ).

MACH-ZEHNDER INTERFEROMETRY

A 10 mW He-Ne laser (A = 633 nm) was used as the light source for a Mach-Zehnder

interferometer (Figure 3.2B). The laser beam was split by a beam-splitter (BS1) into reference

(R) and sample (S) beams. The reference beam was attenuated by a neutral density filter (ND)
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and reflected by a mirror (M2). The sample beam passed through a flow chamber containing the

cell layer and was reflected by a mirror (M1).

The flow chamber contained a fluid-filled channel (15 mm long, 4 mm wide, 0.1 mm

deep). The beams were recombined by the beam-splitter (BS2) to cause interference. The

interferometer was adjusted to produce the zeroeth order interference fringe. The recombined

beam was expanded with a Fluor 10x air objective (Nikon) so that the central region of the beam

illuminated a PDA50 silicon photodetector (aperture 1 mm, ThorLabs, Newton, NJ) located 1.6

m from the sample. Photodetector current was digitized by a 12-bit analog-to-digital converter

interfaced to a PC computer. Data were collected at rates of 1 to 5 Hz. Air currents and

temperature gradients were minimized by enclosing the interferometer in a Lucite box. The

temperature of the perfusate was controlled by an in-line stainless steel cooling coil (length 60

cm) just proximal to the flow chamber which was immersed in a water bath. The interferometer

was mounted on an RS1000 optical table (Newport, Irvine, CA) to minimize vibrations.

CELLS AND EPITHELIA

MDCK-1 cells (ATCC CCL No. 34, Rockville, MD) were cultured on 18 mm diameter

|
Figure 3.3 Image formation in the interference microscope. If the image in (A) represents the map
of optical path length deviations caused by an object in an interference microscope, then the resulting
image from an interference microscope is shown in (B).
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round glass coverslips in DME-H21 supplemented with 10% fetal calf serum, 100 U/ml

penicillin and 100 mL/ml streptomycin. Cells were maintained at 37 °C in a 95% air/ 5% CO2

atmosphere. Urinary bladders from the toad Bufo marinus were dissected, washed and mounted

as hemibladder sacs as described previously (Shi et al., 1990). Bladders were incubated for 60

minutes in toad Ringer's solution at 23 °C prior to experiments to eliminate any endogenous

antidiuretic response. Bladder strips (2 cm x 2 cm) were cut and mounted with the apical

membrane contacting the perfusate for water permeability measurements. The basolateral

membrane was coated with immersion oil in order to prevent water transport across this

membrane.

SOLUTIONS

Solutions consisted of PBS (in mM: 137 NaCl, 2.7 KCl, 1.5 KH2PO4, 8.1 Na2HPO4, pH

7.4, 300 mOsm), hypotonic PBS (PBS diluted 1:1 with deionized water, 150 mCsm), toad

Ringer's (in mM: 110 NaCl, 2.5 NaHCO3, 3 KCl, 2 KH2PO4, 1 CaCl2, 5 glucose, pH 7.6, 240

mCsm) and hypotonic toad Ringer’s (toad Ringer’s diluted 1:1 with deionized water, 120

mOsm). Solution refractive indices, measured with an Abbe-3L Refractometer (Milton Roy,

Rochester, NY, precision 100 ppm), were equalized by addition of a stock solution of 20% (w/v)

dextran (MW=19,500, Sigma, St. Louis, MO). Equalization of refractive indices to within 20

ppm was achieved by adding dextran until the phase difference between solutions was

undetectable as observed in the Mach-Zehnder interferometer with a 2 mm path length through

the solutions.

3.4 Theory and Data Analysis

RELATIONSHIP BETWEEN OPTICAL PATH LENGTH AND CELL VOLUME

For light passing perpendicular to a cell layer of height h(x,y) and refractive index neell,

within a flow chamber of depth D containing perfusate of refractive index np (Figure 3.1), the
optical path length (OPL) is:
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OPL(x,y)=[h(x,y)ncell + (D-h(x,y)}nple [h(x,y) (ncell-np) ) + Y' (3.1)

where Y' (=D np) is the cell height-independent contribution to the optical path length. Because
the refractive index of a solution, n, is generally proportional to solute concentration c, (n=not

[dn/dc] c), it is assumed that in cells:

ncell = nwit (n°cell-nw) (Vo/V) (3.2)

where nw is the refractive index of water and n°cell is the cell refractive index at volume Vo.

Assuming that cells respond as perfect osmometers (TIV = constant), where II is the osmolarity,

Eq. 3.2 becomes:

ncell = nwit (n°cell-nw) (II/IIo) (3.3)

If cell shape is assumed to remain constant during volume change [i.e. cell height is proportional

to the original height profile, ho(x,y); h(x,y)=ho(x,y)(V/Vo) ], then Eqs. 3.1 and 3.2 can be

combined to relate OPL to cell volume:

OPL(x,y) = ho(x,y) [(nw-np)(V/Vo)+ (n°cell-nw) |+y' (3.4)

As demonstrated qualitatively in Figure 3.1, Eq. 3.4 indicates that optical path length is

dependent on cell volume.
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INTERFEROMETRIC MEASUREMENT OF OPL º,
The intensity, I(x,y), produced by the interference of a reference beam (not passing

–2
through cells) with electric field Er-Ero cos■ ot-kr-a), with the sample beam (passing through

º

cells) with electric field Es =Eso cos■ ot-kr-(27t/A) OPL(x,y)} is (Hecht, 1987): sº

º
I(X;Y)--(Er-Esº--Eroºz + Escºt EroEso cos(27%)OPL(x,y)-a(x,y) (35) 2

where * > denotes the time average, k=2t/Å, Ä, is wavelength, r is distance along the beam axis,
|

º

and a(x,y) is the relative phase difference of the reference beam and the sample beam without the * !---
º

sample. The value of I(x,y) ranges between Imax= (Ero” + Eso"/2 + EroEso) and Imin = - sº
º tº

(Ero” + Escº - EroEso), and depends on the OPL difference between the sample and º
~ 2:…

reference beams. - *

An interference microscope generates a map of I(x,y) which, as shown below, can be
-

is* I

used to generate a map of OPL(x,y). The integrated optical path length (G) is related to cell º
volume by integration of Eq. 3.4: |-

* -*-2
**

(3) = ell OPL(x,y)dxdy / fell dxdy=[(nw-np) V+ (n°cell-nw)Vor■ /A (3.6) -
-*

* ,
º

where T is a constant (integral of Y' over the cell) and A is the x,y-projected area of the cell. Eq.

3.6 is valid even if cell volume change results in a change in cell shape. This can be shown since

for cells of arbitrary shape, Eq. 3.4 can be rewritten as: ■ ci,
- -

R
OPL(x,y) = h(x,y) (nw-np) + ho(x,y) (n"eel-nw) +Y'. The integrated optical path length (O) is R_*

related to cell volume by integration of OPL(x,y): s
>

(S) = ■ || OPL(x,y)dxdy/ ■ || dxdy =[(ny - nº ) V + (n"eel - nw) Vo + T1/A, where T is a
&

constant (integral of y' over the cell) and A is the x,y-projected area of the cell. Thus, Eq. 3.6 º
is valid even if cell volume change results in a change in cell shape. The constant T is related | 1

→
Zºº
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to the details of the flow chamber and is independent of cell volume. By measuring OPL(x,y) in

areas of the image which do not contain cells, T is determined and subtracted from all values in

the image. Eq. 3.6 can be used to relate the difference in integrated optical path lengths (G) - G)o)

to a change in cell volume (V - Vo):

v-vo-(nw-np)" (e-eo)A (3.7)

or to relate the ratio of integrated optical path lengths (G) /G)o) to relative cell volume (V/Vo):

V/Vo-[(n°cell-np)/(nw-np)] [O/90-(n°cell-nw)/(n°cell-np)] (3.8)

NON-IMAGING INTERFEROMETRY

When the spatially integrated intensity [ Isi = ■ I(x,y)dxdy J is measured rather
detector

than I(x,y) (as in Figure 3.2B), information is obtained on OPL integrated over the cell layer. For

a flat epithelium, the optical path length, L, is constant throughout the cell layer. Integrating Eq.

3.5 over x and y yields:

Isi-a(Eroºz - Escºt EroEso cos(27%)L-g) (3.9)

where O is a conversion factor related to the detection system. Note that the cell height

independent phase difference a is a not a function of position since interference is recorded at the

zeroeth order fringe. Eq. 3.9 relates the measured integrated intensity to (L - O'M2t) and thus to

cell volume because:

L - ox/2t=ho■ (nw-np)(V/Vo) +(n°cell-nw)]+Y-ax/2n=ho■ (nw-np) (V/Vo)]- a (3.10)

–2º*
†
I&

s
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where o' = o?/2t - Y - ho(n°cell -nw) contains only volume-independent phase terms.

For non-imaging interferometry of an epithelium which is not flat, the laser beam

directed onto the sample is scattered so that the electric field amplitude at the detector is no

longer given by: Es =Eso cos■ ót-kr-(27t/A) OPL(x,y)]. Because the detection plane is far from

the scattering plane (distance > aperture size squared/Å), the electric field of the sample beam

at the detector plane is given by the Fraunhoffer approximation (Hecht, 1987):

E,(X,Y) = Re [expt i(Got-kR)} 2 {G}(x,y) exp■ i (21/?)(OPL)] } | (3.11)

where X and Y are the coordinates in the diffraction plane, Re|] denotes the real part of the

function, 2%) denotes the Fourier transform, G}(x,y)=Ao exp(-■ (x^+y^)/dº is the intensity

aperture function for a Gaussian laser beam, and Ao =Eso / ■ dkdy. Eq. 3.11 can be
aperture

simplified when the size of the aperture, d, is very large compared to cell size:

E,(X,Y) = Re [exp( i(Got-kR)} Ao 2 { exp■ i (27t/A)(OPL)]} | (3.12)

Because the detector is at the origin of the far-field diffraction plane (Figure 3.2B), Es is

sampled at the origin:

E.0.0)=Re■ E, exp■ i(ot-kR) ■ exptiQ" /x)(OPL)}dxdy / ■■ dºdy] (3.13)
aperture aperture

For a nearly flat epithelium, OPL(x,y)= y + OPL’(x,y), where OPL’(x,y) < A/27t.

Approximating exp(i(21/A)(OPL)} in Eq. 3.13 by the first two terms of the Taylor's series

expansion: exp(i(21/A)(OPL)} = exp(i(21/?)Y[1+i(21/A)(OPL’(x,y))]}, Eq. 3.13 becomes:

E,(0,0)=Eso Re [ exp(i(Got-kR)} exp (i (27t/A) Y}(1 + i(21/A)0’) | (3.14) ~
º
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where G) = ■ (2T / X)(OPL))dxdy / ■ dkdy. Approximating tan' O = 0 for small
aperture aperture

G) (, Eq. 3.14 becomes:

Es(0,0)=cos(Got-kR-0) (3.15)

After interference of the sample beam (Eq. 3.15) with the reference beam, the intensity at the

detector is:

I(0,0)= E, 2 + Eº■ 2 + E.E., cos [(21/?)0-o] (3.16)

For an epithelium of arbitrary shape, Eq. 3.13 can thus be rewritten:

Es(0,0) = Eso [cos(a)t-kR) C - sin(ot-kR) S] (3.17)

where C = ■ cos(2m / X)OPL(x, y)ldxdy/ ■ dxdy and
cell cell

S= |sin■ (2n /A)OPL(x, y)]dxdy/ ■ dºdy. After interference with the reference beam, the
cell cell

intensity at the detector is:

I(0,0)= Eº■ 2 + Eº■ 2 [Cº-Sºl + E.E., (cos(a) C +sin(o) SI (3.18)

For a specified cell shape, Eqs. 3.16 or 3.18 relates cell volume to interference intensity.
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CONVERSION OF INTERFERENCE IMAGES TO OPTICAL PATH LENGTH MAPS

The observed interference image is related to the difference in optical path length

introduced by the sample, OPL(x,y), and the microscope plane parallel plates [o(x,y) = axx+ayy

where ax and ay are the horizontal and vertical frequencies of the fringe pattern]. To relate the

interference image to cell volume, OPL(x,y) must be computed. Given an interference image Iij,
where i and j are row and column pixel indices, respectively, Eq. 3.5 can in principle be used to

calculate a map of the differences in optical path length between the sample and reference beams

(Dij =OPLij -oj X/2n). However, noise and non-uniform illumination will cause the intensity
extrema, Imin and Imax, to be position dependent. An algorithm was developed which used the

local intensity extrema together with Eq. 3.5 to calculate the OPL image. First, the lines of

minimum intensity parallel to the fringe pattern are identified. Next, for each row of pixels,

intensities (Iij) between adjacent lines of minimum intensity (n and n+1) were converted to

differences in optical path length (Dij):

Dij=OPLij- oij}/2n = (A/21) {cos' [2(Iij-lmin(nj))/(Imax(nj)-lmin(nj))] - 27tn} (3.19)

where Imin(nj) and Imax(nj) are the intensity extrema of row j between adjacent lines of

minimum intensity n and n+1. The resulting map of optical path length difference (Dij) is the

sum of the optical path length due to the object (OPLij) and that arising from the manipulation of

the reference beam by the plane parallel plates (aij}/21). The contribution of the plates (aij}/21)

was computed by fitting a region of the map (Dij) which did not contain cells (so that OPLij=0)

to a plane (p■ -prºpy). Since p is the best estimate of -ax/21. obtained from the data, OPLij is

determined by subtracting the values of the fitted plane (pij) from the OPL difference map:

OPLij = Dij-pij (3.20)

º

–

|
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DETERMINATION OF CELL VOLUME AND SURFACE AREA

Using Eq. 3.1 (with Y' =0 by referencing to the background), the computed OPL map and

cell refractive index can be used to determine the cell height profile, h(x,y), assuming that the

refractive index of the cell is uniform. The cell height profile is then used to calculate cell

volume:V= ■ h(x,y)dxdy ; and surface area: A= ■ dºdy + ■ +h(x,y) + h; (x,y)]" dxdy
cell cell cell

(Amazigo and Rubenfeld, 1980). The first term in the surface area equation is the (flat) area of

the base of the cells, the second integral represents the (curved) remainder of the surface, and

hk(x,y) and hy(x,y) are the partial derivatives of h(x,y) in the x and y directions, respectively.

The integrations were carried out using the trapezoidal rule with definitions of the derivatives of

the height profile accurate to second order (Press et al., 1990). The cell was defined as the

region of contiguous points in the image which had height values greater than 2 standard

deviations above the baseline.

CALCULATION OF OSMOTIC WATER PERMEABILITY

The plasma membrane osmotic water permeability coefficient (Pf) was calculated from

the time course of the interference signal of a cell layer in response to an imposed osmotic

gradient. For a semi-permeable membrane, Pf is related to volume change by:

d(V/Vo)/dt = -PfWw(A/Vo)ATIo (3.21)

where d(V/Vo)/dt is the initial rate of change of relative cell volume, A/Vo is the initial cell

surface-to-volume ratio, Vw is the partial molar volume of water (18 cm"mol) and ATIo is the

initial osmotic gradient (outside-inside). A unity reflection coefficient is assumed for

osmotically active solutes. The time course of relative volume change was calculated from a

series of interference images using Eq. 3.8.
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For non-imaging interferometry, Eqs. 3.9, 3.16 or 3.18 cannot in general be used to

calculate the time course of relative volume change from the interference signal, instead Eq. 3.21

was used to generate a volume time course, and Eq. 3.18 with a measured cell height profile was

used to convert the volume time course to an interference signal time course. The Levenberg

Marquart algorithm (Press et al., 1990) was used to fit the parameters (Pf, oo, do/dt, Ero and

Eso) that minimized X* between the modeled interference signal time course and the data. All

other parameters, including the height profile, were determined experimentally. Fitted do/dt,

Ero and Eso values were generally within 30% of the values estimated from the experimental

parameters.

3.5 RESULTS

INTERFERENCE MICROSCOPY

Figure 3.4A shows an interference image of a test object consisting of a trapezoidal

trough (height=12.6 pum, width at base = 21.8 pm, width at top = 77.2 pm) cut in a glass slide (n

= 1.515) filled with type FF immersion oil (n = 1.4789). The image analysis algorithm first

identified the lines of minimum intensity (thin white lines in Fig. 3.4B) and then used Eq. 3.20 to

compute a map of the difference in optical path length between the object and the plane parallel

plates (Fig. 3.4C). The contribution of the plane parallel plates to the image was defined from

the region in Figure 3.4C outside of the dashed box and was subtracted. The deduced OPL

image of the object is shown in Figure 3.4D. The procedure generated OPL maps with low noise

(standard deviation ~ 15 nm) and flat background (Figure 3.4E). The calculated height profile of

the object agreed with measurements of the real object made by confocal microscopy (circles in

Figure 3.4F). The z-resolution of the interference microscope is limited by the standard

deviation of the OPL image which was typically A/50 (see Discussion).
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Figure 3.5A shows an interference image of MDCK cells bathed in 300 mOsm (top) and

150 mCsm (bottom) perfusates of refractive index 1.3400. Cell volume should double if the

MDCK cells respond as perfect osmometers. The vertical interference fringes were observed to

shift as they crossed the cells. The deviations decreased as the cell volume increased, consistent

with the predicted change in OPL through the cells. The OPL maps generated from the

interference images are shown in Figure 3.5B. As cell volume increased, the OPL in the region

of the cells decreased as predicted by Eq. 3.4. The cytoplasmic refractive index of the MDCK

cells in 300 m Osm perfusate was measured to be 1.366 by immersion refractometry (Coble et al.,

1982). Figure 3.5C shows the height profile of the cell at 300 mOsm calculated from the OPL

image. The average cell height of 8.3 + 0.7 mm (S.E., n=6 cells) was not significantly different
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Figure 3.4 Analysis of interference image of a test object. A. Interference image of a trapezoidal
trough (height= 12.6 pm, width at base = 21.8 pm, width at top = 77.2 pm) cut in a glass slide (n =
1.515) filled with type FF immersion oil (n = 1.4789). B. Lines of minimum intensity are shown as thin
white lines. C. The image in B was converted to a map of OPL using Eqs. 3.19 and 3.20. The data
outside of the dashed box was used to estimate the contribution of the plane parallel plates. D. OPL map
after subtracting the contribution of the plane parallel plates. E. Plot of the OPL of the background
(intensities from horizontal line indicated by arrow in D). F. Calculated height profile of the trough
(line) (data from vertical line indicated by arrow in D). For comparison the height of the object
calculated by confocal microscopy (filled circles) is shown.
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Figure 3.5 Cell volume change causes a change in optical path length. A. Interference images of
MDCK cells perfused with 300 (top) and 150 (bottom) mosm solutions. B. OPL maps calculated from
the interference images of the cells. C. Cell height profile calculated from the OPL images at 300
mCsm.

(p > 0.5) from the value of 8.9 + 0.7 mm (S.E., n=3) determined by confocal microscopy (data

not shown). The average volume of an MDCK cell at 300 mCsm was 1.7 pl; and the surface-to

volume ratio was 6,750 cm". Cell volume increased by a factor of 1.8 when the perfusate

osmolarity was changed from 300 to 150 mOsm.

In the theory development, it was assumed that the cell refractive index was proportional

to the relative osmolarity of the extracellular medium (Eq. 3.3). To test this assumption, the

refractive index of MDCK cells was measured by immersion refractometry at a series of

perfusate osmolarities. Figure 3.6A shows a linear dependence of cytoplasmic refractive index

on relative perfusate osmolarity. The slope, 0.0381 + 0.0084, and y-intercept, 1.3284 + 0.0057

(S.E., n=12), of the least-squares linear fit to the data were not significantly different (p<0.1)

from the values assumed in Eq. 3.3, slope=(ncell-nw)=0.0337 and y-intercept=nw=1.3323.

The theory predicts that for a fixed difference in cell volume, the difference in the

integrated optical path length, G)-6)o, is linearly proportional to perfusate refractive index (Eq.

3.7). This prediction was tested in MDCK cells by measuring G-690 as volume was increased by

changing perfusate osmolarity from 300 to 150 mCsm. The refractive index of the perfusate was

varied by addition of dextran (1-5% w/v) to the perfusate. Figure 3.6B (representative of three

sºS

- -
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sets of measurements) shows that G-Go was proportional to perfusate refractive index. The x

intercept, 1.3312 + 0.0013 (S.E., 3 sets of measurements), of the linear least squares fit to the

data was not significantly different (p-0.2) from the predicted value, nw=1.3323. Together,

these results validate the model.

Interference microscopy was applied to measure plasma membrane osmotic water

permeability in MDCK cell layers (Figure 3.7). In response to a decrease in perfusate osmolarity

from 300 to 150 mCsm (at 24 °C), cell volume progressively increased. Serial interference

images were recorded and converted to OPL maps (representative images shown at top). Eq. 3.8

was applied to generate from the OPL images the time course of relative cell volume (open

circles in Figure 3.7). For comparison, data acquired using TIR microfluorimetry on duplicate

MDCK cell layers is shown. The perfusion exchange time was less than 1 second (data not

shown). There was good agreement between the data acquired by interference microscopy (open

circles) and TIR microfluorimetry (line) (Farinas et al., 1995). As expected, cell volume

approximately doubled. Using Eq. 3.21, the osmotic water permeability coefficient (Pf) was
4calculated to be 9 x 10" at 24 °C, using a surface-to-volume ratio of 6,750 cm' computed from

the cell height profile shown in Figure 3.5.
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Figure 3.6 Validation of model predictions. A. Cytoplasmic refractive index of MDCK cells was
measured by immersion refractometry after equilibrating cells at 150, 300, 450 and 600 mOsm (see Eq.
3.2). Points are plotted as the mean E S.E. of 3 or 4 measurements. B. The difference in integrated
optical path length, 6–0o, after a doubling of cell volume (cells switched from 300 to 150 mOsm
perfusate) as a function of perfusate refractive index (see Eq. 3.7) adjusted by addition of dextran (1-5 %
w/v). See text for explanations.
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For non-imaging experiments (as in Figure 3.2B), the relationship between cell volume

and interference signal amplitude is dependent upon cellular and experimental parameters (Eqs.

3.9, 3.16 and 3.18). The influence of these parameters on the predicted signal was calculated

from the theory and plotted as the interference signal as a function of relative cell volume

(Figure 3.8). For a flat epithelium of height ho= 20 pm with refractive index difference nw-np=
-0.03, Eq. 3.9 predicts that a change in cell volume results in a substantial change in interference

signal (Figure 3.8A). As the difference in refractive index between water and the perfusate

decreases (nw-np=-0.01) or as cell height decreases (ho- 10 um), the sensitivity of the
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Figure 3.7 Plasma membrane osmotic water permeability of an MDCK cell layer. Serial
interference images were acquired in response to a change in perfusate osmolarity from 300 to 150
mOsm at 24 °C. After converting the images to OPL maps (representative maps shown at top), the
integrated optical path length was converted to relative cell volume (open circles) using Eq. 3.8. For
comparison, data acquired by TIR microfluorimetry is shown (solid line). Fitted Pf values are given in
the text.
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interference signal to a change in cell volume decreases. The relative amplitude of the reference

and sample beams (Er/Es) had a minor effect on the relationship between interference signal and

relative cell volume over a five-fold change in ratio (Figure 3.8B); only the scaling was affected.

Figure 3.8C shows that the phase difference between the reference and sample beams, O., shifts

the locations of the extrema but does not change the overall shape of the curve.

The effect of cell shape on the predicted signal was investigated for five model cell

shapes: [a] flat cells (ho- h, where h is the average cell height), [b] nearly flat cells with surface

undulations (ho-h icos(x,y), [c] round cells (ho- 0.127 h ■ hºx”), [d] flat cells with
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Figure 3.8 Theoretical predictions for non-imaging interferometry experiments. Interference signal
intensity is plotted as a function of relative cell volume. A. Sensitivity to the difference between the cell
and perfusate refractive indices (ncell-np) and cell height (h) (computed from Eq. 9, A=633 nm,
Ero-Eso-0.707, a =1/2, h and nw-np as indicated). B. Sensitivity to ratio of reference and sample
beam amplitudes (Er/Es) (Eq. 3.9, A=633 nm, Ero-HEso-0.707, a =1/2, h-20 pm, nw-np=-0.03,
Er/Es as indicated). C. Effect of the phase of the reference beam, o. (Eq. 3.9, A=633 nm,
Ero-Eso-0.707, h- 20 pm, nw-np=-0.03, a as indicated). D. Influence of cell shape for five shapes:
[a] flat ºpithelium (ho- h), [b] nearly flat epithelium (ho- h--cos(x+y|), [c] round cells (ho- 0.127
h■ h’-x*I' ), [d] square cells with an intercellular space (hq= h/0.95 for 95% of the area and zeroelsewhere), and [e] Gaussian-shaped cells (ho- h'exp■ -(x^+y )/w’■ ) where h is the average cell height, h
' = 4xmaxymaxn/■ wºrer■ (xmax/w)er■ ymax/w)]; and w is the width of the Gaussian (h= 10 pum,
A=633 nm, Ero-Eso, a = 1/2, np-nw = -0.01). E. The effect of non-uniform cell shape change: [a]
flat cells and [b] Gaussian-shaped cells which undergo uniform shape change, as above, and [c] Gaussian
shaped cells (h- h'exp(-(x^+y^)/w’■ ), where w is a function of relative volume (V/Vo) such that
■ h(w)dkdy, ■ h(w c)dzdy = V/Vo. The cross sectional shape of the cells is shown schematically.
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intercellular spaces (ho-h/0.95 for 95% of the area and zero elsewhere) and [e] Gaussian-shaped

cells (ho- h'exp(-(x^+y^ywº) where h is the average cell height, h’=

4xmaxymaxhipwºer■ &maxw)er■ ymaxw). and w is the width of the Gaussian. An average

cell height of 10 pm, A-633 nm, Ero-Eso, a- it■ z and np-nw = -0.01 was used for the
computations shown in Figure 3.8D. The dependence of interference signal on cell volume was

relatively insensitive to cell shape, particularly for relative volumes near unity. The largest

deviations from the response predicted for a flat epithelium occurred for cell shapes which have

a wide distribution of cell heights such as the Gaussian-shaped cells.

To investigate the effect of non-uniform changes in cell shape with changes in cell

volume [h(x,y) + ho(x,y) V/Vo ), the predicted dependence of interference intensity on relative

cell volume was calculated for Gaussian shaped cells (h-h exp(-(x^+y^)/w”, where w is a

function of relative volume, (see figure legend) and compared to flat cells and to Gaussian

shaped cells that undergo uniform shape changes. As seen in Figure 3.8E, even for cells that
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Figure 3.9 Non-imaging interferometry of epithelial cells. A. The interference signal was recorded
in the absence of cells in response to a change in perfusate refractive index (1.3341 to 1.3405) at constant
osmolarity (top); the deduced time course of optical path length is shown at the bottom. B. The
interference signal was recorded in the absence of cells with a change of perfusate osmolarity (300 to 150
mCsm) at constant refractive index (1.3405) (top), and in the presence of an MDCK cell layer after
changing perfusate osmolarity from 300 to 150 mCsm and back to 300 mCsm (bottom). , The dashed
curve is the best fit obtained as described in Theory and Data Analysis with Pf =4.8 x 10" cm/s, oo
0.7 rad, do/dt =0.006 rad/s, Ero–0.23 and Eso-0.1 (300 to 150 mosm) and Pf -4.9 x 10" cm/s,
Co-0.9 rad, do/dt=-0.01 rad/s, Ero–0.19 and Eso-0.11 (150 to 300 mCsm). Average fitted Pf
values are given in the text. C. The interference signal was recorded for toad bladder epithelium with a
change in perfusate osmolarity from 240 to 120 mOsm at constant refractive index (1.3400) before
forskolin stimulation (top) and after incubation with 50 puM forskolin for 10 min. The dashed curve is the
best fit with Pf a 0.009 cm/s, oo- 0.8 rad, do/dt=-0.002 rad/s, Ero–0.15 and Eso-0.09 (- forskolin)
and Pf -0.04 cm/s, Qo-3 rad, do/dt=-0.003 rad/s, Ero-0.12 and Eso-0.10 (+ forskolin). The
surface-to-volume ratio was taken as the reciprocal average cell height of 12.5 pm.
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undergo shape change during volume change, the response was similar to that for a flat

epithelium. Taken together, the calculations indicate that small changes in relative cell volume

lead to large changes in interference signal, and that the relationship between signal and cell

volume is relatively insensitive to the details of cell shape and various instrument parameters.

Non-imaging interferometry measurements of water permeability were conducted with

MDCK monolayers. In the absence of a cell layer in the flow chamber, exchanging perfusates

between PBS (n= 1.3341) and PBS containing 5% (w/v) dextran (n=1.3405) produced multiple

maxima and minima in the interference signal (Figure 3.9A). The curve at the bottom shows that

the corresponding change in optical path length had a half-time for fluid exchange of ~ 6

seconds. In contrast, when perfusate osmolarity was switched from 300 to 150 mCsm at

constant refractive index (solutions matched to better than 20 ppm), there was little change in

interference signal except for a small transient signal at the time of solution exchange (Figure

3.9B, top). In the presence of an MDCK cell monolayer, the identical change in perfusate

solutions produced a time-dependent change in interference signal (Figure 3.9B, bottom). The

best fit to the data using experimentally derived parameters gave a Pf value of 4.8 x 10-4 cm/s

4 cm/s(see legend) (dashed curves shown in Figure 3.9B). The average Pf value of 6.1 + 2 x 10"

(S.E., n=4) at 24 °C agreed with that obtained by both interference microscopy and TIR

microfluorimetry. The theory-based curve fitted the experimental data very closely.

Non-imaging interferometry was used to measure the luminal plasma membrane osmotic

water permeability of toad urinary bladder epithelium. In the unstimulated epithelium, a change

in perfusate osmolarity from 240 to 120 mCsm resulted in a slow change in interference signal

(Figure 3.9C, top). From the fit to the data, a Pf value of 0.009 cm/s was calculated. After

incubation with 50 mM forskolin, the same change in perfusate osmolarity caused a more rapid

change in interference signal (Figure 3.9C, bottom). The results of the fit to the data indicate

that forskolin addition increased apical membrane water permeability by 5-fold to 0.04 cm/s at

23 °C.
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3.6 Discussion

The goal of this study was to develop a method to measure plasma membrane osmotic

water permeability in planar sheets of epithelial cells. As explained in Chapter 1, the existing

methods to measure water permeability are not suitable for studies in non-adherent cell sheets.

Our strategy was to utilize interferometry to quantify the small change in optical path length of a

laser beam passing through a cell as cell volume changes. Osmotic water permeability was then

measured from the time course of cell volume in response to osmotic gradients imposed by

changing solutions bathing the cell surface. Interference microscopy with image analysis was

first used to validate the theory relating cell shape to interference signal amplitude, and to

measure water permeability in MDCK epithelial cells. The z-resolution is defined as the smallest

change in height that can be statistically distinguished - twice the noise of a height

measurement. In a typical image (Figure 3.5C), the noise was 150 nm as determined from the

standard deviation of an area of the image corresponding to a flat background. Because noise

is inversely proportional to the square root of the number of observations, the z-resolution can

be significantly improved by averaging pixels within an image or averaging several separate

images. Analysis of interference images permitted the mapping of cell height in living cells

with a z-resolution better than that obtainable by confocal microscopy, but not as good as that for

determination of the z-position of a single small fluorescent bead (Kao et al., 1994). Whereas

the resolution in confocal microscopy is limited by the diffraction of light, the resolution of

height in the interference microscope is not limited by diffraction but only by measurement

noise. A Mach-Zehnder interferometer was then constructed and the theory developed to

measure osmotic water permeability in cell sheets without microscopy and image analysis. Non

imaging interferometry was used to measure the plasma membrane water permeability of MDCK

cell layers and the intact toad urinary bladder.

There are a number of technical considerations for application of interferometry to

measure cell volume. For microscopy with image analysis, an interference microscope is

required. In addition, quantitative image analysis requires adequate pixel resolution and
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excellent linearity, as that afforded by a 14-bit CCD camera detector. In the studies performed

here, a costly Leitz interference microscopy was used which contained optics to closely match

the reference and sample optical path lengths. The microscope was constructed prior to the wide

availability of coherent light sources. With the use of modern ion lasers or laser diode sources

with coherence length of >10 cm, it is possible to modify a standard, single-objective,

transmission light microscope to perform interference measurements. The coherent illumination

source is split into a sample beam which passes through the microscope condenser and objective,

and an external reference beam which are recombined to create interference fringes. Because

imaging is required, the data acquisition rate is limited by the camera frame acquisition rate (~ 1

s) so imaging interferometry is not suitable for measuring very fast changes in cell volume.

Non-imaging interferometry can be utilized if single cell measurements and cell shape

reconstructions are not needed. The approach described here used a Mach-Zehnder

interferometer to record the intensity of the zeroth order interference fringe. It was shown

theoretically that the intensity of the zeroth order fringe provided information about average

relative cell volume. For non-imaging interferometry any cell layer which is not flat leads to

scattering of the incident laser beam. This is problematic since each part of the beam will travel

through a different optical path length. If the sample and reference beam interference were

measured in the near-field limit, the differences in optical path length would lead to a complex

average interference signal. In contrast, by measuring the interference of the beams in the far

field limit, the theory predicts the dependence of interferometric signal on cell volume.

We found that both the single pass (Mach-Zehnder) and double pass (Michelson)

interferometry configurations produced adequate interference signals for measurement of water

permeability in cell layers (data for Michelson interferometer not shown). The Mach-Zehnder

configuration, in which the sample beam traversed the cell layer only once, was used for further

studies because of the relatively simplified mathematical analysis (Eqs. 3.11-3.18) to relate

interference signal amplitude to averaged cell volume. An objective lens was used to expand the

interference profile to enable detection of the (far-field) zeroth order fringe. It is noted that the
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interference signal amplitude was very sensitive to small changes in temperature, and to air

currents and vibration; for example, the refractive index of water changes by 200 ppm for a 1 °C

change in temperature. For this reason, the interferometer was enclosed in an air-tight lucite box

in a constant temperature dark room, and positioned on an anti-vibration optical table. Solutions

entering the perfusion chamber were passed through a coil immersed in a constant temperature

bath. Finally, the precise matching of solution refractive index to better than 20 ppm was

required to avoid transients in interference signal amplitude due to solution exchange.

Although interferometry has been widely utilized in the physical sciences for

measurements requiring extreme precision ranging from the Michelson-Morley experiment

which showed that there is no luminiferous aether to the LIGO gravity wave observatory, there

have been few applications in the biological sciences. Early attempts to apply interference

microscopy to biology focused on measurement of the solids content of various cell types (Allen

and Francis, 1966; Barer and Dick, 1957). The osmolarity of the intercellular space in Necturus

gallbladder was estimated using interference microscopy but the limited measurement precision

did not allow resolution of the standing gradient hypothesis for near isosmotic transport (Coble

et al., 1982). Recently, the high precision attainable by interferometry was used to measure the

step size of single kinesin motor proteins (Svoboda et al., 1993).

In summary, an interferometry method was developed and validated which allowed the

measurement of the plasma membrane osmotic water permeability coefficient of intact epithelia.

Changes in cell volume can be measured with excellent temporal resolution. The Pf value

measured for MDCK cell layers was consistent with measurements by TIR microfluorimetry.

The low permeability of MDCK cells is consistent with the absence of known water channels on

the plasma membrane. The experiments with the toad urinary bladder epithelium demonstrated

the ability to measure water permeability of an intact epithelium. The 5-fold increase in Pf upon

forskolin stimulation is consistent with the increase in transepithelial water transport previously

reported (transepithelial Pf- 0.028 cm/s, Shi et al., 1990). The measured water permeability of

the apical membrane after forskolin stimulation (0.04 cm/s) was comparable to that of 0.02 cm/s
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estimated by analysis of images acquired as 10 s apart (Kachadorian et al., 1985). When water

channel knock-out transgenic mice become available, the interferometric method should be

useful for defining the physiological role of water channels in intact epithelia.

. ~

- : s* -

º
-

:***--
º J

56



Chapter 4 Spatial Filtering Microscopy to Measure Plasma
Membrane Water Permeability in Epithelial Cells

4.1 Summary

A method was developed to measure the osmotic water permeability (Pi) of plasma

membranes in cell layers and applied to cells and epithelia expressing molecular water

channels. It was found that the integrated intensity of monochromatic light in a phase contrast

or dark field microscope was dependent on relative cell volume. For cells of different size and

shape (Sf9, MDCK, CHO, A549, tracheal epithelia, BHK), increased cell volume was

associated with decreased signal intensity; generally the signal decreased 10–20% for a 2-fold

increase in cell volume. A theory relating signal intensity to relative cell volume was

developed based on spatial filtering and changes in optical path length associated with cell

volume changes. Theory predictions were confirmed by signal measurements of cell layers

bathed in solutions of various osmolarities and refractive indices. The excellent signal-to-noise

ratio of the transmitted light detection permitted measurement of cell volume changes of under

1%. The method was applied to characterize transfected cells and tissues that natively express

water channels. Pf in control CHO cells was low (0.0012 cm/s at 23 °C) and increased by > 4

fold upon stable transfection with aquaporins 1, 2, 4 or 5. Pf in apical and basolateral

membranes in polarized epithelial cells grown on porous supports was measured: Pº and P."

were (in cm/s): 0.0011 and 0.0024 (MDCK cells), and 0.0039 and 0.0052 (human tracheal

cells) at 23 °C. In intact toad urinary bladder, basolateral PF was 0.036 cm/s and apical

membrane Pfafter vasopressin stimulation was 0.025 cm/s at 23 °C. The results establish light

microscopy with spatial filtering as a technically simple and quantitative method to measure

water permeability in cell layers and provide the first measurement of the apical and basolateral

membrane permeabilities of several important epithelial cell types.
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4.2 Introduction

A simple method to measure water permeability in cell layers has been developed based

on the cell volume-dependent changes in optical path length demonstrated by interferometry

(Farinas and Verkman, 1996). The method was applied to the measurement of plasma

membrane osmotic water permeability of epithelial cell layers. Dark field and phase contrast

microscopes exploit the technique of spatial filtering to generate images based on optical path

length differences in the object. It is demonstrated in the theory section below that the

integrated intensity of an image formed by such microscopes is sensitive to volume-dependent

changes in optical path length. As shown schematically in Fig. 4.1, an annulus and condenser

are used to illuminate a cell layer in the object plane of a microscope with a cone of light. The

object plane back focal plane image plane
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Figure 4.1 Measurement of plasma membrane water permeability by spatial filtering microscopy.
Schematic of a cell layer in a phase contrast or dark field microscope showing that cell volume-dependent
changes in optical path length produce differences in the relative intensity of higher order and zero order
beams. Because of attenuation of the zero order beam at the back focal plane of the objective, the light
intensity in the image plane depends on cell volume. See text for further details.
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cells diffract the light leading to a zero order beam (thick lines emanating from the object) and

higher order beams (thin lines). The zero order beam represents the undeviated incident

illumination while the higher order beams contain the light diffracted by the cells. The

objective focuses the zero order beam at the back focal plane while the higher order beams are

focused at the image plane. The zero order beam is localized to a distinct position in the back

focal plane (a circle) and thus can be manipulated by spatial filtering (Hecht, 1986). In the

dark field microscope, the spatial filtering consists of totally attenuating the zero order beam,

while in the phase contrast microscope the zero order beam is partially attenuated and phase

shifted with respect to the higher order beams. Because cell volume affects the relative

intensities of the zero order and higher order beams, attenuation of the zero order beam leads

to cell volume-dependent changes in the light intensity at the image plane. We demonstrate

here that this optical phenomenon can be exploited to measure relative cell volume and water

permeability using phase contrast or dark field microscopes. The approach was developed

theoretically, validated experimentally, and applied to measure water permeability in cells

expressing molecular water channels, and intact living tissues.

4.3 Theory

A theory was developed to relate the relative cell volume of a cell layer to the

integrated intensity of an image from a dark field or phase contrast microscope. The refractive

index of a cell (ncell) depends on relative cell volume (VI) (Farinas and Verkman, 1996):

ncell = nw -H (n"eel - nw)/Vr (4.1)

where n°cell is the refractive index of the cell at V-1 and nw is the refractive index of water.

The optical path length, OPL(x,y), through the cell layer of maximum thickness hmax is:

l
º
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OPL(x,y)=({hº h(x,y)}n, theynal-A'■ [{hmax-h(x,y)} np + h(x,y) neell dA (4.2)
A

where np is the perfusate refractive index, h(x,y) is the cell height profile and A is the field of

view. The integral term in Eq. 4.2 is included because only relative phase differences are

important in phase contrast or dark field microscopy, so that the average OPL over the field of

view must be zero [■ OPL(x,y)dA=0]. Assuming that cell shape does not change as cell
A

volume changes [h(x,y) = Vrho(x,y)], Eq. 4.2 becomes:

OPL(x,y) = {(nw-np)Vr + n"eel-nw}{h(x,y)
-

havg} (4.3)

where have is the average cell height and ho(x,y) is the cell height profile at V-1. Eq. 4.3

indicates that due to volume dependent changes in cellular refractive index and cell height, the

optical path length of a cell layer depends on the relative cell volume.

Dark field and phase contrast microscopes generate an intensity image, I(x,y), based on

the phase delay, Ö(x,y) = (27t/A) OPL, introduced by the phase object (an object which alters

the phase but not the amplitude of the incident light) where A is the wavelength of light

(Goodman, 1968). The predicted image of a thin object formed by a dark field or phase

contrast microscope can be calculated using Fourier analysis. The presence of the phase object

causes the incident plane wave of unit amplitude, with electric field Eo(x,y) = exp(-icot} to be

modified such that a position dependent phase delay, exp:{i}(x,y)}, is introduced:

Eo■ X,y) = exp:{id}(x,y)} exp(-icot} (4.4)

where the real part of Eo■ z,y) describes the phase and amplitude of the light at the object plane,

Go is angular frequency and t is time. For simplicity, coherent monochromatic light, entrance
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and exit apertures of infinite extent, and a magnification of unity are assumed. Since only

relative phase differences are important, the exp(-icot} term can be dropped and p(x,y) was

chosen so that ■ .■ 26, y)dxdy = 0. For a thin object that introduces a small phase delay

[|{(x,y)| < 1 rad ), the exp(ió(x,y)} term can be approximated by the first three terms of the

Taylor's series expansion:

E,(x,y) = 1 + i \(x,y)- (x,y)*2 = (1-a/2) + i \(x,y)- I (x,y)*-al/2 (4.5)

where a is the average value of ©(x,y)*. The first term in Eq. 4.5 describes the light which

passes through the sample without a phase shift (the zero order beam), while the latter terms

account for the diffracted light (the higher order beams).

At the back focal plane of the microscope, the electric field is given by the Fraunhoffer

approximation and is thus the Fourier transform of the electric field at the object plane (Eq.

4.5) (Hecht, 1986):

E'bip(u,v) = 7(E,(x,y)} = (1-a/2) 6(u,v) - i 260(x,y)} - 2(6)(x,y)* - a)/2 (4.6)

where E'bip(u,v) is the electric field at the back focal plane, 70 denotes the Fourier transform,

and 6(u,v) is the delta function. Because both (p(x,y) and {q}(x,y) 2 _ a} are real-valued functions

with average values of zero, only the first term in Eq. 4.6 contributes to the electric field at the

origin of the Fourier plane. Both dark field and phase contrast microscopy generate images of

phase objects by spatial filtering of the electric field at the back focal plane. The dark field

microscope totally attenuates the zero order beam while the phase contrast microscope phase

shifts and typically (depending on the objective) attenuates the zero order light relative to the

higher order light. The spatial filtering is accomplished at the origin of the Fourier plane

(located in the back focal plane of the microscope) since this region contains all of the

s
tº
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contribution of the zero order beam. The phase shift and attenuation introduced by the

microscope are represented by multiplying the first term in Eq. 4.6 by the factor T'exp(i9),
where 0 is the phase shift and T (transmittance) describes the attenuation of the zero order

beam. For a dark field microscope, 0 = 0 and T = 0, while for the phase contrast

microscope, 0 = +1/2 and T × 0. Thus the electric field intensity just after passing through

the back focal plane, Eb■ p(u,v) is:

Elº■ u,v) = (1-a/2) 6(u,v) Tº exp(i9) - i.20(x,y)} - 2(4)(x,y) - a 3/2 (4.7)

At the image plane of the microscope, the electric field, E(x,y), is the Fourier transform of the

electric field at the back focal plane:

E(x,y) = 2(Eq.(u,v)}=(1-a/2)T"'coso-■ º (x,y)*-al/2 +i{T"sino (1-a/2) + (x,y)} (4.8)

The light intensity at the image plane, I(x,y), is the square of the modulus of the electric field at

the image plane:

I(x,y) = | E(x,y) |*
= {(1-a)T-aT"'coso} + 2t”sino (1-a/2) (x,y) + [1-T"'cos0}(x,y)* (4.9)

where only terms to second order in Ö(x,y) have been retained to be consistent with the original

approximation (|(}(x,y)| < 1 rad). The integrated intensity, I = I■ I(x,y)axdy, is:

= c (T + (I-T) ■ .■ .o. (x,y)dkdy }
= a + a_{(n-nº Vé4 20."ºrn.) (n, -n) V, ), (4.10)
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where c is an instrumental constant and the constants, on = cT + 0.22 (n"eel-nw), and

a; - c(41°/Wº)(1-T) ■ . ■ h; (x,y)-2h,(x,y)h, + hi...}dxdy, do not depend on relativeavg

cell volume. Eq. 4.10 predicts that the integrated intensity is approximately linearly related to

relative volume (since nw-np < n"eel-nw). The sensitivity of the signal to cell volume changes

depends on the difference in refractive indices of water and the perfusate, as well as cell shape

and intracellular refractive index. Because the volume independent term (o.1) is smaller for

dark field microscopy, the sensitivity should be greater for dark field than for phase contrast

microscopy. The integration of the image intensity is accomplished either optically, by

measuring the total intensity of the light emerging from the microscope, or numerically, by

integrating the pixel intensity of an image.

4.4 Materials and Experimental Procedures
CELL CULTURE AND TISSUE ISOLATION

The following cell lines were grown on 18-mm diameter round coverglasses: MDCK

(ATCC CCL 34), CHO-K1 (UCSF Cell Culture Facility), Sf9 (CRL 1711), CAKI-1 (HTB 46),

BHK (CRL 6281), astrocytes (HTB 12) and A549 (CCL 185). Cells were grown in DME

H21, Ham's F12K, SFM, McCoy's 5a, DME-H21, Leibovitz's L15, and Ham's F12K media,

respectively. All media except SFM were supplemented with 10% fetal calf serum. Cells were

maintained at 37 °C in a 95% air / 5% CO2 incubator, except for Sf9 cells which were grown

at 28 °C in an air incubator. CHO cell clones stably expressing rat AQP2 and AQP5 were

generated by transfection with the rat coding sequence using plasmid pcDNA3, G418 selection,

and clonal analysis as described previously for AQP1 and AQP4 (Ma et al., 1993; Yang et al.,

1996). Primary cultures of human tracheal epithelia obtained from autopsy specimens, SK

MES cells (ATCC HTB 58) and MDCK cells were grown on Cyclopore porous supports (0.45

pum, Falcon)(Yamaya et al., 1992). Cells were generally used when just confluent. Urinary

-
–7º
*o
º

63



bladders from the toad Bufo marinus were dissected, washed and mounted as described

previously (Farinas and Verkman, 1996).

INSTRUMENTATION

Experiments were carried out on a Nikon inverted microscope (Diaphot) equipped with

either a phase contrast condenser (LWD, Nikon) or a dark field condenser (Model 4029,

Leitz). Samples were illuminated with a 50 watt tungsten-halogen lamp powered by a

stabilized DC power supply (Oriel, model 68735). Unless otherwise specified, samples were

illuminated with green light (546 nm) using a broad band interference filter and visualized

using a 20x, DL positive phase objective (Nikon, numerical aperture 0.4). Transmitted light

was collected and focused onto a silicon photodiode (model PDA50, Thor Labs) or a cooled

CCD camera (Photometrics, 14-bit, 512x512 pixels). The photodiode signal (0-1 volts) was

digitized by a 12-bit analog-to-digital converter (Computer Boards, Mansfield, MA) interfaced

to a computer.

Cells grown on coverglasses were perfused in a channel-type flow chamber (Farinas et

al., 1995). Apical and basolateral surfaces of polarized cell grown on porous supports were

perfused using a dual perfusion chamber (Verkman et al., 1992). The same chamber was used

with intact epithelial tissue layers except that pins were used to stretch and stabilize the tissue.

Solution exchange was accomplished using a 4-way valve (Hamilton). Temperature was

controlled using an in-line steel coil immersed in a water bath just proximal to the flow

chamber. Perfusate flow was monitored by an in-line flow meter and temperature was

monitored by a thermistor.

SOLUTIONS AND MEASUREMENT PROTOCOLS

Solutions consisted of PBS (in mM: 137 NaCl, 2.7 KCl, 1.0 KH2PO4, 1.0 Na2HPO4,

pH 7.4, 300 mosmol), hypotonic PBS (PBS diluted with specified amounts of distilled water),

and hypertonic PBS (PBS containing specified concentrations of NaCl or glycerol). For studies
! I -
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in toad urinary bladder, toad Ringer's (in mM: 110 NaCl, 2.5 NaHCO3, 3 KC1, 2 KH2PO4, 1

CaCl2, 5 glucose, pH 7.6, 240 mosmol) was used. In some studies, solutions of specified

osmolarities and refractive indices were prepared using combinations of NaCl, mannitol and

raffinose. Solution refractive indices were measured with an Abbe-3L refractometer (Milton

Roy, Rochester, NY). Measurements generally involved the continuous collection of

transmitted light intensity during cell or tissue perfusion with solutions of specified

composition.

COMPUTATION OF WATER PERMEABILITY FOR CELLS ON GLASS SUPPORTS

Plasma membrane osmotic water permeabilities (Pi) were calculated from the time

course of volume change in response to an osmotic gradient. As seen from Eq. 4.10, the

integrated intensity is approximately proportional to relative cell volume, Vr, [I = c1 + c2Vr,

where cz = AI/(Vrf -1) ). The rate of volume change, dVr/dt, is then related to the rate of

change of intensity, di/dt:

dVI/dt|t–0 = di/dt|t=0 (Vrf-1)/AI (4.11)

where AI is the amplitude of the intensity change and Vrt is the final volume. For cells grown

on glass supports and assuming that cells act as perfect osmometers [[TVr = constant, where II

is the osmolarity], Vrf = TIo/TIf. The value of dI/dt|t–0 was determined by least squares fitting

of the data (Kinfit, Olis, Inc. Jefferson, GA). The initial rate of cell volume change

(dVI/dt|t=0) is given by dVI/dt|t–0 = Pr(S/Vo) vy ATI where S/Vo is the cell surface to volume

ratio and vºw is the molar volume of water. Surface-to-volume ratios were measured by image

reconstruction using confocal microscopy as described previously (Farinas et al., 1995). For

cell layers grown on glass supports, it follows that the water permeability coefficient is Pf = Í/

(S/Vo VW TI■ ) where i = (dL/dt|t–0 /AI) is the rate of signal change normalized to the signal

amplitude.
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COMPUTATION OF WATER PERMEABILITY FOR POLARIZED EPITHELIAL CELLS

In the case of an epithelial cell layer, both the time course of volume change and the

final volume,VIf, are dependent on both the apical and basolateral perfusate osmolarities (IIAp

and IIb), as well as the apical, Pê", and basolateral, P", water permeability coefficients:

dV/dtl–0 = P,"(SIV), v,(II, II, )+ P."(SIV) v.(II,IIb) (4.12)

Vita II,[PA"(S/V.).p-P"(S/V)] / [PA'(S/V.), II, +P*(S/V.) II.] (4.13)

where IIo is the initial cell osmolarity. Because the volume change depends on both apical and

basolateral parameters, two independent measurements are required to calculate Pi" and Pº

from measured intensity changes. Eqs. 4.11, 4.12 and 4.13 can be used to relate the signal to

the permeabilities and relative volume. Three distinct experimental protocols are suitable.

The first protocol uses a gradient of varying magnitude applied at any one of the two

sides. Combining Eqs. 4.11, 4.12 and 4.13 (for a change in apical membrane osmolarity):

in = [PA'(SIV), II, + P."(SIV), II,Iv, (4.14)

A plot of i versus perfusate osmolarity, IIAp, yields a straight line whose slope depends on the

permeability on the cis-side and whose intercept depends on the permeability at the trans-side.

The second protocol uses a gradient applied at each of the two membranes separately.

For each membrane, the normalized rate of signal change is related to the water permeabilities

by Eq. 4.14, giving:

P" =[in II, in II.] / [[II, +II.” (SIV), v.) (4.15)

P" =[I, II, in II.] / [[IIf–II.” (SIV). v.) (4.16)
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where IIb = TIap is the perfusate osmolarity applied at each side.

The third protocol utilizes a measurement of the sum of apical and basolateral

permeabilities with a measurement of the ratio of permeabilities. The sum of permeabilities is

determined by simultaneously changing the perfusate osmolarity on the apical and basolateral

membranes and measuring the normalized rate of signal change. From Eqs. 4.11, 4.12 and

4.13, the sum of the water permeabilities is related to Í:

P"(S/V.), + P."(S/V,) = 1 / (v. II) (4.17)

Since the signal intensity is proportional to the relative volume, Pºp/Pº' is obtained using Eq.

4.13 and a measurement of the signal amplitude after changing the perfusate osmolarity, III, at

the apical and then the basolateral sides (AIap and Albi, respectively):

Pº/P"= 0.5I(r-1)(II/II.) + (II/II.)‘(1-r) + 4r)"*II(S/V.)bl/ [(S/V,), (4.18)

where r = AIap/AIb. Together, Eqs. 4.17 and 4.18 yield the apical and basolateral water

permeability coefficients.

4.5 Results

OSMOTIC WATER TRANSPORT MEASURED BY SPATIAL FILTERING MICROSCOPY

Initial studies were carried out to validate and optimize the measurement of water

permeability in various cell types. Fig. 4.2A shows the time course of transmitted light

intensity through a monolayer of MDCK cells as the perfusate osmolarity is changed. By

bright field microscopy, there was no detectable signal change; however, by either phase

contrast or dark field microscopy, there was a gradual decrease in signal intensity as cell

volume increased in response to a change in perfusate osmolarity from 300 to 150 mosmol.
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The signal was reversed upon return of osmolarity to 300 mosmol and the cycle could be

repeated multiple times (not shown). The signal increased as cell volume decreased in response

to a change in perfusate osmolarity from 300 to 600 mosmol. The time course of integrated

intensity (shown for phase contract microscopy) was temperature dependent (Fig. 4.2B) and in
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Figure 4.2 The integrated intensity in phase contrast or dark field microscopy is dependent on cell
volume. A. The integrated intensity with brightfield, darkfield or phase contrast illumination was
recorded for an MDCK cell layer bathed in solutions of indicated osmolarities at 23 °C. B. The
integrated intensity from a phase contrast microscope was recorded for an MDCK cell layer undergoing
osmotic volume changes at the indicated temperatures. C. The time course of dye solution washout was
used to measure the solution exchange time. D. The phase contrast intensity was measured for the
indicated cell types subjected to the specified osmotic gradients. E. Sf9 cells perfused originally with
PBS (300 mosmol) were swollen in hypotonic PBS (150 mosmol). The cells were then switched to PBS
containing 150 mM glycerol (300 mosmol total osmolarity) and then back to hypotonic PBS.
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agreement with the time course measured for this cell type by TIR microfluorimetry (Farinas

and Verkman, 1996). The activation energy calculated from this data, 12 kcal/mole, is

consistent with non-channel mediated transport of water across the plasma membrane. The

time over which the transmitted light signal changed was much slower than the solution

exchange time shown in Fig. 4.2C. Taken together, these results demonstrate that the phase

contrast and dark field signals are sensitive to relative cell volume. The amplitude of the phase

contrast signal was relatively insensitive to illumination wavelength in the range 500-700 nm

(phase objective optimized for 546 mm) (data not shown).

Fig. 4.2D shows that phase contrast microscopy could be used to study cells of

different shapes and sizes. Signal changes for epithelial cells were generally in the range of 10

20 % for a 2-fold change in cell volume, but somewhat smaller for cells of low height such as

astrocytes. The excellent signal-to-noise ratio for the transmitted light detection (generally P

100:1) permitted measurement of relative cell volume changes as small as 1%. Fig. 4.2E

demonstrates that solute as well as water permeability can be measured by phase contrast

microscopy. After cell swelling in response to hypotonic PBS (decreased signal), addition of

glycerol to the hypotonic PBS produced a rapid increase in signal, due to osmotic water efflux,

followed by a slower decrease in signal as glycerol and water entered the cell. A similar

biphasic response was found after glycerol removal.

Images of CHO cells were acquired using the phase contrast microscope (Fig. 4.3A).

Changing osmolarity from 300 to 600 mosmol caused cell shrinking and a corresponding

increase in the brightness of the cells. Changing perfusate osmolarity from 300 to 150 mosmol

caused cell swelling and a corresponding decrease in integrated pixel intensity. The details of

the change in integrated intensity for individual cells was investigated for Sf-9 cells since they

have a simple, nearly radially-symmetric shape. Images acquired at 400 mosmol show an

increase in intensity of 6% compared to images acquired at 300 mosmol (Fig. 4.3B). The

change in the radial distribution of intensity was calculated for a representative cell (white

arrow in Fig. 4.3B) and is plotted in Fig. 4.3C. The change in intensity occurs throughout the
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Figure 4.3 The integrated intensity of cell images depends on cell volume. Phase contrast images
of CHO cells at 600, 300 and 150 mosmol (A) and Sf9 cells at 300 and 400 mosmol (B). C.) For the cell
marked by an arrow in B, the pixel intensity is plotted as a function of radial distance from the center of
the cell for images acquired at 300 and 400 mosmol.

cell until at large radius the background intensity is reached. It follows that the integrated

intensity can be measured either by collecting light from the full microscope field and focusing

it onto a photodetector, or by integrating the pixel intensity of a recorded image. In the latter

case, it is possible to measure the response of individual cells to osmotic gradients.
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VALIDATION OF THEORY PREDICTIONS

The theory developed above explains how the phase contrast or dark field microscope

produces a volume dependent signal. To validate the theory, testable predictions were

compared with experimental results. Fig. 4.4A shows the dependence of relative signal

intensity on relative cell volume predicted by Eq. 4.10. For a square cell (hmax= 4 um, no=

1.334, ne= 1.366, nw- 1.3323, surface coverage = 50%) in a phase contrast microscope (0=

t/2, A=546 nm, T=0.09) or a dark field microscope (T=0), the integrated intensity is

approximately a linear function of relative cell volume with a slight upward concavity. While

the transmittance of a dark field microscope is 0 and that for a bright field microscope is 1,
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Figure 4.4 Theory predictions. A. The relative intensity as a function of relative cell volume was
calculated using Eq. 4.10 for square cells (height = 4 um, coverage = 50%, np= 1.3341, ncell= 1.366)
viewed with a phase contrast (0=t/2 , A=546 nm, T=0.09) or darkfield microscope (T=0). B. The
signal sensitivity (dL/dVr|Vr=1) as a function of the transmittance of the spatial filter was calculated for
square cells (same parameters as A). The effect of wavelength, A, (C), perfusate refractive index, np.
(D) and cell height (E) was calculated for square cells viewed with a phase contrast microscope (all other
parameters as in A). F. Cell shape, h(x,y) was varied at constant coverage (50 %) and average cell
height (0.5 pum) for a phase contrast microscope (parameters as in A). $quare Jh(x:y); pum if |x| and
|y| <7.07 else h(x,y)=0), circular [h(x,y)= 3pm (1-x"/64-y"/64) if (x +y") < 7.98, else
h(x,y)=0) and right pyramidal cell [h(x,y)= 3pm (1-|x|/10-y|/10) if |x|+|y| < 10, else h(x,y)=0]
shapes were used.
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phase contrast microscopes can have any non-zero value of the transmittance. The sensitivity

of the signal to cell volume changes (dL/dV, Vr-1), increases as the transmittance of the spatial

filter decreases (Fig. 4.4B). As found experimentally, maximum sensitivity is obtained for a

dark field microscope (T=0) while a bright field microscope (T=1) is insensitive. The model

predicts a weak dependence of signal on the wavelength of light (Fig. 4.4C). For a given cell

shape, the model predicts that the sensitivity is approximately proportional to the difference

between refractive indices of the perfusate and water (Fig. 4.4D). Practically, this indicates

that for a given volume change the signal size can be increased by increasing the perfusate

refractive index. As expected, the sensitivity increases for objects with greater cell heights (Fig.

4.4E). The sensitivity differs for different cell shapes (square, circular or pyramidal) having

the same degree of surface coverage (50%) and the same average cell height (0.5 pum) (Fig.

4.4F). Taken together, these computations indicate that the details of the microscope (the

transmittance and wavelength), the cell type (shape and height), and the perfusate composition

(refractive index) affect the sensitivity of the signal to cell volume. However, in all cases a

signal which is approximately linearly proportional to relative cell volume is predicted.

Model predictions were confirmed experimentally using a phase contrast microscope.

Fig. 4.5A shows a calibration of integrated intensity vs. relative cell volume for two cell types,

Sf9 and CHO cells. Relative cell volume was changed by equilibrating the cells with perfusates

of various osmolarities; assuming that cells act as ideal osmometers, the relative cell volume

equals the reciprocal relative perfusate osmolarity. The nearly linear (with slight upward

concavity) data agrees well with the theoretical predictions (Eq. 4.10). As expected from Figs.

4.4E and 4.4F, the taller Sf9 cells show greater sensitivity than the CHO cells. To test the

effect of perfusate osmolarity on signal size, Sf9 cells were subjected to the same osmotic

gradient (300 to 400 mosmol) at two different constant refractive indices (n = 1.3363 for

buffers containing 100 mosmol mannitol, and np = 1.3408 for buffers containing 100 mosmol

raffinose). As predicted in Fig. 4.4D, Fig. 4.5B shows that the signal size increases as the

º
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Figure 4.5 Validation of Model Predictions. A. Dependence of relative signal intensity on
relative cell volume for CHO cells (open circles) and Sf-9 cells (filled squares) are plotted as means #:
SE (n= 4). Fitted second order polynomials are shown. B. Effect of perfusate refractive index on
signal size. Sf9 cells initially at 300 mosmol (containing 100 mM of either mannitol or raffinose with
refractive indices of 1.3363 and 1.3408 respectively) were shrunk in a solution at 400 mosmol
(containing & 100 mM of either mannitol or raffinose with solution refractive indices of 1.3363 and
1.3408 respectively). The use of mannito, yielded a difference in refractive index between perfusate
and water of 0.004, while use of raffinose gave a difference of 0.0085.

perfusate refractive index increases. The signal size increased by a factor of 2.05 + 0.2 (mean

+ SE n=3), which was not significantly different from the predicted value of 1.87 (p-0.25).

CHARACTERIZATION OF AQUAPORIN-EXPRESSING TRANSFECTED CELLS

Water permeability was measured in CHO cells that were stably transfected with

several mammalian aquaporins and grown on glass coverslips. Previously water transport in

CHO cells expressing AQP1 and AQP4 was measured by stopped-flow light scattering (Ma et

al., 1993; Yang et al., 1996); however, it was difficult to obtain accurate permeabilities

because of the cell damage associated with the suspension procedure and cell settling during the

course of the measurement. Representative phase contrast intensity data are shown in Fig.

4.6A for the response of cells to osmotic gradients (300-150-300 mosmol) at 24°C. The rate

of change of intensity was increased - 4-fold in the transfected cells compared to the control

cells. Using Eq. 4.11 and an (S/V)o of 5450 cm." (Ma et al., 1993), water permeability

coefficients were low in control (non-transfected) cells (0.0012 cm/s) and significantly

increased for the CHO cells expressing AQPs 1, 2, 4 and 5 (Fig. 4.6B).
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Figure 4.6 Water permeability in stably transfected CHO cells expressing indicated aquaporins. A.
Time course of phase contrast intensity for control and aquaporin transfected cells upon switching
perfusate osmolarity from 300 to 150 mosmol (first arrow) and back to 300 mosmol (second arrow). B.
Calculated water permeability coefficients for CHO cells (mean + SE n=10).

WATER PERMEABILITY IN EPITHELIAL CELLS

As derived in the Methods, three protocols enable the measurement of individual

permeability coefficients in an epithelial cell layer. Fig. 4.7 shows predictions of the model to

demonstrate several principles. Fig. 4.7A indicates that as the size of the gradient applied at

one side of an epithelium is varied, the amplitude and rate of volume change (and integrated

intensity since signal intensity is proportional to relative cell volume) is altered

(Pº-P"=0.003 cm/s, II,-III-300 mosmol, v, -0.018 1/mole, S/V,-2000 cm', II, as
indicated). Fig. 4.7B shows that the normalized rate of signal change is linearly dependent on

perfusate osmolarity, where the slope depends on the permeability at the cis-side and the

intercept depends on the permeability of the trans-side (first protocol, Eq. 4.14). If a gradient

is applied only to one membrane, Fig. 4.7C shows that the rate of change of volume depends

on the ratio of permeabilities (shown for change at apical side, IIo-IIbi-300 mosmol, TIAp=

200 mosmol, Pº-P"=0.01.1 cm/s, P."/P" as indicated). The half-time for volume change
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course for, an osmotic gradient applied at the apical side (IIo-IIble?00 mosmol, IIap=200 mosmol, * *P;"P+Pf =0.01.1 cm/s, P;"P/Pf as indicated, other parameters as in A). D. Dependence of the º

volume time course on the sum of apical and basolateral water permeabilities after simultaneous 3.

application of a gradiento both membranes (IIo-300 mosmol, Hap=IIble200 mosmol, w=0.018 º,l/mole, S/Vo-2000 cm', P■ "+P■ " as indicated). See text for explanations. *
º

is faster if the gradient is applied to the membrane of lower permeability because less water

flow must occur to reach the steady-state volume. Therefore, measurement of the rate of fº

change of volume after application of a gradient to the apical and then the basolateral R_*.

membrane provides the individual membrane water permeabilities (second protocol, Eqs. 4.15 sº
>

and 4.16). Fig. 4.7C also shows that the total volume change is strongly affected by the ratio

of permeabilities. The volume change is greatest when the osmotic gradient is applied at the

membrane of higher permeability (Pºp"=10). Fig. 4.7D shows that simultaneous

application of a gradient to both membranes results in a change in volume with a rate
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determined by the sum of the individual permeabilities (II,-300 mosmol, II, p=IIM =200

mosmol, S/Vo-2000 cm", P"P+ Pº as indicated). Together, measurements from Figs. 4.7C

and 4.7D yield the individual membrane permeabilities (third protocol, Eqs. 4.17 and 4.18).

To determine the osmotic water permeability of the apical and basolateral membranes

of an epithelial cell layer, MDCK cells were grown on porous supports. Several porous

supports were tested for their optical properties and effective solution exchange when replacing

solutions bathing the basal cell surface (through the support). It was found that the Cyclopore

porous filter (thickness, 11 pum; pore size 0.45 pm) did not interfere with the quality of the

phase contrast signal. Furthermore, since the Pi" and Pº values measured for AQP5

transfected cells grown on the Cyclopore membranes were equal and high (as in Fig. 4.6A), it

was concluded that the filter did not introduce a delay in solution mixing for the dual perfusion

chamber used here (data not shown). Fig. 4.8A shows the time course of phase contrast signal

for swelling and shrinking of MDCK cells by replacement of apical and basolateral perfusates.

Water permeability coefficients at 23 °C were calculated using the three protocols described in

the methods section using measured apical and basolateral surface-to-volume ratios of 2290 cm

' and 2470 cm", respectively. For the first protocol (Eq. 4.14), i values were 0.0296 and

0.0857 s” for changes of 300 to 150 and 300 to 600 mosmol at the apical membrane, and

0.0299 and 0.0564 s” for identical changes at the basolateral membrane. Using Eq. 4.14, the

average permeabilities were P"= 0.0024 + 0.0007 cm/s and P."= 0.0011 + 0.0007 cm/s. The
average ratio of permeabilities was P." P."= 2.2. For the second protocol, i values were

0.0274 and 0.0286 s” for osmolarity changes of 300 to 150 mosmol at the apical and

basolateral membranes respectively, and 0.0604 and 0.0401 s' for osmolarity changes of 300
to 600 mosmol. Using Eqs. 4.15 and 4.16, Pº'- 0.0019 + 0.0003 cm/s and P."= 0.0009 +

0.0004 cm/s. The third protocol described in the methods was used to measure the relative

water permeability coefficients. The ratio of signal changes for apical and basolateral changes

was 1.88 for changes in osmolarity from 300 to 150 mosmol, and 1.59 for changes in

osmolarity from 300 to 600 mosmol. Eq. 4.17 gives a ratio of apical-to-basolateral

|
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permeabilities Pº"P"of 1.94, in agreement with that measured by the first method. The
values obtained by the first protocol were used to compute the predicted transepithelial water

permeability for the apical and basolateral barriers in series, PTE = 0.00075 cm/s, where

[P."(S/V.)TE]" = [P'(SIV), I' + [P"(SIV) l'.
Recent studies have measured the water permeability across the alveolar and small

airway epithelial barriers; however, no information has been available for the trachea and

larger airways. To measure the water permeability of the apical and basolateral membranes of
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Figure 4.8 Water permeability in epithelial cell layers. Time course of phase contrast intensity for
MDCK cells (A) and human tracheal cells (B) upon switching either apical or basolateral perfusate
osmolarity. The response of human tracheal cells derived from normal (top) and cystic fibrosis (bottom)
patients is shown. C. Time course of phase contrast signal intensity for toad urinary bladder epithelium
for indicated changes in basolateral and apical perfusate osmolarities in the absence of vasopressin. D.
Effect of changing apical perfusate osmolarity on toad bladder epithelium stimulated with 50 mu/ml
vasopressin and with the basolateral membrane coated with oil.
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tracheal epithelia, primary cultures of human trachea were grown on porous supports. Fig.

4.8B shows the time course of phase contrast signal for swelling and shrinking of tracheal cells

by replacement of apical and basolateral perfusates. Apical and basolateral surface-to-volume

ratios of 1940 cm' and 1300 cm" were measured. Using the first and second protocols,

average P." and Pº were computed to be 0.0052 cm/s and 0.0039 cm/s at 23 °C, respectively.

The average ratio of permeabilities Pºp/Pºl = 1.3 agrees with that calculated from the third

protocol, Pºp/Pº = 1.4. These values were used to calculate the expected transepithelial water

permeability for the tracheal epithelium, PTF- 0.0022 cm/s. The time course of cell volume

change in tracheal epithelial cells was notably faster than that observed for the MDCK cells.

The time course of phase contrast signal for a primary culture of tracheal epithelial

cells derived from a cystic fibrosis patient is also shown in Fig. 4.8B. Together with the

measured apical and basolateral surface-to-volume ratios of 1770 cm" and 1480 cm", average

P" and P." were computed to be 0.0062 cm/s and 0.0028 cm/s, respectively. For SK-MES
cells, which are a model for lung cystic fibrosis cells, the measured P■ ’ and pº at 23 °C were

0.0018 cm/s and 0.0010 cm/s, respectively.

VASOPRESSIN-REGULATED WATER PERMEABILITY IN TOAD BLADDER

The toad urinary bladder has been studied extensively as a model system for

vasopressin-regulated water permeability in kidney collecting duct. It has been assumed that

water permeability is rate limited at the apical plasma membrane. In order to measure

basolateral and apical membrane water permeability directly, toad urinary bladders were

mounted in a perfusion chamber. Fig. 4.8C shows the time course of integrated signal in

response to a five-fold dilution of basolateral and then apical perfusate in the absence of

vasopressin. A volume-dependent change in intensity was seen for changes in basolateral but

not apical osmolarity due to a low value of Pºp/Pº'. The data can be used to set an upper limit

on AI, JAL * 0.02, which using Eq. 17 gives an upper limit for Pº/P" < 0.07. Because the
basolateral permeability is much greater than the apical permeability, the apical membrane is

sº
sº
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essentially impermeable so that a change in basolateral osmolarity was used with Eq. 4.11 to

calculate P"= 0.036 + 0.007 cm/s at 23 °C. To estimate apical membrane water permeability,

oil was brushed onto the basal surface to prevent volume flow across this membrane. Under

these conditions, toad bladders stimulated with 50 mu/ml of vasopressin showed a change in
asignal as apical perfusate osmolarity was changed (Fig. 4.8D). Eq. 4.11 gives a value of Pi"=

0.025 + 0.009 cm/s at 23 °C. From these results, transepithelial P'"- 0.015 cm/s is

computed for the vasopressin-stimulated toad bladder epithelium.

4.6 Discussion

The goal of this study was to develop a simple, quantitative method to measure plasma

membrane water and solute permeabilities in cell layers for application to cells and tissues

expressing molecular water channels. The motivation for this study was the limitation of

existing methods and the need to make permeability measurements on native and transfected

cell cultures of polarized epithelial cells and intact tissues. Based on the principle that the

optical path length through a cell layer is sensitive to cell volume (Farinas and Verkman,

1996), we predicted that a phase contrast or dark field microscope would generate an integrated

intensity signal that was sensitive to cell volume. The method was effective for permeability

measurements in a wide variety of cells of different size and shape cultured on solid or porous

supports, as well as in intact epithelial sheets. Phase contrast or dark field microscopy enabled

measurement of stable signals with signal-to-noise ratios generally exceeding 100:1. The

theoretical basis of the sensitivity of integrated phase contrast signal to cell volume was

established and model predictions were validated experimentally. The technical simplicity and

high data quality afforded by the phase contrast approach should make it the method of choice

for plasma membrane water and solute permeability measurements in cell layers, as well as for

studies of cell volume regulation.

The instrumentation required to carry out the permeability measurements includes only

a conventional phase contrast or dark field microscope, stabilized monochromatic light source,
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solid-state photodetector, and cell perfusion chamber. Unlike interferometry, high quality

phase contrast signals could be obtained with a conventional, incoherent illumination source,

although use of a more coherent source would theoretically improve contrast. However, laser

speckle pattern would present a potential difficulty. For routine use, an incandescent light

source (tungsten-halogen lamp) with stabilized power supply is recommended because of its

superior stability to arc lamps. The high transmitted signal intensities permitted detection by a

solid state photodiode. When imaging is not required or microscopes are not available or

practical, the method can be implemented by illuminating a cell layer with a laser diode (e.g. a

common red laser pointer) and passing the transmitted light through a lens with a small stop

placed at its focus to attenuate the zero order light. A second lens is used to focus the higher

order beams onto a photodiode. In this way, an inexpensive apparatus could be constructed

which uses the principles of spatial filtering to generate volume-dependent signals. Finally, the

perfusion chamber is an important component of the instrument. The chamber should permit

solution exchange with rapid exchange times, little turbulence to minimize cell trauma, and

clear rigid windows for quantitative microscopy. Single and dual channel flow chambers were

used which were modeled after chambers designed for in vitro perfusion of isolated kidney

tubules. New perfusion chamber designs with millisecond exchange times should permit

measurement of fast transport processes with time resolution comparable to stop-flow mixing

methods.

Model predictions concerning the dependence of the integrated phase contrast signal on

perfusate refractive index were tested experimentally. It was found that the integrated signal

was approximately linearly dependent on the relative cell volume. The sensitivity of the

method was cell type dependent as expected from differences in cell shape and height.

Although excellent signals were obtained for most cell types with the measurement protocol

used here, certain cell types, including LLC-PK1 cells, showed relatively poor sensitivity of

signal to cell volume. For such cases, the sensitivity could be increased by increasing perfusate

refractive index, using a shorter wavelength illumination and dark field microscopy. Since the
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signal amplitudes were generally large and phase contrast microscopes are more common than

dark field microscopes, phase contrast microscopy was used for most of the measurements

reported here. The theory developed to explain the observed intensity changes was based on

diffraction by the whole cell rather than scattering from intracellular structures. Scattering

from intracellular structures could also, in principal, give rise to volume-dependent intensity

changes in spatially filtering microscopes. That this was not the case is shown by the fact that

the sensitivity was increased by increasing the perfusate refractive index. The perfusate

refractive index would not be expected to have any effect on sensitivity if scattering from

intracellular structures gave rise to the observed signals.

For simplicity, the theory was developed with the assumption that cell volume change

does not result in cell shape change. Without this assumption, Eq. 4.10 must be modified by

adding a cell volume-dependent shape dependence to O2: O2' = f(shape,VI). In general, this

dependence can be quite complex but mathematically it can be treated as a Taylor's series

expansion: 0.2' = 0.2 [1 +a1(Vr-1) + az (V-1)* +...], where a■ are the coefficients of the

Taylor's series. The form of the dependence in Eq. 4.10 remains unchanged if the higher

order coefficients of the Taylor's series expansion are small (i.e. a = 0 for j-2). As for the

case of constant cell shape, the signal is approximately linearly dependent on cell volume and

increases as the difference in the refractive index of the perfusate increases. However, the

sensitivity of the method now depends not only on the details of cell shape but also on the

details of cell shape change. Since the experimental results (Fig. 4.5) show a nearly linear

dependence of signal on cell volume, the assumption that a = 0 for j-2 is justified. Therefore,

while the precise manner in which cell shape changes affects the sensitivity of the method, the

general dependence of the signal on cell volume is still expected to be approximately linear.

The phase contrast method was applied to measure water permeability in CHO cells

that were stably transfected with cloned mammalian aquaporins. Stably transfected cell lines

were established previously for the erythrocyte water channel (AQP1, Ma et al., 1993) and the

mercurial insensitive water channel (AQP4, Yang et al., 1996). In those studies, quantitative
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measurement of plasma membrane water permeability required cell fractionation and water

permeability measurement by stop-flow light scattering because of difficulties associated with

light scattering and settling of suspended intact CHO cells. The results here show very high

water permeability in the CHO cells expressing AQPs 1 and 4. Transfected CHO cells

expressing the vasopressin-sensitive water channel AQP2 and the lung/gland water channel

AQP5 were established here and showed a similar increase in water permeability compared to

control cells. Interestingly, CHO cells expressed AQP2 constitutively at the plasma membrane

in the absence of vasopressin, which is different from the results found for LLC-PK1 (Katsura

et al., 1995) and CD8 epithelial cell lines (Valenti et al., 1996). This finding raises the

possibility that epithelial cells posses factors that participate in the targeting of AQP2-containing

vesicles.

A second application of the phase-contrast method was the analysis of water transport

in epithelial cell layers. Several protocols were developed for measurement of the water

permeability of the apical and basolateral membranes. The measurement could be made either

by applying an osmotic gradient at each side of the epithelium or by varying the magnitude of

the gradient applied at a single side. A third protocol could in principle be used to measure the

permeabilities, but it is technically difficult because simultaneous application of a gradient to

the basolateral and apical surfaces is required. The third protocol is best used to measure the

relative permeability values. When applied to MDCK cell layers, low water permeabilities

were obtained for the apical and basolateral membranes, with that for the apical membrane

higher than that for the basolateral membrane. The different protocols yielded similar

permeability values. Previous measurement of transepithelial water permeability for MDCK

cysts gave a value of 0.00068 cm/s (Mangoo-Karim and Grantham, 1991), which is similar to

that of 0.00075 cm/s predicted here from the measurements of the individual plasma membrane

permeabilities. Recently, Timbs and Spring (1996) have measured plasma membrane water

permeability of MDCK cells at 37 °C and found Pº and P." to be 0.0011 cm/s and 0.0014

cm/s respectively. The lower time resolution and the presence of unstirred layers in series with
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the basolateral membrane in their measurement may explain the somewhat lower values than

those found in the present study.

The plasma membrane water permeabilities have been calculated using the nominal

surface area of the cells without accounting for infoldings. This is the current practice in the

field (Timbs and Spring, 1996; Tripathi and Boulpaep, 1989). The calculated permeability

values thus represent an upper bound to the actual permeabilities since invaginations can

increase the surface area by 3–5 fold. Cell volume and nominal surface areas were measured by

confocal microscopy of fluorescently labeled cells. The results of this method were in

agreement with values obtained by interference microscopy (Farinas and Verkman, 1996).

The water permeability of individual plasma membranes in tracheal epithelia was

measured using primary cultures of human tracheal epithelial cells cultured on porous supports.

Immunolocalization studies show that the molecular water channels AQP3 and AQP4 are

expressed at the basolateral membrane of tracheal epithelial cells (Frigeri et al., 1995).

Elsewhere in lung, AQP4 is expressed throughout small airways (Frigeri et al., 1995) and

aquaporins 1 and 5 in alveoli (Hasegawa et al., 1994; Raina et al., 1995). Functional studies in

intact lung (Carter et al., 1996) and isolated microperfused airways (Folkesson et al., 1996)

have shown high water permeabilities and evidence of molecular water channels. No

information has been available on the water permeability of tracheal epithelia. P.” and P."
values determined here were 0.0052 and 0.0039 cm/s at 23 °C, respectively. The water

permeability of the basolateral membrane supports the prediction of a high Pf based on the

presence of water channels at this site. The high water permeability of the apical membrane

and the fact that no known water channels have been localized to this membrane suggest that an

as yet unidentified water channel may be expressed. The expected transepithelial water

permeability for the tracheal epithelium, PTF- 0.0022 cm/s, was 3-fold higher than that for

the MDCK cell layer.

Previous measurements on epithelia including mammalian and amphibian proximal

tubule and gallbladder gave a ratio of apical to basolateral water permeability less than one
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(Tripathi and Boulpaep, 1989). Our results represent the first measurements of water

permeability of individual plasma membranes in several types of non-leaky epithelia. The

results show that the water permeability of the apical membrane is higher than that of the

basolateral membrane. This was found for tracheal cells as well as SK-MES cells. The high

apical membrane water permeability of tracheal cells may be of physiological importance since

it would facilitate the rapid equilibration of the water content of the thin mucus layer in contact

with the apical membrane of the tracheal cells. The high water permeability of the apical

membrane couples the mucosal extracellular volume to the cell volume, thereby slowing any

changes in the mucus water content. The calculated transepithelial water permeability of this

tissue is sufficiently high so that water permeability does not limit the rate of water secretion or

reabsorption (Novotny and Jakobsson, 1996). The water permeability of epithelial cells

derived from normal and cystic fibrosis patients was similar. As anticipated, the abnormal

hydration of mucus in cystic fibrosis patients is not caused by reduced water permeability.

The method was also applied to measure water permeability in intact epithelial tissues.

The basolateral membrane osmotic water permeability of toad urinary bladder was measured

for the first time. In the unstimulated bladder, the basolateral permeability, P’ = 0.036 cm/s,
was > 14-fold higher than the apical permeability. The measured P." value of 0.025 cm/s for

the vasopressin-stimulated bladder is consistent with the value of 0.04 cm/s for a forskolin

stimulated bladder measured by interferometry (Farinas and Verkman, 1996). The calculated

value of the transepithelial water permeability PTF- 0.015 cm/s for the stimulated bladder is

comparable to values measured gravimetrically: 0.023 cm/s (Levine and Kachadorian, 1981)

and 0.028 cm/s (Shi et al., 1990). The high basolateral Pf is consistent with the notion that the

apical membrane is the predominant barrier to water flow even under conditions of vasopressin

stimulation.

Taken together, the results establish light microscopy with spatial filtering as a

technically simple and accurate method for measuring osmotic water permeability in cell layers.
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The method provided the first measurement of apical and basolateral plasma membranes for

human tracheal epithelial cell lines grown on porous supports and for the toad urinary bladder.

*

ºº

3. I
~,

85



Chapter 5 Summary

5.1 Summary of Results

The aquaporins are a family of integral membrane proteins which have been cloned and

shown to act as water channels. Elucidation of the physiological roles and details of their

molecular mechanisms require the measurement of osmotic water permeability in cell layers.

Optical methods were developed in Chapters 2-4 to measure osmotic water permeability in cell

layers. Plasma membrane water permeability can be measured from the time course of cell

volume change in response to osmotic gradients. The three methods which were developed are

based on the generation of an optical signal which depends on the relative volume of cells. Since

the concentration of a cytosolic solute is inversely proportional to cell volume, an optical signal

which depends on the solute concentration generates a signal which is cell volume dependent.

The first method used TIR microfluorimetry to measure the fluorescence of a cytosolic

fluorophore from a thin, basal region of cytoplasm. Because the total number of fluorophores in

a cell is constant, illumination of a thin slice of cytoplasm results in a fluorescence signal which

is proportional to fluorophore concentration. The second method used interferometry to measure

volume dependent changes in optical path length caused by changes in cell volume. The optical

path length depends on cell refractive index which in turn is proportional to the concentration of

cytoplasmic solutes. The third method used spatial filtering microscopy to take advantage of cell

volume dependent changes in cell refractive index. In all cases, the fast data acquisition rate

obtained by use of an optical signal allowed measurement of water permeability of cells

containing water channels.

The methods were applied to characterize monolayers of transfected cells which

expressed water channels, epithelial cells grown on porous supports and intact epithelia. A cell

culture model of the differential trafficking of AQP1 and AQP2 was validated by demonstrating

that functional AQP2 was delivered from intracellular stores to the plasma membrane in

response to vasopressin. Measurements on toad bladder epithelia confirmed the assumptions of
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the membrane shuttle hypothesis. The basolateral membrane osmotic water permeability was

constitutively high while the apical membrane water permeability was low in the absence of

vasopressin. Measurements of osmotic water permeability were made in primary cultures of

tracheal epithelial cells. The water permeability was consistent with the role of these cells in

maintaining the mucus layer properly hydrated. In contrast to findings in leaky epithelia, the

apical membrane had a higher water permeability than the basolateral membrane.

5.2 Evaluation of the Methods

The TIR fluorescence method has distinct advantages over light scattering (Fischbarget

al., 1989; Echevarria et al., 1992), particle tracking (Kao et al., 1994), and cell shape

reconstruction (Strange and Spring, 1987) methods in terms of simplicity, the ability to interpret

the optical data quantitatively, and the lack of restrictions on cell geometry. Although the

measurement of cytoplasmic fluorophore concentration by confocal microscopy would in

principal have similar advantages, the TIR fluorescence method is associated with a considerably

smaller effective depth of focus (TIR-150 nm vs. confocal microscopy-500 nm), making TIR

measurements relatively insensitive to cell geometry. Furthermore, confocal microscopy

requires illumination of the whole cytoplasm, leading to dye photobleaching and extensive

baseline correction. In contrast, with TIR illumination only a small fraction of the highly mobile

dye in the cell cytoplasm is illuminated so that photobleaching is not a concern.

The phase contrast method offers considerable advantages over existing methods to

measure plasma membrane transport processes in cell layers in terms of technical simplicity

and data quality. Interference microscopy (Farinas and Verkman, 1996) provides information

about cell shape and absolute cell volume which are not obtainable by phase contrast

microscopy. However, unlike TIR, phase contrast microscopy permits measurements on non

adherent cell layers, and unlike interference microscopy, signal detection in phase contrast

microscopy is not sensitive to small temperature gradients, air currents, or variations in the

fluid layer thickness of the perfusion chamber. Light intensity signals from phase contrast

Q
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microscopy can be related to cell volume by use of a calibration procedure as in Fig. 4.4, and

the theory (Eq. 4.10) predicts the functional form of the phase signal vs. cell volume relation.

The method shares with the light scattering method (Echevaria and Verkman, 1992; Fischbarg

et al. 1993, McManus et al. 1993) the diffraction phenomena to generate an optical, volume

dependent signal. However, compared to light scattering methods, phase contrast microscopy

has distinct advantages in terms of applicability to cells of arbitrary shape and size, and the

ability to study individual cells by image detection, as well as a rigorous theory which predicts

the magnitude and sign of the observed signal changes.

As in interferometry, the theoretical basis for the dependence of integrated intensity on

cell volume involves volume dependent changes in the optical path length through the cells.

No extrinsic probe is required; instead cell volume-dependent changes in intracellular refractive

index are used. In interferometry, the optical path length changes are recorded as differences

in intensity of interfering reference and sample light beams. In phase contrast and dark field

microscopy, the optical path length changes are recorded as differences in integrated intensity

due to spatial filtering of the electric field perturbation introduced by the object.

5.3 Future Directions

The methods developed should aid in the determination of the physiological role of

water channels. Recently, an AQP4 knock-out mouse has been generated (Ma et al., 1997).

Comparison of water permeability in tissues of the knock-out and wild type mice should

establish the role of this water channel in water transport. The relative single channel water

permeability of each water channel is now known (Yang and Verkman, 1997) Together with

measurements of the density of water channels and water permeability, it can be determined

whether water channels can quantitatively account for water permeability of an epithelia. The

methods are not limited to measurement of water permeability but have obvious extension to

measurement of solute permeability and of volume regulatory mechanisms. Spatial filtering

microscopy is especially well suited to studying volume regulatory mechanisms. The good
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sensitivity, ease of use and the ability to easily measure ion concentrations in parallel should

prove very useful.

The approaches described in this work have extensions to the measurement of water

permeability in other systems. For example, the TIR method measures fluorescence from a thin

(relative to the cell) slice of cytoplasm to quantify the flow of water into or out of the cell. A

similar concept was used to measure alveolar water permeability in the intact, perfused mouse

lung (Carter et al., 1996). The alveoli were filled with a solution containing a fluorophore. The

fluorescence from a thin (<100 pum) layer of the lung was collected from the surface of the lung.

Applying an alveolar-to-capillary osmotic gradient caused the net flow of water between the

alveoli and the capillary space. The corresponding changes in fluorophore concentration were

then measured as changes in fluorescence intensity. In this way, the rate of water transport was

measured and the water permeability coefficient calculated. Alternative optical configurations

for specialized applications are possible. For studies of cell volume in intact tissues in vivo or

microdissected in vitro, TIR illumination and detection can be accomplished by a denuded

optical fiber coupled to an illumination/detection system by an objective lens and dichroic beam

splitter.

While water channels were originally identified in animals, recently a large number of

aquaporins have been cloned from plants (Christpeels et al. 1996). Water channels in plants are

thought to facilitate the transport of water throughout the tissues of a plant. Interestingly, some

carnivorous plants are thought to spring their traps by rapidly changing the turgor of specialized

cells by dramatically altering the plasma membrane water permeability. The spatial filtering

microscopy method could be applied to measure water permeability in plant cells. These

measurements should define the role of water channels in fluid transport in plants.
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