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Abstract
The medium surrounding cells either in culture or in tissues contains a chemical mix varying with cell state.
As solutes move in and out of the cytoplasmic compartment they set up characteristic signatures in the cellular boundary layers. These layers are complex physical and chemical environments whose profiles both
reflect cell physiology and provide conduits for intercellular messaging. Here we review some of the most
relevant characteristics of the extracellular/intercellular space. Our initial focus is primarily with cultured
cells but we extend our consideration to the far more complex environment of tissues and discuss how
chemical signatures in the boundary layer can or may affect cell function. Critical to the entire essay are
the methods used, or being developed, to monitor chemical profiles in the boundary layers. We review recent developments in ultramicro electrochemical sensors and tailored optical reporters suitable for the task
in hand.
Introduction
The advent of electron tomography with 3 dimensional image reconstruction has revealed a fundamental
beauty and complexity behind the structure of the living cell. Notable contributions have come from several
imaging laboratories but one of the most compelling can be found in Marsh et al.(1) From such reconstructions the complexity within a cell is quite staggering and in the 4th dimension of time this entire structure is
in motion. The question that becomes extremely interesting is how molecular and ionic signals are regulated and move within these matrices, where chemical diffusion will be significantly altered.(2) However,
complexity, both structural and functional, does not stop at the plasma membrane but extends outwards
into the extracellular/intercellular space (EICS: Fig.1). The chemical dynamics within this space are hypothesized to play key roles in cancer, spreading depression, epilepsy and sleep disorders.(3-6) The purpose of this essay is to consider what we can learn from this space and the methods for following the dynamics of chemical movement within the diffusive boundary layers that comprise an integral part of a cell.
We will start by noting the physical and chemical features involved.
Chemical signatures within the EICS of tissues have been implicated in several aspects of cell physiology
and control. Two cases have been extensively studied, hormonal signaling and the synapse. In a chemical
synapse, the gap between the pre and post synaptic structures, the synaptic cleft, is approximately 20nm
wide. Chemical signals secreted into this cleft are constrained such that the maximum rate of information
transfer approximates to the Diffusion Coefficient (D) and the square of the distance (x2) between the terminals(2) such that:
Information transfer ≈ D/x2
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The word synapse is derived from Sherrington and colleagues’ synaptein, combining the Greek syn and
haptein, giving us clasping together. However, in non-synaptic areas within tissues, such as the brain, cells
frequently lie within tens of nanometers of each other, giving rise to both an integral association and profound tortuosity.(7,8) Elements of the structural boundary layer, the glycocalyx, will overlap in these constrained spaces, blurring the boundaries of one cell to another. When considering cellular physiology, the
impact of extracellular functional nanodomains is given short shrift. Chemical changes (cellular signatures)
within this space play a role in cell function and we can use them to understand cell state. Let us consider a
single cell and roughly define the functional spaces and properties of the extracellular domain.
1
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Chemical Boundaries, Diffusion and the Unstirred Layer
Fluid volumes surrounding cells, particularly in culture, form unstirred layers (USL). This is a natural property of water and can extend away from the cell surface by 30m in fast flowing systems to several hundred
microns in still media.(9,10) Even under extreme conditions of mixing, levels which would destroy most cells,
this layer remains at approximately 0.7m.(11) Within the USL diffusion dominates solute transfer and is defined by the Stokes-Einstein (Sutherland-Einstein) equation such that:
D = RT/6πrηǺ
10
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where, D is the Diffusion Coefficient, a measure of the molecular mobility, R is the gas constant, T is absolute temperature, r is the radius of gyration or Brownian motion (driven by thermal vibration), η is solvent
viscosity and Ǻ is Avogado’s number. Molecules diffusing through the USL to the plasma membrane may
then partition into the lipid bilayer. Whereas Overton’s Rule would dictate that the partition coefficient into
the membrane is the primary determinant of the permeation coefficient recent work brings this long standing rule into doubt.(11) The USL itself will impact significantly depending upon the solute(11). Where the
membrane forms an impermeable layer, the activity in the USL approximates that of the bulk solution.
When the membrane is permeable, as with oxygen and carbon dioxide, the USL can be the principle barrier to chemical transfer between the bulk and the inside of the cell, thus breaking Overton’s Rule. Equally,
however, when the membrane exhibits a regulated permeability to an ion or molecule, diffusive boundary
layers can be established in the immediate proximity of the membrane within the USL. Under these circumstances a diffusional flux, J, will be established according to Fick’s 1st law of diffusion such that:
J= -D

Φ

Where,
is the gradient operator for diffusion in two or more dimensions, Φ is the concentration in dimensions of mols,and D is the diffusion coefficient.
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When studying cells in culture, the diffusion coefficient closely approximates to that in an aqueous medium.
But, as with the cytosol(2), random motion in the EICS in tissues will deviate from simple diffusion. As diffusion is inversely proportional to the medium viscosity, relates to tortuosity, binding events and the volume
fraction(12,13) we need to consider the effective or apparent diffusion coefficient (Deff). Permeability through
the EICS (Pe) will be:
Pe = Deff/x
As we approach a cell membrane, where gaseous profiles reflect active consumption or production and
molecular or ionic profiles are modified by membrane transport and boundary conditions, the USL takes on
a heterogeneity reflecting cellular activity. As we get closer to the membrane the physical chemistry gets
progressively more complicated.
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Nanometers from the membrane, such as within the membrane glycocalyx, new physical properties impact
the chemical activity. Stock and Schwab(14) refer to this as a “shielded space” where molecular interactions
can be fine tuned. For example, the presence of a membrane generates localized electric fields at the interface with the bulk medium. While Fick's law describes the particle movement, both charged and uncharged, along a concentration gradient, it does not account for the effect of an electric field on charged
solutes. Diffusion is a statistical probability of movement by Brownian motion.(15) In contrast, electric fields
can induce a direct force on particles, termed electrodiffusion. This phenomenon is expressed as the
Nernst-Planck equation(16) a combination of Fick's Law and Kohlrausch's Law(17,18) defining the diffusional
and electrophoretic influences on ions respectively. Membrane bound negatively-charged phospholipids
and glycoproteins create a compact layer of counter ions separated by water molecules.(19,20) This diffuse
double-layer, known as the Gouy-Chapman Layer(19,21) exhibits a field strength that dissipates rapidly, nanometers from the membrane. Accounting for the structural heterogeneity of the lipid bilayer and thermal
motion of molecules leads to a model with a smearing of charge that is perpendicular to the membrane surface(22) which can in turn affect cell physiology. For instance, cation channel conductance increases in negatively charged membranes due to the accumulation of cations within the Gouy-Chapman Layer.(23) Elec2

Draft for BioEssays 02/01/10PJSS
tric fields can project further and exist in the bulk volume of the EICS where they may influence transport
kinetics of solutes and neighboring cells.(24,25)
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Within the boundary layers associated with the glycocalyx the structure of water itself can affect the movement of ions. The latter is termed the Grotthuss mechanism, which explains the unexpectedly high diffusion
rate for protons relative to similar cations governed by simple molecular diffusion, i.e. proton diffusion is
uncoupled from the self-diffusion of its mass.(26) In dilute buffer this proton migration can occur along the
membrane surface over distances around 100m. In physiological buffer the range is smaller, being reduced to approximately 10nm(26) but with pump densities of thousands per square micron(16,27) there may
still be a tangible physiological effect.
Properties of biological membrane surfaces are difficult to measure directly and so their action on cell physiology frequently remains controversial. However, while it is clear that cell activity gives rise to distinct
chemical signatures, the measurement of such signatures has remained a challenge. This challenge can
be addressed using electrochemical sensors of micron dimensions. At the heart of this effort lies the application of electrochemical microelectrodes (ECMs: outer diameter < 5m) operating in a modulation mode
termed ‘self-referencing’ (28,29) and first described by Kühtreiber and Jaffe.(30)
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Measuring Chemical Signatures In Vitro
In the self-referencing system, an ECM is automatically translated between two poles, one near the cell or
tissue surface, the other further away (Fig. 2). This technique has been largely developed at the BioCurrents Research Center, sponsored by the NIH:NCRR at the MBL, Woods Hole. In application the distance
of translation varies but for single cells is set by default at 10m with the near pole position being approximately 3-5m from the cell surface. Parameters can be set independently depending on the circumstance.
Both poles should be within the diffusion gradient set up by the influx or efflux of the analyte. Data are collected at 1000 values per second with filtering for movement artifacts and stabilization after translation. The
motion approximates a square wave with averaging and subsequent processing comparing the voltage or
current (potentiometric or amperometric) measured at the two poles during a stationary period of approximately one second.
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Flow resulting from the motion of the ECM can be assessed by calculating the Reynolds Number. An approximate Reynolds Number (Re) for the default system is 1.61·10-4 (ECM tip diameter of 4m (L in m)
moving at a translational velocity (V in m/s) of 40m/s). As calculated by:
Re = ρVL/μ
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Where ρ is the density of the medium (175mM NaCl is 1005.3 kg/m3 and µ is the dynamic viscosity of the
medium (Pa·s: 175mM NaCl is 1.02 mPa·s). Even 1mm further up the electrode shaft, where the pipette
diameter is approximately 150m, the Re will be 6·10-3. These values are well below a range of 0.1 to 1, so
flow due to ECM movement falls into a subcategory of laminar flow referred to as creeping flow or Stokes
flow. Stokes flow is instantaneous, such that no flow continues after movement.
How long might it take for a concentration gradient to be re-established if it has been disturbed? Analytes
measured by the self referencing technique have diffusion coefficients ranging from 9.3·10-5 cm2/s (H+) to
6.7·10-6 cm2/s (glucose). They will diffuse over a distance of 10 μm in about 2 - 25ms. A wait time of 0.25 s
at the new pole of excursion prior to data collection allows this process to occur many times over for sensors with a radius of about 2m. Other artifacts are possible, for example, where the analyte is being consumed or the electrode acts as a ‘trap’ (see below).
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Comparing the output values from the ECMs at the two pole of measurement gives us a differential value,
which can be converted to a flux using Fick’s 1st equation with knowledge of the background concentration,
distance of translation, the diffusion coefficient and calibration. For potentiometric and amperometric sensors this approach enhances detection by approximately 1000-fold over data derived from stationary electrodes. Key to this sensitivity increase is minimizing the impact of drift on the signal and the subtraction of
analyte background signals as well as non-selectivities. These factors inevitably compromise the perfor3
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mance of the sensors, particularly potentiometric designs where a Nernstian behavior makes the response
to interference complex, as described by a modified Nicolsky-Eisenman equation.(31) It should be noted that
by referencing the electrode to itself, at both positions, many of the factors which compromise sensitivity
become common to both poles of translation and, therefore, subtract out when the differential is calculated.
The technique measures a net flux within the domain being measured. With this approach, flux values from
single cells, changing over tens of seconds, can be followed in near to real time, with square micron spatial
resolution.
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The self-referencing technique has proven a versatile and robust approach to quantifying the chemical signatures within the diffusive boundary layers surrounding single cells. Published applications have ranged
from work on single cells, to epithelial structures, to select organisms. Biomedical subjects range from disease states, such as diabetes and reproductive infertility, to development and properties of excitable cells
and excitotoxicity. Diverse sensor designs have been brought into play with a continued strength being
found in the potentiometric ion selective microelectrodes but with increasing interest in the amperometric,
solid state electrodes.(28,29) Potentiometric applications have taken advantage of the several excellent ionselective cocktails available commercially, notably for hydrogen, potassium and calcium, with modified
cocktails being developed specifically for self-referencing detection of chloride or sodium(32) and rapid response time potassium sensors.(33,34) Amperometric detection depends on reduction/oxidation chemistry.
Detection of nitric oxide, oxygen and hydrogen peroxide are now routine applications (sensor fabrication(29,35)). Oxygen detection from single neurons plus imaging to identify expression of inserted and labeled
genes is proving a unique and powerful application of the technology(36) with electrochemical detection limits being superior to other approaches, even in a non-self-referencing, single point mode. (37,38)
The micron dimensions of ECMs allow for specific targeting of regions on a single cell; regions dense in
mitochondria (Fig. 3). Additionally, with both potentiometric and amperometric sensors, a particular cell
type or expressing cell can be selected from a heterogeneous population. In Fig.3, hippocampal neurons
were transfected with adenovirus carrying a construct for GFP and BCL-xL, an anti-apoptotic protein with
effects on mitochondrial proliferation and synapse formation.(39) Neurons expressing the construct can be
selected from a heterogeneous population of non-transfected neurons, glia and fibroblasts. Oxygen flux
data from these preparations show a measurable suppression of transfected neuronal oxygen consumption
(L. Collis et al, in preparation).
As data from self-referencing ECMs are collected when the sensor is stationary for approximately 1
second, and data are processed, the technique is slow. It follows activity changes over 10s of seconds, minutes or even hours. This characterizes slow events, or long term changes with pharmacological or gene
manipulation. It has proven a powerful methodology for studying pumps and exchangers and the net activity of channels.(28,29,40) It does not, however, discriminate rapid events.
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A list of identified native and expressed plasma membrane ion channels, transporters and exchangers characterized by monitoring extracellular ion gradients with ion-selective microelectrodes (ISMs) is shown in
Table 1. Of note are the characterization of the regulation of plasma membrane V-type H+ transporters, the
non-invasive identification of the two-pore K+ channel during apoptosis in mouse oocytes, and the characterization of the stoichiometry of the Na+/Ca2+ exchanger from isolated membrane patches in cardiac myocytes. In this final example new insights into the stoichiometry of the Na+/Ca2+ exchanger relied on the simultaneous measurement of transmembrane current with voltage clamp and measurement of Na+ and Ca2+
gradients with ISMs. Kang and Hilgemann(41) determined multiple stoichiometric states for this exchanger.
Without the sensitivity and versatility of electrochemical detection these experiments would not have been
possible.
Single Channels Detected in the USL
It has been assumed that the response of an ISM is relatively slow. However, response times reported by
others(42-45) as well as our own recent experience, show clearly that a 90% response can be achieved in the
millisecond range, opening up new possibilities for signal extraction. Can single ion channel events be captured by their signatures? The data presented in Fig. 4 answers this question and illustrates the recording
of single potassium channels.(33,34) Using the CHO heterologous system we also demonstrated that the microelectrode acts as an ion-trap, amplifying the signal from the channel. Obtaining a rapid response potas4
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sium electrode did require design changes in both the electrode body and the ionophore cocktail. Studies
on primary hippocampal neurons have demonstrated that this technique can measure native potassium
channels coinciding with endogenous calcium ion activity (P.J.S. Smith and L. Collis, unpublished). This
has broad implications as current methodologies involving patch, voltage, or current, clamp are inherently
invasive. Several aspects of channel dynamics are affected by the experiment and the physical immobilization of a patch within the electrode. For instance the activity of numerous channels, such as the BK channel(46), KATP channels(47) and stretch-activated channels(48) are regulated by alterations in actin dynamics
and cytoskeletal reorganization, a regulation which must be impacted by membrane immobilization. In cardiac myocytes the lack of functional coupling between Ca2+ channels and intracellular Ca2+ release has
been attributed to giga-seal formation.(49) The regulation of Ca2+ channels by protein kinases is abolished
after forming a tight cell-attached seal on a channel.(50) Thus, noninvasive ISMs may currently represent the
only method to monitor channel activity under physiological conditions and stimulation, with no perturbation
of the membrane and cytoplasmic environment.
Impact of Chemical Profiles in vivo
In tissues the unstirred layer and diffusive boundary layer will normally be highly restricted. (Although tubular structures, such as vessels and ducts, can be wide enough to exhibit an USL). The chemical synapse,
introduced at the beginning of this essay, is a beautiful example of how efficient information transfer can be
aided by a tight spatial organization. As mentioned, although the synapse is an extreme example, cells are
frequently in close proximity to each other, often within tens to hundreds of nanometers. This leads to small
volumes between cells, volumes where diverse chemical processing could occur. This gives rise to the
concept of extrasynaptic or non-synaptic transmission, also known as volume transmission (VT). Although
widely accepted, Syková and Nicholson(7) point out that VT “remains an elusive concept that on occasion
has prompted fanciful hypotheses about intercellular communication in the CNS”. However, within the context of this essay, covering the numerous small molecule ‘messengers’ that operate in this space and that
frequently come with their own specific extracellular receptor is beyond our scope.
Constrained space can be considered to act on cells by concentrating the levels of chemicals, restricting
their movement in space, and enhancing their potential impact in time. A good example of this is the potassium ion. Earlier we demonstrated how ISMs can easily detect potassium diffusion profiles from single
channel events in both transfected CHO cells and native hippocampal neurons. Normally these ion fluxes
will be constrained by the EICS and exhibit additive properties from sequential or parallel events. As a key
component of establishing the membrane potential, and a counter ion to sodium during the action potential,
its accumulation outside a neuron will have profound effects on the membrane potential and cell behavior.(51,52). Extracellular accumulation of potassium ions resolves the discrepancy between the membrane
excitability of the squid giant axon and the original Hodgkin and Huxley model.(53,54) An increase in [K+]o can
be dealt with by spatial buffering55 or potassium reuptake56 with potassium activity ranging between 2 – 12
mM for spinal cord and somatosensory cortex(56) with higher levels, in the region of 60mM, being reported
for spreading depression.(5) Whereas potassium is clearly important physiologically, the principles of accumulation and sequestration will be generally applicable to other ions and molecules. For instance, local
depletion zones of Ca2+ are reported during neuronal activity in the EICS of synapses, leading to subsequent depression of synaptic release.(57) However, following these dynamic changes in tissues is not a trivial problem.
Measuring in vivo profiles
In vivo electrochemical detection of cellular and chemical activity is an important field with numerous topical
applications.(58) A significant problem from the perspective of this essay is placing the sensor within nanovolumes of the EICS, in a manner that does not perturb the very space you are trying to observe. Once a
sensor is implanted it is hard to recalibrate, accurately assess fouling or, importantly, assess tissue damage and response.(58) An example of this can be seen when comparing microdialysis results against those
derived for the same molecules using 10 m carbon fiber electrochemistry. The results indicate confusion
from tissue damage.(59,60) How can we measure in spaces of nanometer dimensions without destroying the
very architecture that determines the problem of interest? Below we present two approaches, both with
strengths and weaknesses. Each represents an integrated approach to resolving key biological problems.
The first approach uses the expression of tailored reporting molecules selectively transported to the plasma
membrane. Two examples are given, one measures pH using ratiometric fluorescence, while the other
5
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measures ATP levels using luminescent-based imaging technologies. The second approach uses functionalized fine- and nano-particles. We would like to conclude by considering select examples of relatively
common molecules that act within the EICS to modify cell performance.
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pH in vivo
Extracellular acidification plays a key role in many aspects of cell biology. In tumors hydrogen ion activity
can be abnormally high.(61) In medulloblastoma tissue extracellular acidification activates phospholipase C,
IP3 formation, and a subsequent intracellular release of calcium.(62) Proton-activated G protein coupled receptors are involved. Such signaling is proposed to contribute to the action of acidification on neoplastic
transformation and tumor aggressiveness, where acidification is brought about by key transporters, such as
the Vacuolar (H+)-ATPase.(63) A localized cell surface pH gradient has also been implicated in cancer cell
migration.(3,64,65) Cell migration can be linked to acidification through cancer cell tolerance, initiation of matrix breakdown and neighboring cell death(65). In the brain electrical activity can elicit pH changes, taking
place in milliseconds to minutes.(66,67) Perturbation of the extracellular pH has been implicated in seizures
and spreading depression. Regulation of extracellular pH involves both buffering and trans-membrane
transport. Examples of hydrogen linked transport include the family of Na+/H+ exchangers and counter ion
transport by the plasma membrane Ca2+ ATPase.(68) Respiring cells generate CO2 that reacts with water
producing bicarbonate and hydrogen ions. Intracellularly this process is governed in part by various carbonic anhydrases (CA). Interestingly, extracellular carbonic anhydrases have been reported for several cell
types, with, for example CA IV, XIV and XV being found in the CNS.(69,70)
A number of optical methods have already been explored to pursue the idea of placing sensors between
cells with minimal damage. These can include the use of freely diffusible fluorescent reporters with pH
sensitivity, such as fluorescein.(71) More powerfully, from our perspective, is the transfection and expression
of pH sensitive molecules, such as pHluorin(72) on the surface of cells. Expressing cells can then be aggregated into pseudo-tissues or ‘tumor’ masses, the former exploiting advances in the field of tissue engineering where dielectrophoretic methods are used to control cell position generating controlled aggregations.(73,74) Such tumors could be implanted into xenograft mouse models for the in vivo characterization of
pH.
Using a plasmid DNA encoding the ratiometric pHluorin (pGM1) we incorporated GPI anchoring signal sequences from a plasmid construct (pEYFP-GPI). The constructs were provided by Miesenbock (Oxford)
and by Edidin (Johns Hopkins). When expressed this causes the pHluorin to be membrane-bound on the
outside surface of the cells and to display a good linearity in its pH response over a workable range. The
pH-sensitivity and overall effectiveness of the pHluorin plasmid construct is being tested in the context of a
human cancer cell line. The plasmid is now stably expressed in an immortalized human Schwannoma cell
line which forms natural clusters in culture, mimicking the in vivo EICS (Fig. 5: Shanta Messerli and David
Graham, unpublished). An alternative approach for free cells is to incubate in functionalized wheat germ
agglutinin and DHPE, labeling the glycocalyx and plasma membrane respectively, monitoring pH changes
in two compartments of the extracellular domain.(75)
ATP in vivo
For the examples given above we are using fluorescence approaches where the emission intensities are
determined by the pH. For ATP measurements we can use a luminescent approach where photon density
reflects the chemical activity.
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ATP release into the EICS plays a role in cell signaling, particularly in the interactions between neurons
and glia.(76-79) Conversion of the ATP to adenosine by ectoenzyme activity and subsequent binding to the
neuronal adenosine receptor has been shown.(77) ATP and related nucleotides may act as both fast transmitters via P2X receptors and as a neuromodulators via P2Y receptors(80,81), thus modifying the strength of
synaptic transmission. In astrocytes direct observation of calcium independent ATP signaling in the EICS
has been demonstrated.(82)
To measure ATP in the EICS one can use an expressible indicator (GPI-luciferase). The construct contains
GPI-linked firefly luciferase, termed pme-LUC (plasma membrane luciferase).(4) A previous method in6
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volved the localization of a reporter to the outside surface via an affinity process, in this case using a protein A-luciferase chimera and coating the cell surface with IgG.(83) In both cases the addition of luciferin to
the medium, in the presence of ATP, causes photon emission. Pellegatti’s and colleagues’ approach(4) is
particularly attractive to the analysis of ATP dynamics in cell aggregates, although they discuss some limitations in the use of the expressible indicator, notably a low affinity allowing measurements only above 510M. Their more recent studies on in vivo tumor imaging reveals extracellular levels of ATP in the 100s of
M range. In tumor free tissues the level is undetectable. This significant result indicates a role for ATP not
only in growth but also in immunosupression via conversion to adenosine.(4) The above studies will benefit
from the generation of transgenic mouse models exhibiting tissue-specific expression of extracellular ATP
sensors.
Non-protein based detection
One drawback of the protein based reporters expressed on the outer surface of cells is the limited number
of targetable analytes. Functionalized fine- and nano-particles in conjunction with dielectrophoresis offer a
particularly attractive intermediate solution. In this design the reporting particle is not inserted amongst the
cells but the cells are assembled around the sensor.(74) Functionalized particles and quantum dots are being studied but have not as yet been applied significantly to the monitoring of analytes within the space surrounding cells. Quantum dots have been used to map both tissues in vivo (84) and the dimensions of the
EICS in brain.(8) Notable functional intracellular studies have been undertaken by using “Pebbles” of nano
proportions (Photonic Explorers for Bioanalysis with Biologically Localized Embedding).(85) With fine and
nano particle chemistry advancing daily, this approach promises a spectrum of sensors covering a wide
array of analytes. Perhaps by adjusting the fluorescent characteristics we can acquire multiple boundary
layer signatures simultaneously.
Conclusion
The spaces surrounding cells contain volumes of information written as chemical signatures. Such signatures characterize cell activity reflected by ion transport, diffusion of signaling molecules and gas permeabilities. They provide an insight into the normal and pathophysiological state and play an active role in determining the characteristics of the cell itself. Clear examples of extracellular modulators can be seen in
potassium and hydrogen ion activity, as well as ATP and adenosine, a product of ectoenzyme activity. In
cultured cells the application of electrochemical microelectrode sensors, operating in a self-referencing
mode, can couple to diffusive events within the chemical boundary layer. The technique delivers exquisite
sensitivity, reading chemical signals microns from the plasma membrane of a single cell. Examples are
discussed from several cell and tissue types, notably from the metabolic characterization of single neurons
and hydrogen transport across the mammalian vas deferens. Single, identified, cells can be studied in heterogeneous cultures and transfected cells can be targeted individually for experimentation. Recent advances in tailoring ISMs to enhance the stability and speed of response has allowed non-contact single potassium channel detection from expression systems and primary hippocampal neurons. In tissues, however, cells normally exist in close proximity, separated by nanometers of EICS. Making measurements within
these volumes is challenging. New methods using the expression of reporter proteins, such as pHluorin
and luciferase, as well as functionalized fine and nano particles, offer promising approaches to documenting the chemical changes taking place in the complex architecture of tissues. With the increasing documentation of ectoenzymic processes, coupled to dynamic chemical and structural changes occurring in the
minute volumes of the EICS, this domain deserves an increased prominence in our consideration of cell
function and disease.
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Figure Legends
Figure 1: A diagrammatic representation of a section through the cell membrane depicting the heterogenous nature of the lipid and protein structures, a smeared charged layer depicted by the overlying colored
clouds, as well as molecules in the boundary layer. The two molecular complexes in the section are the Vtype proton pump (left) and the sodium/potassium pump (right). Within the cytosol membrane proteins can
be closely associated with actin fibers.
10

20

Figure 2: A diagrammatic representation of how a self-referencing ion selective (SERIS) electrode works.
The illustration depicts a potentiometric microelectrode located at its two measurement poles in the EICS of
a single cell and in close proximity to the plasma membrane. At both poles the sensor is placed within the
chemical boundary layer, the diffusive layer established by ion transport, outside the plasma membrane
and beyond the electrostatic layer limited by the Debye length. The near pole is number 1 and the far pole
is numbered 2. The ground return is shown to the lower left. If two separate electrodes (E1 and E2) are
used then drift is a characteristic of each sensor (upper right panel). A differential calculation of output generates mV variations, including values for drift, noise and background, being too large to extract the single
cell signal. Moving one electrode between the two poles of translation (P1 and P2) results in the drift and
background conditions being relatively common to both poles and subtracting out. The resulting differential
is in the V range and primarily comprises differences in the targeted analyte (lower right panel). With
knowledge of background, distance of translation, the diffusion coefficient, and a calibration, this value can
be converted to flux with Fick’s 1st equation (see text).
Figure 3: Left panel. An amperometric Whalen-style O2 electrode positioned next to a hippocampal neuron
in culture. With mitochondria visualized by trimethylrhodamine ethyl ester (TMRE) fluorescence. Oxygen
consumption and short term dynamic changes can be assessed at a single neuron level while observing
through fluorescence imaging the action of glutamate toxicity on mitochondrial membrane potential.(36)

30

40

Middle and right panel A single fluorescent image of a hippocampal neuron tagged with a GFP-BCLxL fusion protein (middle) using a lentivirus vector. An O2 electrode is subsequently positioned for measurement
(right). In this image many neurons are present which do not express the molecule of interest. Expressing
cells can thus be studied as individuals avoiding data being confused by non-expressing cells or heterogenous cell types in population studies. Expression BCLxL has been shown to increase the number of mitochondria in a neuron(39) but reduce the overall level of oxygen consumption (L. Collis et al, in preparation).
Figure 4. Extracellular [K+] measurements near activated Slo channels overexpressed in a CHO cell. A fast
response K+-selective microelectrode was repeatedly positioned at a position near the cell for 10s and then
at a position 20μm away for 10s. The cell was voltage clamped at 0 and +60 mV. K+ gradients from single
channels (spikes) are captured when the electrode is in the near position. Insets show expansion of regions in A and B highlighted with bar. Single channel gradients are easily detected at lower depolarizing
potentials when fewer channels are active. In B, single channel gradients sum together producing larger
[K+]-dependent voltages. (34)
Figure 5. A schwannoma cell aggregate stably transfected with the pHlourin-GPI construct. The reporter is
clearly expressed on the surface of the cells. Treatment with phospholipase C results in the loss of label,
confirming localization to the outer surface of the plasma membrane (P.J.S. Smith, S. Messerli and D. Graham, unpublished).
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Table 1

Ion Transporter
Na+/K+ ATPase
PM Ca2+-ATPase
H+/K+ ATPase
V-ATPase

Ion Exchanger
Na+/Ca2+
Na+/H+
Cl-/HCO3-

Source
cardiac myocytes86
hair cells (hearing)87
horizontal cells (vision)88
molluscan cardiac muscle89
Microglia90
rat
vas
deferens
(reproduction)91
mosquito midgut92
mouse ova93
cardiac myocytes86
horizontal cells (vision)88
cardiac myocytes86
mosquito midgut94

Ion Channels
Ca2+-activated K+(BK)
Two-pore K+
Voltage-dependent K+
Voltage-gated K+
ClVoltage-gated Ca2+

Xenopus
oocytes,
CHO
cells33,34
mouse zygote95
strial marginal cells96
cardiac myocytes86
cerebral arteries97
human embryonic kidney98
lung epithelia99
molluscan smooth muscle100

Table 1. A list of ion transporters, exchangers and
channels that have been characterized with selfreferencing of ion-selective microelectrodes in native
cells, tissues and heterologous expression systems. In
most cases the transport protein was known to exist
using other methods or was identified with specific
pharmacological inhibitors.

