AUTOMATED K* SCANNING MICROELECTRODE ANALYSIS



Automated Scanning Microelectrode Analysis of Epithelial
K* Transport in Malpighian Tubules of Drosophila
melanogaster: Evidence for Spatial and Temporal
Heterogeneity

By

Mark R. Rheault, B.Sc.

A Thesis
Submitted to the School of Graduate Studies
in partial Fulfillment of the Requirements

for the Degree
Master of Science

McMaster University
Hamilton, Ontario

© Mark R. Rheault, September 1999



MASTER OF SCIIENCE (1999) McMaster University
(Biology) Hamilton, Ontario

TITLE: Automated Scanning Microelectrode Analysis of Epithlial K*
Transport in Malpighian tubules of Drosophila melanogaster:
Eviclence for Spatial and Temporal Heterogeneity

AUTHOR: MarkR. Rheault, B.Sc. (McMaster University)

SUPERVISORS: Dr. M.J. O’Donnell, Dr. C.A. Nurse

NUMBER OF PAGES: xi, 189

ii



ABSTRACT

Malpighian (renal) tubules of the fruit fly Drosophila melanogaster consist of
three functional domains: a non-secretory distal segment, a secretory main segment
and a reabsorptive lower segment. In this study a computer-controlled
micropositioning system and a self-referencing K* microelectrode were used to
measure K* concentration gradients of extracellular unstirred layers associated with
specific epithelial domains. K* fluxes were calculated from the measured gradients.
This is the first time: that an accurate assessment of the concentration gradients of the
unstirred layer of Drosophila melanogaster could be assessed due to the enhanced
sensitivity of this self-referencing technique over conventional ion-selective
microelectrodes. The technique permits high resolution spatial and temporal mapping
of the flux patterns in response to stimulation or inhibition of ion transport. Variations
in K transport over time and at different sites suggest that transport is non-uniform

within any one functional domain.
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CHAPTER 1: Methods for Analysis of Ionic Composition of
Extracellular Fluids: General Introduction

Insect Malpighian Tubules

Insects occupy almost every niche of the global environment. Environmental
stresses placed on insects requires that they be able to maintain their internal
environments and body fluid composition within a narrow range for proper biological
function. This regulation is primarily accomplished through the excretory system or
more specifically the Malpighian Tubules (MT) and hindgut of the insect. Specific
systems for the active transport of ions are believed to be the driving force for fluid
secretion. Movement of water is believed to be a secondary and passive osmotic
consequence of active ion transport. Secreted fluid is then processed and modified by
specialized downstream segments of the Malpighian tubules. Phytophagous insects
such as Drosophila melanogaster secrete a urine rich in KCl while blood feeding
insects such as Rhodnius prolixus secrete a urine rich in NaCl. As a consequence the
Malpighian tubules present themselves as very complex regulatory machinery in a

simple single layered epithelium which is easily accessible for study.



Many methods have been developed that are amenable to the analysis of
Malpighian tubule ion transport. This chapter will highlight some of those methods

along with their advantages and disadvantages to this field of study.

Ramsay Assay

The most common method for analysis of secreted fluid was developed by Ramsay
(1952). 1In this technique tubules secrete a volume of fluid if the blind end of the
tubule is placed in a droplet of physiological saline under paraffin oil. The open end of
the tubule or ureter is pulled out in the oil and is held by wrapping it on a pin or by
holding it in a block of Sylgard ( Fig 1.1). Droplet diameters are measured with an
eyepiece micrometer and droplet volume ( in nL) is calculated using the standard
formula for the volume of a sphere. Secretion rate is then calculated by dividing
droplet volume by the time over which the droplet was formed.

Ion flux rates ( pmol/min) can be calculated if the ion concentration in the
droplet is known. Ion flux rates are given by multiplying the droplet concentration (
mol. I'') by the secretion rate ( nl.min™"). O’Donnell and Maddrell (1995) calculated the
flux rates of unstimulated Drosophila Malpighian tubules in this manner. They
concluded that K" influx into the main segment was 67 + 14 pmol.min”, which was
significantly greater than the value for fluid leaving the whole tubule, 40.5 *+ 11
pmol.min”, resulting in a recovery rate of K* by the lower tubule of about 26

pmol.min™.



Fig. 1.1

The Ramsay Assay ( 1952):

Isolated insect Malpighian tubules are positioned in bathing saline droplets under
paraffin oil. The arrangement seen here is the common assay used for Drosophila
melanogaster tubules in which one tubule is bathed in the saline while the other tubule
is wrapped around a steel pin. Secreted fluid emerging from the opening of the ureter

is collected at predetermined time intervals for analysis.



pIn|4 pajeioss pIn|4 pajos|jo) prebiAs

/ |
uld |991S aules buiyleq
a|ngn uelybidie

10 uleled



This is a powerful technique because it requires very little equipment and expense, as
well as being relatively easy to learn. This technique also lends itself well to the study
of the effects of pharmacological agents on fluid secretion, simply by adding the
appropriate concentration of the agent to the physiological saline bathing the tubule.
An additional advantage of this experimental preparation over flat sheet epithelium
studies is that only the saline bathing the basolateral side of the epithelium needs to be
maintained. In addition secreted fluid can be collected over time to determine secretion
rate and ion fluxes in a very simple manner. In contrast the determination of ion
movement in flat sheet epithleiums requires the extensive and labour intensive use of

radioactively labelled ions in an Ussing chamber setup.

Analysis of Secreted Fluid Ion Composition
Many methods have been used over the years for the analysis of ion
concentrations of the secreted fluid. Some of the more common methods will be

discussed here.

Flame Photometry

Flame photometry allows for the quantitative analysis of alkali metals (Na®, K")
in aqueous solutions. This technique quantifies the alkali metal by measurement of a
characteristic light emitted when a solution of the metal is atomized into a gas flame.

The characteristic radiation is isolated by passage through filters and an electrical



impulse is produced when the filtered light strikes a photosensitive element. The
magnitude of this electrical impulse is related to the quantity of the alkali metal present
in the aqueous solution. Ramsay (1950) and Ramsay et al. (1952), and Maddrell and
Phillips (1975) successfully used flame photometry to determine alkali metal
concentrations in MT secreted fluid. This method of analysis is advantageous because
it is relatively inexpensive and requires very little preparation of the collected fluid for
analysis. In this case the fluid containing the alkali metal is atomized and any organic
material is simply burned away in the flame.

There are several disadvantages to flame photometry. The rate of atomization
of the sample into the instrument is quite fast (5 - 10 ml.min™"),and only 10% of the
aspirated solution reaches the flame ( Brodie, 1982), therefore large volumes of the
sample are required for accurate measurements (~1-5 mL). Unfortunately Malpighian
tubules secrete fluid at rates on the order of nl.min”, requiring that an appropriate
sample volume be collected from a pooled sample of tubules. Another disadvantage is
that the system can only detect alkali metals whose flame spectra have available filters.
There is also the possibility that foreign substances (salts, organic molecules) may alter
the amount of light emitted resulting in an over or underestimation of the alkali metal

in the aqueous sample.



Atomic Absorption

The development of absorption flame photometry, more commonly called
Atomic Absorption (A.A)) came as a direct result of the advancement of flame
photometry. In this case the flame is used as a medium for absorbing radiation rather
than as a source of excitation of emission. Atomic absorption is, “ based on the
measurement of the absorption produced in a beam of radiation of suitable wavelength
proceeding from an emitting source of constant intensity, by a medium composed of
atoms of the element to be determined” ( Ramirez-Munoz, 1968). The amount of light
absorbed increases directly with the concentration of the absorbing medium within the
sample solution. The system emits a spectrum characteristic of the element to be
measured. An aerosol of the unknown is injected and a series of monochromatic filters
and photodetection system measure the atomic absorbance ( Ramirez-Munoz, 1968).
Specific absorption spectra are within a range of 1800 - 9000 A, and only elements
with absorption spectra within this range can be detected by this method. The
absorption of a given element to be measured must therefore be measured at a
wavelength corresponding to the peak of its respective reabsorption line. Atomic
absorption spectroscopy has been successfully used to measure Ca*?>, Mg'?, Na*, and
K" content in tissue, water, and biological fluid samples ( Shephard and McWilliams,
1989 ; Hwang et al. 1994; Wessing et al. 1993).

The advantages of atomic absorption are: the absorption process is

independent of the excitation potential, making the analysis of concentration of alkali



metals far more accurate than emission spectrophotometry; A.A. systems are highly
sensitive and relatively easy to operate, and can detect elements in the p.p.m. or p.p.b.
range, allowing the use of smaller sample volumes. Also A A. is almost free of spectral
interference that is common in other emission methods.

There are however disadvantages to the use of atomic absorbance
spectrophotometry. The range of sample concentrations of a given element measurable
by A A. is smaller than that of emission spectrophotometry. Also, some of the
absorption lines for certain elements are in the ultraviolet region of the spectrum,
outside the detectable spectrum of the A.A.

The main difference between emission spectrophotometry and atomic
absorbance is that the former uses the flame to excite atoms and measure their emitted
light as the atoms return to their ground state, whereas A .A. measures the absorbance
of energy of the ground state atom. Whichever method is chosen depends largely on
the elements being measured, the type of sample, the sensitivity required and the
quantity of the sample. For measurement of alkali cations in the secreted fluid of MTs
A.A. would be the appropriate choice largely due to the quantity of the sample

produced by the fluid secretion assay.



Graphite Furnace

A related method of atomization for absorption measurements commonly used
is the Graphite furnace. In this system the first thing to happen is the sample undergoes
a drying stage during which the solvent is removed from the sample. An ashing stage
then occurs which removes organic or inorganic material. The final stage is an
atomization stage in which free atoms are generated within the confines of the graphite
tube. The absorption signal produced in the atomization stage corresponds to a
specific elemental peak whose height can be related to the amount of the element of
interest present. It is most commonly used for the detection of trace metal elements
such as nickel, copper, cadmium, and lead ( Brodie 1982). Shalmi ef al. (1994) used a
graphite furnace to quantify the handling of lithium, sodium, and potassium along the
proximal convoluted tubule of the anesthetized rat.

Advantages of the graphite furnace include the fact that it is ~100 times more
sensitive than conventional flame methods. As well the “flameless” atomization
virtually eliminates sample wastage allowing for very small sample volumes to be used
( ~5 - 10 pL) ( Brodie 1982). However, the graphite furnace is not recommended
when the sample is already in a liquid form and the concentration of the element in
question permits a simple analysis by conventional flame techniques. Additionally the
time to analyze samples in the graphite furnace is on the order of a ~2 minutes per

sample while flame photometry is much faster ~20 seconds.
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Radioisotopes

Radioisotopes decay with emission of alpha or beta particles or gamma rays.
The maximum energy emitted by each of these rays or particles is different and is
specific for any given element. Alpha and beta particles are quantified using a liquid
scintillation counter. In this method an organic scintillant ( e.g. toluene) in close
contact with a radioactive sample can absorb the radiation energy of the sample and
re-emit the absorbed energy as a photon of light. The energy absorbed from the
radioactive sample by the toluene is re-emitted in the ultraviolet or visible spectrum
range. Photomultiplier tubes sensitive to these specific wavelengths can then detect
and quantify the photons of light emitted. The greater the energy of the emitted
radiation ray, the greater the number of photons of light that are detected by the
photomultiplier. The scintillation counter’s electronic circuitry registers an electrical
event that corresponds to the detection of each photon interacting with the
photomultiplier. These electrical events are continuously averaged and displayed as
counts per minute.

Analysis of Malpighian tubule secreted fluid ion concentration has been done
previously ( Maddrell 1978) In this case the lumen directed K* flux was measured
using radioactively labeled “’K* in both unstimulated and 5-hydroxytrptamine
stimulated tubules.

Radioisotopic labeling detects elements in their ionic form as well as

complexed forms ( proteins, organic acids, etc.). A major disadvantage of this method
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is the hazards that come with the handling and exposure to radioactive materials. The
expense of the scintillation fluid and the time (1-15 minutes) required for sample

analysis are major disadvantages.

X-ray microanalysis

X-ray microanalysis makes use of the fact that atoms struck by electrons from
an external source yield x-rays which are characteristic of that element. Consequently,
the x-rays can be used to identify and quantify the elements present. Suitable detectors,
placed close to the specimen, collect the x-rays and the information obtained is
displayed for immediate interpretation of the sample composition.

There are two distinct methods for the collection and counting of x-rays
leaving an electron irradiated sample; Wavelength dispersal spectrosocopy (WDS) and
Energy dispersal spectroscopy (EDS). WDS was the original method and is currently
the method of choice for the analysis of specimens in the scanning electron
microscope. EDS is the conventional method of analysis in TEM ( Morgan 1985).
These two types of x-ray microanalysis can be distinguished from each other by the
detector system used to collect and quantify the x-rays.

Wavelength dispersal analysis utilizes a crystal lattice detector and quantifies
the x-rays based on their wave characteristics. In this method electron bombardment of
various elements in the specimen emit x-rays with a range of wavelengths. These

various x-rays leave the specimen as a group of different wavelengths which then hit
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the crystal lattice detector. The crystal lattice has a specific spacing that accepts only a
small portion of the emitted wavelengths. These x-rays are then refracted into the
detector for quantification. The fraction of the x-ray population that is refracted
depends on the principle of diffraction. Only one particular wavelength (A) is strongly
reflected at a given angle of the crystal lattice to the exclusion of all others. This
principle is based on Bragg’s Law ( Chandler 1977):
nA=2d sin6

where n is an integer, A is the wavelength of the x-rays which are precisely diffracted,
d is the lattice spacing of the particular planes in the crystal giving rise to the diffracted
beam, and O is the angle of incidence ( and of reflection) of the x-rays arriving at the
crystal. The wavelength of an x-ray is inversely proportional to its energy. Some
advantages of WDS are that the crystal detectors have good energy resolution (
typically ranging from 1-10 eV), and a tolerance for very high count rates ( ~ 500 000
cps) compared to solid state detectors of EDS. However the major disadvantage of
this method is that analysis is restricted to only one element in the sample at any one
time. Analysis of multiple elements in a sample is difficult because repeated exposure
to a high energy electron beam may damage biological samples.

Frequently an analysis of multiple elements in a sample is required. The EDS (
solid state) detector permits the simultaneous display of all the collected x-rays during
a single exposure period. This detector consists of a silicon wafer located between two

metal electrodes across which voltage is applied. A layer of lithium is diffused into a
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silicon crystal forming a semi-conductor. The detector crystal is kept under high
vacuum and at liquid nitrogen temperatures. X-rays entering the detector through a
thin beryllium window create electron hole pairs within the detector. “ The number of
these ion pairs is proportional to the X-ray energy and is equal to the ratio of the x-ray
energy and the energy required to create a pair” ( Chandler 1977). The detector is
connected to a pre-amplifier and pulse processor to filter out background noise. The
output voltage pulse is then further amplified and passed into a multi-channel analyzer
which sorts the pulses from the amplifier based on pulse amplitudes. These channels
can then be expressed as a complete elemental spectrum of the electron-irradiated
sample. The most obvious advantage to this type of solid state detector is that a multi-
elemental analysis of a sample can be done with a single exposure of the sample to the
electron beam. Another advantage is the ease of use of this system, because it does not
require the researcher to rotate the detector through a range of angles to find the peak
wavelength amplitude. The disadvantage to this method is that it does not give as
accurate an estimate of elemental composition with regard to each individual element
as does Wavelength dispersal analysis.

X-ray microanalysis has been used previously for analysis of secreted fluid ion
composition. It is important to remember here that x-ray microanalysis does elemental
analysis, and not ion analysis. Therefore, this method of study also takes into account
any element which is precipitated as an organic or inorganic salt or complexed with a

protein or organic substrate, etc., that may be in the secreted fluid. Van Kerhove et al.
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(1989) working on Formica Malpighian tubules, set up the tubules following the
Ramsay method ( Ramsay 1952) previously described in this chapter. Secreted fluid
was collected at predetermined time intervals in a glass pipette sealed with paraffin oil.
These samples could be analyzed immediately or could be kept in a glass capillary tube
between two columns of oil, shock frozen in liquid nitrogen and then stored for
subsequent analysis ( Van Eekelen et al., 1980; Van Kerhove ef al., 1989). Liquid
propane cryofixed samples of both tissue and haemolymph could then be sectioned (
Wessing ef al., 1993 ; Wessing and Zierold, 1993), or placed on a dry nickel grid and
then flash evaporated ( Quinton, 1979; Van Kerhove ef al, 1989). Flash evaporation is
important because it minimizes crystal formation in the sample. Once the sample
preparation was done it is mounted in a standard TEM or ESEM system with an x-ray
detector for quantitative analysis of its elemental composition. Marshall ef al. (1993)
analyzed the ion content of secreted fluid of the Black field cricket using x-ray
microanalysis.
Ton selective microelectrodes

Ion selective microelectrodes (ISMEs) are commonly used for measuring
specific ion activity for analysis of intracellular and extracellular ion concentrations (
e.g. K', CI' Haley et al,, 1997, pH, Ca'? K', Na* O’Donnell ef al, 1996; Maddrell et
al., 1993). Liquid membrane ISMEs are commonly fabricated from borosilicate glass
micropipettes. These micropipettes are pulled to small tip diameters ( < 1 um) using a

single stage vertical puller and then are broken back to larger tip diameters to decrease
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their resistance. After pulling, and prior to the filling stage the micropipettes are made
hydrophobic by exposing the acid treated and dried pipettes to dimethlyamine
trimethysilane for 10-15 minutes at ~250 °C (Deyhimi and Coles, 1982). Silanization is
a very important step because it makes the glass hydrophobic, thereby retaining the
organic cocktail in the tip when the electrode is place in an aqueous solution. Without
silanization aqeous solution enter into the microelectrode tip. Silanization also has
another advantage. The hydrophobic barrier prevents short circuiting of the potential
across the liquid membrane. Without this hydrophobic barrier the hydration of the
glass would provide a lower resistance pathway along the inner surface of the
electrode.

The electrodes are made ion selective by filling the tip with an organic cocktail
containing an ion selective ionophore. In neutral carrier ionophores the neutral carrier
acts as a shuttle, transporting ions across the interface between the liquid membrane
and the external solution. A neutral carrier ionophore is composed of a carrier
molecule (often an antibiotic) which determines the ionophores selectivity and a
plasticizer agent that enhances the stability of the ionophore column and increases its
resistivity (Ammann, 1986).

Once the ionophore is placed in the tip of the electrode the rest of the electrode
is backfilled with an appropriate electrolyte (0.5 mol I' KCl for K'- sensitive
microelectrodes). An AgCl coated silver wire is placed in the electrolyte filling

solution and connected to a high impedance electrometer (Fig 1.2). Potential
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differences can then be monitored and recorded as the ion distribution across the liquid
membrane interface changes (Vaughan-Jones and Aickin, 1988). The potential
measured by the microelectrode is due to the charge separation created across the
sample solution/ionophore interface (see Ea, Fig 1.3). The potential registered by the
electrometer is actually the addition of separate potentials at two aqueous interfaces
(Ep). The first being the sample solution / ionophore interface (E,) and the second
being the ionophore / backfill solution interface (Eg). However the potential of Eg
essentially remains constant so the changes observed in the voltage are due to the
potential changes across the sample solution / ionophore interface. It is important to
realize that the ion being measured is not transported across the whole length of the
ionophore column. The ion in question is carried by the neutral carrier across the
sample solution / ionophore interface, and very few ions actually have to move to
cause a distinct charge separation and measurable potential change. This is also
important because it means that the ionophore does not alter the concentration of the
ion in the sample solution. Potential differences are then converted into concentrations
using the following equation:
[ion]ysL or [ion]p.s = [ion]cy *10(AV/S)
(Eql.1)

where: [ion]uyst, or [ion]p.u is the concentration of the ion in the unstirred layer or
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Fig 1.2

Schematic diagram representing a standard ISME filled with ion-selective ionophore
and backfillea with an electrolyte solution (left), and a reference electrode (right) both

with a AgCl coated silver wire connected to a high impedance electrometer.
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bathing saline ( mmolI™), [ion].: is the corresponding concentration in the calibration
solution AV is the change in electrical potential ( in mV) between the calibration
solution and the USL or the bathing saline, and S is the slope ( in mV) mesured for a
10-fold change in the ion concentration. Although electrodes measure ion activity,
data can be expressed as concentration if it is assumed that the activity coefficients of
the calibration solutions, and sample solution are the same. For Malpighian tubules
secreting isoosmotic fluid, the conversion of ion activity to ion concentration is
accurate to within + 5% ( Ammann, 1986).

The selectivity of an ISME for a particular ion is based on the selectivity of the
ionophore used. Selectivity coefficients are measured using the separate solution
method. The potential of the ISME ( compared to its reference) is measured in a
solution of the test ion “x” and then in a solution of the interfering ion “y”. The
selectivity coefficient (K) is then given by:

Ky=a,/ay,.10(Ey-Ey)/S
(Eq. 1.2)
where E, is the potential measured in a solution containing an activity a, of the
interfering ion, Ex is the potential measured in a solution containing an activity ax of
the test ion, and S is the slope of the electrode, defined as the change in electrode
potential in response to a 10-fold change in a,. The smaller the selectivity coefficient
for an ionophore, the more selective the ionophore is over the interfering ion ( Thomas

1978). Usually selectivity coefficients are reported as logs. For example Fluka
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Potassium Ionophore I - Cocktail B has a selectivity coefficient of -3.9 for potassium
over sodium. This means that the ionophore is ~10 000 times more sensitive for
potassium ions than it is for sodium ions.

The advantage of ISMEs according to Thomas ( 1978) are: rapid response
times; a direct measurement of ion activity; continuous measurements may be taken
over long periods of time; simple construction and relatively low cost.

One disadvantage of conventional ISMEs is the lack of highly selective
ionophores for some ions ( Thomas 1978). For extracellular fluids highly selective
ionophores are available for H', K*, and Ca*2. Accurate measurements of Na* can be
made providing there is a correction made for interference by K'. Another
disadvantage is their sensitivity limit. These standard ISMEs are limited by their
sensitivity to significant activity changes. This is due to the inherent characteristics of
the ionophore resulting in a theoretical detection limit of ~100 uV corresponding to a
flux of ~16 pmol.cm™.s™ for static K*-sensitive microelectrodes in a background of 0.3
mmol 1" (Kochian ef al. 1992). Sensitivity of the static ion-selective microelectrodes
increases as the background concentration of the ion in question decreases.
Unfortunately this is not always the case or possible in biological situations. Often the
background concentration of the ion trying to be measure ( e.g K") is relatively high in

biological fluids.
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Fig.1.3
Schematic representation of the calculation of the potential difference measured

across the liquid membrane interface of ionophore column in a conventional ISME.
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Analysis of Malpighian tubule ion transport mechanisms using static ion-
selective microelectrodes has been done previously by two separate methods. The first
method involved the determination of ion concentrations in drops of fluid secreted by
isolated tubules measured under paraffin oil ( Maddrell and O’Donnell, 1992; Maddrell
et al. 1993; O’Donnell and Maddrell 1995; and O’Donnell er al. 1996). Ion
concentrations were calculated from the change in electrical potential when ion-
selective and reference microelectrodes were moved between droplets of secreted fluid
and calibration solutions. The second method used by Collier and O’Donnell (1997) on
Rhodhnius prolixus Malpighian tubules and Kochian et al. (1992) on Maize root cell
suspensions involved the measurement of unstirred layers next to the tissue using a
microelectrode positioned at two different distances from the surface of the tissue. In
both cases the microelectrode measured the voltage at each of these two points and
compared that voltage to that of a known calibration solution. In doing so it was then
possible to calculate a concentration at each of these points and use this concentration
difference to calculate an ion flux into or out of the tissue. This second method is
acceptable for large voltage signals in relatively low background ion concentrations,
but falters when the voltage signals are small < ~200 pV in relatively high background
ion concentrations. Another problem with static electrodes used in this manner is
associated with there tendency to drift with time. Therefore any measurement made
between two points at different times or with two separate electrodes will suffer from

a component of voltage drift. In general it appears that static ion-selective
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microelectrodes are appropriate for measurement of ion concentrations in isolated
fluids but are not amenable to measurement of small voltage signals associated with
dyanamic steady state situations, such as the measurement of unstirred layer gradients

in high background concentrations.

Shielded ion-selective microelectrodes (SIM)

Often the desire to measure transient changes in ion concentration in the
extracellular environments are hampered by the rapid diffusion of the ions into the
virtually infinite extracellular bathing solution. The use of shielded ion selective
microelectrodes is a novel way of measuring these small transient changes in ion
concentration which are too small to be detected by conventional ion-selective
microelectrodes. Danker et al. (1996) have successfully fabricated a K'- selective SIM
that increases the electrodes signal to noise ratio by a factor of 3.

The electrode consists of a K sensitive microelectrode equipped with a
shielding pipette. The electrode is produced as described previously for ion-sensitive
microelectrodes but with some minor modifications. The electrode is pulled to a tip
diameter of ~ 1 pm whose shank does not increase to more than 10 um over the first
5 mm. The electrode is then silanized and front filled with the ionophore, under a
microscope, by dipping the tip of the electrode into an ionophore reservoir and
applying negative pressure to adjust the column length to 150 - 200 uM. Except for its

larger size the shielding pipette is the same shape as the inner electrode. The tip
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diameter is ~ 10 um and is beveled at a 30° angle to allow sealing of the electrode on
the biological sample. The inner and outer electrodes are assembled under a
microscope with the tip of the inner electrode adjusted to within 5 pm of the opening
of the outer electrode. The electrodes are then fastened together using dental wax.

The advantages of the SIM are that it is no more expensive than standard
microelectrodes but is three times more sensitive. The electrodes are fabricated
relatively easily and have proven to be useful for the study of mechanically stimulated
ion channels (Danker et al. 1996).

The disadvantage of the SIM is that it creates a localized environment near the
surface of the membrane which may not reflect the normal environment. Therefore the
biological preparation and more specifically ion channels may respond to this
concentrated gradient in a manner that does not represent their normal physiological
function. Another disadvantage is that the spatial resolution of this electrode is
equivalent to the diameter of the opening of the outer shielding. Also, because the

shielding electrode must contact the sample the electrode can be considered invasive.

Limitations of previously described techniques
All of the above methods, although suitable for ion analysis, exhibit restrictions
for analysis of Malpighian tubule ion secretion. All of the above methods, except SIM,

have poor temporal resolution. They require that enough secreted fluid be collected
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for analysis. This means that it would typically take ~5-10 minutes to collect enough
fluid, preventing the temporal mapping of ion transport in real time. Also the above
methods all have poor spatial resolution. Ion transport across different functional
domains of a Malpighian tubule may utilize different mechanisms. Analysis of secreted
fluid provides infromation on the combined effects of these functional domains. It
would be beneficial to determine the effect on ion transport of each of the functional
domains independently. As a result, the previous mentioned methods would have a

difficult time spatially mapping these ion transport processes.

Self-referencing electrodes

Recent development of self-referencing microelectrodes facilitates non-invasive
anlaysis of spatial and temporal aspects of cellular transport. The development of a
self-referencing current density probe (CDP) ( Jaffe and Nucitelli 1974) has enabled
the study of net ionic currents due to ion transport in various tissues ( Scheffey ef al.
1983; Kropf et al. 1984, Foskett and Ussing, 1986; Marcus ef al. 1994; Somieski and
Nagel, 1998). The current density probe has also been used to determine the pathway
of chloride conductance in the isolated Malpighian tubules of Drosophila
melanogaster ( O’Donnell ef al. 1998). The further development of ion-selective self
referencing microelectrodes ( Jaffe and Levy 1987; Kuhtreiber and Jaffe 1990) have

enabled the elucidation of the specific ion fluxes that contribute to the net ion current
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detected by the current density probe. Electrodes specific for many ions have been
developed and used to characterize ion fluxes in a number of tissues (Kuhtreiber and
Jaffe 1990; Kochian ef al. 1992, Smith ef al. 1994; Pineros ef al. 1998). A further
detailed description of the fabrication and function of these self-referencing

microelectrodes is given in Chapter 2.

Goals for this thesis

This thesis will examine the use of a non- invasive self-referencing K'-selective
microelectrode for the study of K’ transport by the secretory and reabsorptive
segments of Drosophila melanogaster Malpighian tubules. In theory ion transport via
the tubules should increase or decrease the concentration of ions in the unstirred layer
adjacent to the basolateral surface of the epithelium. Previous study on the Malpighian
tubules of Rhodnius prolixus using static microelectrodes confirmed that it was
possible to measure a K concentration gradient in the USL adjacent to tubules (
Collier and O’Donnell 1997) as long as the voltage signals were relatively large and
the background concentration of the ion in question was low. In Drosophila the
voltage signals to be measured are below the sensitivity of conventional static
microelectrdoes and the background concentration of potassium is relatively high (20
mmol I'"). The use of the non-invasive self-referencing system should allow for the
detection of these small voltage signals. Chapter 2 will provide a description of the

fabrication of the ion-selective microelectrodes, their calibration and a description of
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the general use and principles of the relevant software and hardware. As well, the
specific application of the self-referencing K* probe to the study of ion transport in the
Malpighian tubules of Drosophila melanogaster is also discusseed in chapter 2.
Chapter 3 will discuss the spatial and temporal analysis of ion transport by isolated
Drosophila Malpighian tubules using the non-invasive self-referencing K'-selective
microelectrode. In doing so the role of main, lower segments and non-secretory distal
segment will be discussed. The role of the distal segment is of particular interest due to
the fact that the determination of its function is not amenable to previously used
techniques. The role of both stimulants and inhibitors of fluid secretion will also be
described in chapter 3. Chapter 4 will be a general discussion regarding the suitability
of the non-invasive self-referencing system for Malpighian tubule ion transport study.
As well future uses of the ASET software and improvements of the system will be

discussed in chapter 4.
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Chapter 2: Self-referencing Ion-selective Microelectrodes
Principles of Use and Construction

Introduction

Living organisms and cells have the ability to regulate their internal ionic
environment at compositions different from those in their external environment. They
expend energy to accomplish this, and the resulting electrochemical gradients are
central to membrane excitability, vectoral transport of ions and water, cellular
homeostasis, and establishment of cell polarity. Cellular ion transport generates
significant steady-state = transmembrane currents, driven by differences in the
distribution of ion channels and pumps. All of these processes involve the asymmetric
distribution of ion transporters in the plasma membrane. Many of these membrane
associated transport mechanisms are easily studied using well established
electrophysiological techniques such as cellular and epithelial voltage clamping, patch
clamping and standard intracellular microelectrode recording. However, the relatively
small steady state signals generated by the activity of ATPases and non-electrogenic
exchangers are not always detectable by these techniques.

The most significant problem in measuring weak spatial distributions of
voltage or ion concentration generated by steady state current flow is the noise and
instability found in the electrode. This problem has been solved by both the self-

referencing voltage-sensitive and ion-selective probes. Whereas the voltage-sensitive
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probe measures current densities in the nanoamp range, the ion-selective probe
measures signals in the microvolt range, which are equivalent to picomolar fluxes of a
specific ion species. Self-referencing probes provide several advantages over
conventional techniques. Firstly, the sensitivity of these probes is unparalleled in
comparison to conventional microelectrodes. Secondly, the electrodes are non-
invasive and their use, therefore, does not perturb cell function. Patch clamping for
example involves driving changes in the natural membrane potential, and is invasive
due to the required contact with the plasma membrane. Also only cells where a
gigaohm seal can be established can be studied. As well, one could realistically sample
only a small area of the tissue in question. Thirdly, because the tip of the electrode is
within a couple of microns of the cell surface, the spatial resolution is determined by
the electrode tip diameter. This can be as little as 5-10 um for the current density
probe and ~ 2-4 um for the ion-selective probes as discussed below. Lastly, because
these probes are stable over long periods of time and can be used with automated
positioning and measurement systems, they can be used to map current patterns and
ion fluxes from many different regions of a single sample, and can be used over

extended periods of time ( hours to days).
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General Principles of Self-referencing Microelectrodes

The original aim of the self-referencing probe was to map the steady state
voltage fields in the extracellular medium and then deduce the underlying current.
Theoretically this could be accomplished by placing two conventional glass
microelectrodes filled with electrolyte at a known distance apart and a known distance
from a cell or tissue. In theory current can be calculated from the voltage difference
between the two separate electrodes by applying a modification of Ohm’s Law
appropriate for a continuous medium ( Smith et al 1994):

(Eq. 2.1)

E=Jp

where E, is the voltage gradient in volts.cm™,J is the current density in amps.cm?, and
p is the medium resistivity in ohm.cm™. In practice this approach is unfeasible for
several reasons. Firstly, because of variations in tip potentials and thermal noise
liquid-filled electrodes cannot be used to reliably detect differences smaller than about
a millivolt ( Jaffe and Nuccitelli 1974). For example, in a typical case with two
electrodes 30 um apart in a medium with a resistivity of 300 ohm.cm™, current
densities smaller than ~ 1 mA.cm would not be detectable. Secondly, both electrodes
would drift independently of one another precluding any assurance that the measured

voltage difference was due to changes in current rather than drift of the electrodes. In
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response to these problems a method for determining transcellular currents from
extracellular voltage gradients and Ohm’s Law was developed by Jaffe and Nucitelli
(1974). The voltage sensitive vibrating probe, hereafter referred to as the Current
Density Probe can measure voltage differences down to a range of nanovolts, a signal

orders of magnitude below the sensitivity of conventional glass microelectrodes.

Current Density Probe

The current density probe first developed by Jaffe and Nucitelli (1974) was a
one dimensional probe which measured currefits in a single plane (x, y or z).
Elucidation of a two dimensional current density pattern required a second scan in a
direction orthogonal to the first. This was difficult because it required the repositioning
of the sample or the vibrational array, compromising the precision and repeatability of
the scanning technique. Solving these shortcomings led to the creation of a two
dimensional current density probe ( Scheffey 1986, 1988), which vibrated in both the
x and y axis, enabling the calculation of the current density in two dimensions as well
as the angle of current flow between the tissue and current sink. The description given
here will refer to the two dimensional conﬁguraftion in use although the theory and
general principles are applicable to both one and two dimensional probes.

The current density probe resolves steady state current densities in the
nanoamp range. The probe uses a platinized metal electrode vibrated at ~200 Hz over

a vibrational distance which is typically twice the probe tip diameter ( 5-10 um).
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Extracellular current flow through the medium bathing the surface of the cell produces
a voltage difference. The probe measures this voltage difference (a few nV) between
both extremes of the vibration. Knowledge of the medium resistivity can then be used
to convert these minute voltage drops over the vibrational amplitude into a current
density ( pA.cm?). The current density probe circumvents drift because it is self-
referencing, The probe minimizes surface noise by increasing the vibrational frequency
to reduce the electrical impedance at the metal-saline interface. In theory, the
frequency required to reduce this impedance to negligible levels, in the absence of a
Pt-black coating, is on the order of 10 kiloHz . This problem is overcome by plating
the metal electrode with a high capacitance (> 10 nF) platinum black ball (Jaffe and
Nucitelli 1974). The construction of platinum black electrodes has been previously
described in detail ( Scheffey 1988).
The primary advantage of the current density probe is it’s great sensitivity ( 1-
100 nV) relative to that of conventional glass microelectrodes ( ~ 1 mV ). Also the
current density probe is not affected by ion gradients within the bathing medium due to
the mixing of the bath by the high frequency vibration, nor are these metal electrodes
affected by dissolved chemicals or toxins in the bathing medium.
There are several limitations to the current density probe technique. Firstly,
although the probe easily measures steady state currents that last seconds or longer, it
is not amenable to measurement of fast transient currents. Secondly, the study of non-

electrogenic ion transporters is impossible because they produce no net current flow.
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Thirdly, the probe measures only net electrical currents and does not directly identify
which ions carry the current. Such identification requires additional experiments
involving ion substitution and pharmacological blocking agents. However, the current
carried by one specific ion may be only small fraction of net current and therefore
difficult to detect with the current density probe. Other limitations include the
disturbance of less robust preparations by the vortex produced during probe vibration
and the need for a relatively large sampling area ( ~100 pm?®). Although a very
powerful and informative technique on its own the limitations of the current density

probe led to the development of the self-referencing ion-selective probe .

Self-referencing Ion-selective Microelectrodes

Although the measurement of extracellular current density can be very useful,
it is often preferable and biologically more significant to determine the specific ions
whose fluxes underlie net extracellular current flow. In this regard a major
advancement was the introduction of the self-referencing ion-selective microelectrode
by Jaffe and Levy (1987) and its further refinement by Kuhtreiber and Jaffe (1990).

The technique relies upon the increases or decreases of ion concentration in the
unstirred layer (USL) next to a cell or tissue. Although ion movement through
biological membranes can be either an active or passive process, diffusion through the

external medium is passive and follows Fick’s Law (Kuhtreiber and Jaffe 1990):

(Eq. 2.2)
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J=-D(AC/Ax)

where J is an ion flux in the x direction, AC/Ax is its concentration gradient, and D is
the diffusion constant. Patterns of ion flux across a cell or tissue surface can be
resolved by measuring and mapping gradients in the concentration of the ion near the
surface of the cell or tissue. In some instances this can be done using a single
conventional static ion-selective microelectrode positioned at two different points in
the bath. Kropf et al. (1984) successfully determined the pattern of proton currents
through fungal hyphae using a non-vibrating pH-sensitive microelectrode. pH
differences as small as 0.01 pH units could be reliably detected, corresponding to a
change in voltage of 500 uV. Kropf’s simple method of slowly moving a single non-
vibrating pH microelectrode around a cell could successfully resolve moderate proton
fluxes ( 1.0 x 10 picomoles.cm™.s™) because of the low background concentration of
protons ( 0.3 uM ) in the bathing solution. This is orders of magnitude lower than the
concentration of most other important ions ( Na’', Ca'? K', CI) in physiological
media. Since the sensitivity of any measurement of a concentration difference depends
upon the fractional or relative difference of AC/C, not AC, their simple method of
slowly moving a static microelectrode around a cell would not work for most studies.
In another study, Collier et al. (1997) successfully determined the pattern of K*
currents across the lower segment of the Malpighian tubules of Rhodnius prolixus

using a non-vibrating K'-sensitive microelectrode positioned at two different points in
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the bath. The flux rate determined was 2.03 nanomol.cm™.s™ corresponding to about a
200 uV voltage difference and a 12% relative change in concentration (background of
3.6 mmol I'' K*) over the distance measured (0.0042 cm). It was possible to measure a
voltage signal near the limit previously mentioned for static microelectrodes for two
reasons. Firstly, because the potassium fluxes under study were relatively large, and
secondly, the background concentration of K was relatively low in this study (3.6
mmol I'"). Ryan ef al. (1990) have suggested that the theoretical limit for non-vibrating
electrodes was ~ 13 uV. In practice, however non-vibrating electrodes have an actual
working resolution of ~200-500 pV.

Assuming that the self-referencing electrode has a sensitivity of ~ 5-10 pV (
Jaffe and Nucitelli, 1990), the self referencing electrode would be able to measure a
relative concentration difference in potassium of 0.03% when the background
concentration of K' is 20 mmol I'. However, conventional ion selective
microelectrodes, assuming a realistic minimum limit of sensitivity of 200-500 uV,
could detect a minimum relative concentration difference of ~1% or greater in a
corresponding background potassium concentration. In most cases, therefore where
the K* background concentration is relatively high and the fluxes are relatively small
(subpicomoles to picomoles per cm® per second) the use of a self-referencing ion-
selective probe will be advantageous.

The most significant problems with slowly moving one electrode around a

system or with using two microelectrodes positioned a known distance apart is voltage



37

drift and electrode noise. A stationary electrode drifts too quickly to allow for the
measurement of small voltages and two paired stationary electrodes drift
independently of each other. Vibrating the electrode essentially allows for a self-
referencing system in which the drift of the electrode can virtually be eliminated. The
frequency of vibration of the electrode is very important; it must be sufficiently fast
enough to avoid the inherent drift associated with liquid ion exchanger (LIX) filled
electrodes, but not so fast that the probe movement does not allow for re-
establishment of the concentration gradients which one is trying to measure.

The advantages of the self-referencing ion-selective microelectrode are that the
system is a non-invasive measure of specific ion fluxes, and is highly sensitive. It is
capable of measuring a voltage signal of ~5 uV, which is equivalent to fluxes less than
1 picomole.cm™.s™. Another advantage is the spatial resolution of the probe, which is
determined by the tip diameter of the glass microelectrodes (usually ~2-4 um), and the
vibrational distance. However it must be noted that there is a trade-off between
vibrational amplitude and signal resolution. Resolution of small signals will require
larger vibrational amplitudes resulting in a decreased spatial resolution.

However, although the self-referencing ion-selective microelectrode provides
many advantages over the current density probe and it has some limitations. Firstly, it
is limited by the selectivity and availability of commercial ionophores. Secondly, the
temporal resolution of the technique is on the order of seconds, limiting the speed of

events that can be monitored. Thirdly, the probes are somewhat fragile and delicate so
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great care must be taken when using them. Fourthly, the electrodes may be easily
poisoned by some experimental compounds. Finally, the probes must be positioned
close to the membrane but must not touch it because contact may cause loss of the

ionophore.

Fabrication of Ion-selective Microelectrodes

Successful use of the self-referencing ion-selective microelectrode technique is
highly dependent on efficient fabrication of both the ion-selective electrode and the
reference electrode. Construction details differ slightly for each ion species and the
procedures detailed below are those which have been found to be most effective for
the analysis of K* transport by insect Malpighian tubules. Since these procedures have
not been documented previously they are provided here in part so that this chapter

may serve as a reference manual for subsequent users.

Microelectrode Shape

Glass micropipettes were pulled from 1.5 mm diameter non-filamented glass
capillary tubes (TW150-4; World Precision Instruments Inc., Sarasota, Florida). The
capillary tubes were cleaned by washing in nitric acid for 5 minutes, then rinsed with

deionized water and dried on a hot plate at 200 °C for 1 hour. The micropipettes were
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pulled on a programmable horizontal puller ( P-97 Flaming-Brown, Sutter Instrument
Co., Novato, CA) using a 3 stage pulling procedure ( Table 2.1). The resulting
microelectrodes had a bee stinger like appearance ( see Fig 2.1) with a shank of ~4mm
and a tip diameter of ~2-4 um. The shank of the potassium electrode used in my
studies is longer than those previously reported for studies using Ca'> and H'
ionophores ( Kuhtreiber ef al. 1990, Kochian ef al. 1992). Also a longer column length
of ionophore is used for the potassium ionophore (~180-200 um) instead of the

conventional 10-40 um column length used for Ca*? and H* ionophores.
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Table 2.1
Three stage program for pulling ion-selective microelectrodes on P97 Flaming Brown

programmable horizontal puller.
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HEAT PULL VELOCITY TIME
LINE 1 480 0 5 250
LINE 2 500 0 5 250
LINE 3 460 10 15 25
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Figure 2.1
Ion-selective microelectrodes are produced by a 3 stage pulling procedure generating

an electrode with a bee stinger like appearance. Scale bars are (A) 1mm and (B) 10

pm.
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Silanization

Glass surfaces are quite hydrophilic and as a result tend to repel organic based
liquids such as the ionophores used in these microelectrodes. Moreover, an ionophore
cocktail placed in the tip of a micropipette will tend to be displaced by aqueous (i.e.
hydrophilic) solutions. To overcome this problem the procedure of silanization was
introduced ( Walker, 1971) to render the glass hydrophobic. The silanization
procedure is important because it chemically alters the surface of the glass so that
hydroxyl groups on the glass surface condense with the unstable silanol generated
from the silane ( Ammann, 1986). In this study the electrodes were silanized by vapour
phase treatment with N N-dimethyltrimethylsilylamine ( Fluka Chemical Co.
Ronkonkoma, NY) in a simple setup illustrated in Fig 2.2. A batch of micropipettes
that had been previously pulled and predried on a hot plate for 30 min at 200 °C are
placed under a large glass petri dish inverted on a hot plate. A small amount ( ~50uL)
of silanization reagent was injected onto the inside of the petri dish. The reagent
vapourized immediately and was allowed to react with the glass for 15 min at 200 °C.
The petri dish is then removed to allow the excess vapour to escape and then replaced.
The micropipettes were then baked on the hot plate for a further 20 min at 200 °C.
The micropipettes were then be removed and stored in an air tight chamber over a

desiccant for up to 3 months before use.
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Figure. 2.2
Simple arrangement for the vapour-phase silanization of micropipettes ( not drawn to

scale)
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An additional advantage of silanization is that this procedure helps to stabilize
the short column length and prevent electrical shunting along the interface of the
ionophore and the glass surface by increasing the resistance of the glass surface (

Dagostino and Lee 1982, Smith ef al. 1994).

Electrode Filling

The ease with which a micropipette can be filled with an organic solution is
dependent on many factors including the viscosity of the solution, the quality of the
silanization procedure, the tip diameter as well as the method for filling the electrode.
For this study the ionophore was introduced into the electrode using the front-filling
technique. Prior to front-filling with the ionophore the electrolyte used as a backfill
must be injected into the electrode. A solution of 100 mmol I'' KCl, filtered through a
0.2 um Acrodisc filter to remove particulate matter was used as the backfill. It has
been reported previously that an agar solution confers significantly better stability on
the ionophore column during vibration than a simple aqueous electrolyte ( Smith ez al.
1994). This study used a 100 mmol I KCl without agar because no noticeable
disruption was noted in the signal during vibration. The electrolyte is injected into the
shank of the microelectrode to a 15 mm column length, using a 1 mL polystyrene
syringe pulled to a fine tip over an open flame. This column length was the minimum
sufficient to ensure contact with the AgCl wire (see below). When back filling, the

electrolyte does not flow to the tip of the silanized micropipette. The air at the tip was
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forced out by application of pressure, using a syringe connected to the microelectrode
holder by flexible tubing, to the back of the micropipette prior to loading the electrode
with the ionophore cocktail ( see below).

There are several commercially available potassium ionophores. The ionophore
used in these studies was purchased from Fluka and was chosen based on its preferable
selectivity coefficients and short response time (Table 2.2). Selectivity coefficients are
usually presented in logarithmic format; a value of -3, for example, indicates that the
ionophore is 1000X more selective for K* than for the interfering ion. Potassium
Ionophore I - Cocktail B (Fluka Chemical Co., Ronkonkoma, NY) contains a
potassium selective neutral carrier in a mix of 93% 1,2,-dimethyl-3-nitrobenzene and
2% potassium tetrakis (4-chlorophenyl) borate.

Front-filling the micropipette was done under an upright microscope with a
40X objective (Fig 2.3). A silanized pipette with the final taper broken back to an
aperture of 50-100 pm was used as an ionophore reservoir. Positive pressure was
applied to this pipette using a micrometer connected to a 1 mL syringe until the
ionophore bulged out the tip and the microscope was focused on the leading edge of
the bulge. The microelectrode to be filled was fitted into a WPI Microelectrode holder
with a sidearm luer through which pressure could be applied using a hand held 10 mL
syringe connected via polyethylene tubing. Prior to front filling positive pressure was

applied to expel a small amount of electrolyte and remove any air
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Table 2.2
Table of selectivity coefficients for Potassium Ionophore I - Cocktail B

(Reprinted from Fluka Selectophore Catalog 1991; Fluka Chemical Co. Ronkonkoma,

NY)
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Selectivity Coefficients log K™k as obtained by the separate solutions method
(0.1 mol I solutions of the chlorides)

log K i -4.2
log K", 3.9
log K™xug 4.6
log K™k -4.9
log K™k acetyicholine 3.5

Electrode Function: slope of linear regression; 57.8 + 1.2 mV (20°C, 10 to
10*molI"  KCL

Electrical Resistance: tip diameter ~1 um ; 1.2 * 10'° ohms

Response time: time constant of <1 s.



51

Figure 2.3

Photograph of setup used for front-filling micropipettes.
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spaces. The tip of the micropipette was then brought into the same focal plane as the
tip of the ionophore reservoir using a hydraulic micromanipulator (Narishige, Tokyo,
Japan). The micropipette was advanced until the tip was in the ionophore at which
time negative pressure was applied to pull the ionophore into the microelectrode to the
desired column length. The ionophore column length could be accurately adjusted at
that time by appropriate adjustments of pressure. It was important at this point make
sure that no air bubbles were in the electrode as this would result in increased noise.
Also one can check the efficiency of silanization qualitatively by examining the
meniscus of the ionophore column. A flat meniscus indicates poor silanization and a
highly convex meniscus facing the shaft indicates over silanization.

After filling the micropipette is inserted into a standard microelectrode holder (
WPI EHB1; WPI, Sarasota, Florida). The holder comes fitted with a silver wire, which
must be plated electrolytically with silver chloride. For best results the wire was
cleaned with fine sandpaper prior to electroplating to remove any corrosion. The
electrode was then plated by immersing the wire in a 0.5 N solution of hydrochloric
acid while passing current supplied by a 9V battery through the electrode. The other
pole of the battery was connected to a silver wire immersed in the acid solution and
current polarity was reversed using a switch every 2 seconds for a total of 10 seconds.
Experience has shown that properly plated electrode wires are considerably less noisy

than wires which are poorly plated or corroded.
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Reference Electrode

The reference electrode used in this system consisted of a 10 cm long, 1.5 mm
diameter glass capillary tube ( TW150-4; WPI Inc, Sarasota, Florida). The tube was
held over an open flame and bent to a 60° angle 2 cm from one end. The tube was then
filled with a mixture of 3 mol I’ KCl and 1% agar. The agar served to stabilize the
electrolyte and prevent rapid dilution of the reference electrode by bulk inflow of
water from the bathing solution, while at the same time minimizing K" leakage into the
bath. After reference electrodes were filled in this manner they could be stored in a
sealed jar containing a mixture of 3 mol I' KCl and 0.5% agar for repeated use over
a number of months. Electrical contact was made by inserting the reference electrode
into 3mol 1" KCl filled a standard microelectrode holder half cell ( WPI MEH3S; WPI
Inc., Sarasota, Florida) (Fig 2.4 ). Air bubbles were removed since their presence in
the reference electrode or the microelectrode holder resulted in no signal or at best an

unreliable signal.
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Figure 2.4
Photograph of the 3 mmol I'' KCl filled reference electrode in its standard

microelectrode holder half cell in the experimental apparatus.
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Probe Positioning and Vibration

The original design published by Kuhtreiber and Jaffe ( 1990) positioned the
probe using Newport linear motors and probe vibration was produced by three
piezoelectric microstages (PZS-100; Burleigh Instruments Inc., Fishers, NY) stacked
in an orthogonal array and holding the preamplifier. This system had many drawbacks.
The size of the array close to the condenser of the inverted microscope limited the
range of probe movement. As well, the mass of the array on the manipulator affected
positioning accuracy. The system was further limited by the use of linear motors
whose accuracy was >> 1 um. One of the major deficiencies was poor precision
especially during repeated scans of particular sites due to the absence of a computer
controlled positioning system .

In the present configuration used in this study many of these problems have
been resolved. The positioning system relies on an orthogonal array of stepper motors
(Fig 2.5) that control both vibration angle and length in three dimensions. The stepper
motors are fitted to a set of Newport 360 translator stages and can control movement
over a wide range from 3-5 ¢cm down to submicron accuracy (0.003 pm), with a bi-
directional repeatability of ~ 1.0 um. Both the probe and the preamplifier are vibrated
together in order to prevent capacitative changes in the linking cable and mechanically
generated electrical noise. The motors are controlled by Pentium PC running a
Windows 95 compatible version of the Automated Scanning Electrode Technique

(ASET) software
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Figure 2.5
Photograph of microstepper motors (A) mounted on Newport 360 translator stages

(B) used for probe positioning and vibration.
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package (Science Wares, East Falmouth, Massachussetts) through an intelligent
motion system ( Applicable Electronics, East Falmouth, Massachussetts). A major
advantage of this programmable computer controlled motion system is the ability to
perform repeated complex three dimensional scans with submicron precision. The
probe is vibrated only at right angles to the long axis of the electrode, so as to
minimize the pressure dependent movement of the ionophore column and the resultant
instabilities in the electrode signal ( Smith ef al. 1994). Vibration frequency is a critical
parameter. It must be sufficiently high to avoid the inherent drift associated with LIX
filled electrodes but not high as to preclude re-establishment of the ion concentration
gradient under study. The signal measured within a gradient is dependent on the
background concentration and the amplitude of the vibration. Background
concentration is dependent on the bathing medium ( e.g sea water versus
physiological saline or fresh water). According to Kuhtreiber and Jaffe (1990) the
optimal distance for vibration of a Ca*? electrode is ~30 um. They have shown that the
measured voltage difference increases linearly with vibration distance up to an
amplitude of ~30 um. The optimal vibrational distance depends on the ionophore used,

and the biological preparation under study.



61

Stationary Calibration of Electrodes

As with conventional ion selective microelectrodes the self-referencing ion-
selective microelectrode must be calibrated. Ion selective microelectrodes measure ion
activity but it is often more convenient to express the data in terms of concentration.
This requires the assumption that the activity coefficient of the ion in question is the
same in the sample bathing medium as it is in the calibration solutions. In solutions
whose ionic strength is comparable to that of physiological saline, this assumption is
justifed. For example, the activity coefficient of NaCl:KCl mixtures with a total
concentration of 150 mmol I'! is 0.750, whereas the activity coefficients for 100 mmol
I'' and 200 mmol 1" NaCl are 0.778 and 0.735 respectively (Robinson and Stokes,
1965). The sensitivity of ion-selective electrodes can be described by the Nikolsky-

Eisenman equation ( Ammann, 1986):

(Eq. 2.3)

V=E,+slog[ a+X K™*%;(a)*?]

where V is the potential (mV) measured, E, is the reference potential (mV), s is the
Nernstian slope (See Eq 2.4 below), a; and a; are the activities of the ion of interest
and the interfering ion respectively, z; and z; are the charge of both the ion of interest
and interfering ion respectively, and K*™; is the activity coefficient or selectivity factor

for the ion of interest over the interfering ion ( See Eq 2.5 below).
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The Nernstian slope (s) can be calculated as ( Ammann, 1986):

(Eq.2.49)

s=2303 RT/zF = 59.16 (mV @ 25°C)

where R = gas constant ( 8.314 JK ! mol™), T = absolute temperature (K), and F =
Faraday constant ( 9.6487 x 10* C mol™).

Selectivity Factors are often determined using the separate solution method
(SSM). This method measures the potential obtained for the ion of interest and the
interfering ion, in 100 mmol I pure single electrolyte solutions. The values are
compared using a transformation of the Nikolsky-Eisenmann equation ( Ammann,
1986):

(Eq. 2.5)

KPot = 10[(Ej-Bi)ZiF/2.303RT] a.i/(aj)ZI/zj

=

where E; and E; are the potentials (mV) measured in the pure solutions of the ion of
interest and the interfering ion respectively.

For the highly selective valinomycin based K ionophore used in this study (
Table 2.2) at 10-fold change in concentration of the major interfering ions ( Na, Ca,
Mg) produces a signal 8000-80,000 times less than that produced by a 10-fold change

in K concentration. Under these circumstances the contributions of the interfering
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ions can be ignored and the Nicolsky-Eisenmann equation effectively reduces to the

Nernst equation.

(Eq. 2.6)

V=E,+sloga;

When a slope is determined by a voltage change between two solutions of different
activities for the same ion, equation 2.6 can be reduced to:

(Eq.2.7)

AV =59.16 (log [ion]; / [ion]2)

where AV is the change in voltage (mV), and [ion], and [ion], are the concentrations (
mmol 1) of the calibrating solutions. The electrodes are calibrated by measuring the
mV signal in response to a 10-fold concentration difference of the ion of interest.

The ASET software automatically calculates the slope of the electrode using
its calibration window ( See Fig 2.6 ). A 2 point or 3 calibration can be made.
Preliminary studies have indicated that a 2 point calibration is sufficient. The effects of
changes in the compositions of the backfilling solutions on the Nernstian behaviour of
the electrode in 1mmol I'' to 300 mm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>