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(57) ABSTRACT 

This invention focuses on the marriage of solid-state elec 
tronics and neuronal function to create a neW high-through 
put electrophysiological assay to determine a compound’s 
acute and chronic effect on cellular function. Electronics, 
surface chemistry, biotechnology, and fundamental neuro 
science are integrated to provide an assay Where the reporter 
element is an array of electrically active cells. This innova 
tive technology can be applied to neurotoxicity, and to 
screening compounds from combinatorial chemistry, gene 
function analysis, and basic neuroscience applications. The 
system of the invention analyZes hoW the action potential is 
interrupted by drugs or toxins. Differences in the action 
potentials are due to individual toxins acting on different 
biochemical pathWays, Which in turn affects different ion 
channels, thereby changing the peak shape of the action 
potential differently for each toxin. Algorithms to analyZe 
the action potential peak shape differences are used to 
indicate the pathWay(s) affected by the presence of a neW 
drug or compound; from that, aspects of its function in that 
cell are deduced. This observation can be exploited to 
determine the functional category of biochemical action of 
an unknown compound. An important aspect of the inven 
tion is surface chemistry that permits establishment of a high 
impedance seal betWeen cell and a metal microelectrode. 
This seal recreates the interface that enables functional 
patch-clamp electrophysiology With glass micropipettes, 
and alloWs extracellular electrophysiology on a microelec 
trode array. Thus, the invention teaches the feasibility of 
using living cells as diagnostics for high throughput real 
time assays of cell function. 
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HIGH THROUGHPUT FUNCTIONAL GENOMICS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a non-provisional application 
that claims priority to US. Provisional Application No. 
60/135,275, ?led May 21, 1999, the complete disclosure of 
Which is incorporated by reference herein. 

1. FIELD OF THE INVENTION 

[0002] The present invention relates to an apparatus, pro 
cesses, methods and systems for the analysis of samples and 
test substances, including drugs, toxins, genes, gene prod 
ucts and the like. Moreover, the present invention discloses 
high throughput methods particularly suitable for conduct 
ing functional genomics studies by Which information about 
the function of isolated nucleic acids can be obtained 
Without resorting to cumbersome conventional methods like 
the creation of transgenic animals or animals in Which one 
or more selected genes have been “knocked out.” In par 
ticular, the present invention makes possible the gathering of 
the types of information about the physiological, pharma 
cological, or other biological effects of a sample or a test 
substance under conditions that mimic in vivo studies. 

2. BACKGROUND OF THE INVENTION 

[0003] At the present time, the only available “assays” 
based on cognitive or “cellular function” are living crea 
tures. The use of C. elegans and Drosophila is predominant 
in these assays. In vitro cell cultures of embryonic rat and 
mouse tissue, especially through “knockout” technology, 
have also been used to study cellular organiZation and 
communication. HoWever, in studies to date, single neurons 
have not been electrically integrated With modem electronics 
except in expensive patch-clamp methodology, Which can be 
tedious, can result in disorganiZed cultures and are incapable 
of high throughput analysis. Imaging capabilities have been 
introduced using voltage-sensitive dyes. Such techniques are 
limited in their use, hoWever, and dyes are generally toxic to 
neurons, as already mentioned above. 

[0004] Therefore, it is clear that there is a lack of in vitro 
assays for studying neurotoxicity, for example, Which are 
based on a cell’s function. There are also very feW methods 
of measuring toxicity other than morphological analysis. 
There is also a problem performing chronic electrophysi 
ological monitoring of cells by standard electrophysiology. 
What is more the ?eld of genomics lacks a high throughput 
assay to analyZe the large number of sequences and genes 
being uncovered by the human genome project. Thousands 
upon thousands of neW compounds are also being generated 
by recently utiliZed combinatorial chemical synthesis meth 
ods. 

[0005] The use of biological cells and their underlying 
cellular functions as model systems for information process 
ing is being investigated for a number of practical applica 
tions. Algorithms that are based on olfactory processing 
(Ambrose-Ingerson, J., Granger, R., and Lynch, G. (1990). 
Science 247: 1344-1348.; Granger, R., Ambrose-Ingerson, 
J., Anton, P. S., Whitson, J., and Lynch, G. (1991). An 
Introduction to Neural and Electronic Networks, eds. Zor 
netZer, S. E, Davis, J. L., and Lau, C. (Academic Press, Inc., 
San Diego), pp. 25-42.), computing using DNA in a test tube 
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(Adleman, L. (1994). Molecular Computation of Solutions 
to Combinatorial Problems. Science Vol. 266.), or possibly 
manipulation of DNA in bacteria or other cells are just some 
examples. Recent articles have focused on bioinformation 
and the creation of biological pathWays or genetic circuits 
using silicon-based models (Palsson, 1997). Experiments on 
tissue slice preparations, in cultured neuronal netWorks 
(Gross, G. W., Rhoades, B. K.,AZZaZy, H. M. E., & Wu, M. 
C. (1995). The use of neuronal netWorks on multielectrode 
arrays as biosensors. Biosens. Bioelectron., 10, 553-567.; 1 
: Stenger D A, Hickman J J, Bateman K E, Ravenscroft M 
S, Ma W, PancraZio J J, Shaffer K, Schaffner A E, Cribbs D 
H, Cotman C W. Related Articles Microlithographic deter 
mination of axonal/dendritic polarity in cultured hippocam 
pal neurons. J Neurosci Methods. Aug. 1, 1998;82(2):167 
73. ) and With single neurons (e.g. LeMasson, G., E. Marder 
and L. F. Abbott (1993) Activity-dependent regulation of 
conductances in model neurons. Science 259, 1915-7.; 
Marder, E. and L. F. Abbott (1995) Theory in motion. Curr 
Opin Neurobiol 5, 832-40.; SchiZas, C. N. and C. S. Pattichis 
(1997) Learning systems in biosignal analysis. Biosystems 
41, 105-25 are being studied using dual patch-clamp 
electrophysiology and imaging systems. Many others have 
proposed “in silica” models of intracellular function as 
precursors to programming cells for biological computation. 
See, e.g., US. Pat. No. 5,648,926 to Douglas et al., the 
contents of Which are incorporated herein by reference. This 
application describes a hybrid system to elucidate cellular 
information in an ef?cient manner. There is a need to 
combine neW algorithms to reproduce physiological condi 
tions found in human, or modeled using data obtained With 
C. elegans and Drosophila that combines speed and utility of 
silicon systems and the relevance of cellular physiology to 
create neW biological/non-biological high throughput 
assays. 

[0006] With the increased capacity to uncover, isolate, 
discover, or create neW substances (or even ?nding neW uses 
for old substances), including neW genetic materials, the 
need for a “functional assay,” Which provides some idea of 
the potential effects, roles, or functions of the test substance, 
is even more acute. One can look at function from the 

standpoint of What is the function or role of molecules, 
compounds and proteins in an organism. One can also look 
at function from the standpoint of hoW collections of mol 
ecules, compounds and proteins create or affect pathWays 
that are combined to comprise functional categories in a cell 
such as energy metabolism, extracellular signaling, tran 
scription, or protein synthesis. These pathWays underlie the 
processes and functions that maintain a cell and their iden 
ti?cation helps to establish the identity and role or “cellular 
function” of the test substance in a higher organism. Par 
ticular groups of cells having unique “cellular functions” are 
intermixed in an organiZed fashion to create a higher organ 
ism such as an animal. 

[0007] Traditionally, it has been dif?cult to assay the effect 
of a compound or protein on a cell’s internal “functional 
categories” Without observing the Whole organism over a 
period of time. Many assays have been developed to gain 
information before resorting to experiments at the Whole 
organism level, With mixed results. In vitro biochemical 
assays attempt to reproduced some of these pathWays out 
side the cell, but such assays lack the interactions With the 
myriad of other pathWays in the cell. 
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[0008] Fluorescence probes, microsensors and electro 
physiological recordings have supplied a Wealth of infor 
mation but suffer from many drawbacks. Patch-clamp elec 
trophysiological recordings can provide acute measurements 
but the experimental conditions lead to cell death. This 
drawback also applies to most ?uorescent probes, Which can 
cause toxic effects through photobleaching. Thus, a need 
exists in drug discovery, functional genomics and basic 
science for an assay that provides information and data 
about molecules, compounds and proteins (or their genes) as 
these substances interact non-invasively With a living cell 
and its various cellular pathWays or functional categories 
over a period of time. Preferably, information and data about 
the various cellular pathWays or functional categories, Which 
are affected, are obtained from such an assay. More prefer 
ably, it Would be desirable if such information and data 
could be captured electrophysiologically. If one can com 
bine such features With simple sample preparation and if 
such an assay alloWs many conditions to be tested quickly on 
a statistically relevant number of cells, then one Will have 
provided a very useful assay having a high throughput 
cellular functional capacity and Which can provide much of 
the information that formerly could only be obtained 
through experiments at the Whole organism level or by 
extensive and time consuming experimentation. A Wide 
variety of biological compounds affect cellular functions. 
Marder has shoWn that greater than 40 biochemicals are 
involved in just the communication betWeen neurons in the 
lobster digestive system. (Marder, E. and L. F. Abbott (1995) 
Theory in motion. Curr Opin Neurobiol 5, 832-40.) Many of 
these biochemicals are speci?c for ion channels, but many 
more act through receptors. Similar information for other 
systems about the interaction of knoWn biochemicals and 
cellular processes or pathWays can also be gleened from any 
neuroscience text. In addition, there is a Wealth of clinical 
and epidemiological data that shoWs hoW a Whole host of 
compounds affect cellular function, for example. 
[0009] By indirect reference, the applicant believes that a 
large number of these biochemicals must affect the mem 
brane potential of an affected cell in some Way. For example, 
some compounds (such as saxitoxin) operate by inhibition of 
the sodium ion channel. Others, such as tetraethylammo 
nium chloride (TEA) operate by acting on the potassium 
channel. Still other compounds activate intracellular cas 
cades leading to calcium mobiliZation and speci?c gene 
activation. Hence, the applicant describes herein, systems, 
devices and methods that exploit the effects of biochemicals 
on inter alia the membrane potential. Accordingly, the 
applicant has discovered that one can characteriZe the 
changes in an action potential obtained from an electrically 
active cell folloWing the addition of speci?c biochemical 
compounds or “triggers” to such electrically active cells 
(e.g., neuronal cells) using planer microelectrodes that 
enables ellucidation of the cellular function relevant to drug 
discovery or functional genomics. It should be noted that a 
particular embodiment of the changes in a membrane poten 
tial are the changes that can be observed in an action 
potential. Hence, an electrically active cell is one that 
exhibits perceptible (measurable) changes in its membrane 
potential, more preferably, one that exhibits perceptible 
changes in its action potential. 

[0010] Examples of biochemicals of interest include, but 
are not limited to, those that elicit changes in signals via the 
folloWing mechanisms: (a) phosphatidylinositol turn-over; 
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(b) calcium mobiliZation; (c) phosphorylation of intracellu 
lar protein messengers; (d) ion channel blockers (Na", K", 
Ca2+, etc.); and (e) cAMP formation. Biochemicals can also 
be selected for their inhibitory properties on speci?c path 
Ways, such as neurotransmission inhibitors and protein 
synthesis inhibitors. Some of these compounds have been 
shoWn to affect the membrane potential and other individual 
ion channels. 

[0011] Surface modi?cation technology utiliZing Self 
Assembled Monolayers (SAMs) is a knoWn process for 
preparing a modifying layer composed of organic mol 
ecules, Which can spontaneously form strong interactions or 
covalent bonds With reactive groups on an exposed surface. 
The utiliZation of SAMs for modifying surfaces has been 
demonstrated on electronic materials such as silicon dioxide, 
biodegradable polymers and other polymers such as Te?on. 
A large variety of functional groups or combination of 
functional groups can be located on the terminus opposite 
the attachment point of a SAM, and the chemical compo 
sition can be manipulated to systematically vary the surface 
free energy. Biological cells can attach to, and proliferate on 
SAMs, and SAMs can be used to pattern a surface. SAMs 
are also useful to set as templates for the patterning of 
biomolecules, especially antibodies. SAMs thus can prove to 
be an ideal tool for the design of arti?cial surfaces for the 
tailoring of cellular interactions. 

[0012] Metal microelectrodes surrounded by an insulator 
can be used to record the electrical activity of cells extra 
cellularly. The applicant has surmised that if the interface 
can be tailored to keep the cells on the microelectrodes, a 
viable system can be created for high throughput cell assays. 
The applicant believes that this type of system can be 
fabricated by taking advantage of previous Work involving 
orthogonal self-assembly on tWo different metals (see, e.g., 
Hickman, J. J., Laibinis, P. E., Auerbach, D. I., Zou, C., 
Gardner, T. J., Whitesides, G. M., and Wrighton, M. S. 
(1992). ToWard orthogonal self-assembly of redox active 
molecules on Pt and Au: Selective reaction of disul?de With 
Au and isonitrile With Pt. Langmuir 8: 357.) and on a surface 
composed of a metal and an insulator coating region. See, 
also, US. Pat. No. 5,223,117 to Wrighton et al., the contents 
of Which are incorporated herein by reference. 

[0013] Surface analysis techniques have been applied to 
analyZe cell culture surfaces both before and after culture 
and to relate the quantitative and qualitative results to cell 
morphology and survival. (See, e.g., Schaffner,A., Barker, J. 
L., Stenger, D. A., and Hickman, J. (1995). Investigation of 
the factors necessary for groWth of hippocampal neurons in 
a de?ned system. J. Neurosci. Methods, 62, 111-119.) Pre 
vious studies by others have also correlated cell behavior to 
the initially quanti?ed properties of the culture surface, i.e., 
prior to the addition of cells. Many components of the 
culture medium adsorb onto the surface, and cells secrete 
substances that comprise an extracellular matrix (ECM), as 
Well as soluble molecules. Many of these biomolecules 
potentially are the source of the cell behavior monitored and 
can be a valuable source of information. 

[0014] One problem encountered using a cell line as the 
sensor element is that cell lines (e.g., NG108-15, Which is 
derived from a glioma><neuroblastoma) have an inherently 
unstable genome. The applicant considers primary cells to 
be very relevant to the present system because it is presumed 
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that such cells more closely approximate in vivo systems 
than tumor-derived cell lines; however, primary cells tend to 
be dif?cult to culture and are inhomogeneous. A possible 
solution to these drawbacks involves the utiliZation of clonal 
cell lines derived from CNS stem cells. Thus, a preferred cell 
having a stable long-lived phenotype is one derived from a 
stem cell. In the present invention, each individual cell 
becomes a unique assay element With the cells localiZed on 
individual microelectrodes. Statistics can be performed on a 
reproducible population in response to a compound that is 
introduced into the media. Further We Will apply system 
level algorithms to enable the reproduction or representation 
of relevant physiological states or reproductions of knoWn 
assays employed by pharmaceutical or other biotechnology 
companies. 
[0015] Hence, the present invention hopes to provide an 
assay of cellular function, using “functional categories” 
Within the cell as de?ned, for example, by Riley, M. (1993). 
Functions of gene products of Escherichia coli. Microbiol. 
Rev. 57, 862-952. The present system is validated by taking 
knoWn biochemicals With knoWn functions and monitoring 
the changes in electrical potential upon introduction of the 
knoWn biochemicals in the media. The present invention and 
its broadly applicable techniques Would add a neW paradigm 
in molecular function analysis, including gene function 
analysis. It is also possible to map cells in varying stages of 
development, as the present techniques can be applied using 
embryonic cells. Particularly useful cells include CNS cells, 
but the present approach can be used on any cell type that 
permits the monitoring of electrical changes in the mem 
brane potential. It is hoped that a clear need for the present 
invention has been established by the discussion presented 
herein. 

3. SUMMARY OF THE INVENTION 

[0016] Accordingly, the present invention is directed to 
systems, devices, processes and methods for determining the 
effects of test substances, including their physiological or 
pharmacological effects on cells. Convenient measures of 
the effects of test substances are the effects on the electrical 
activity of cells, Which electrical activity can be manifested 
by cells in a number of Ways, including changes in mem 
brane potential. In particular, one can measure changes in a 
cell’s action potential, Which can be considered an expres 
sion of the chances in membrane potential over a given time 
period. Thus, the present applicant has discovered that the 
effects of test substances can be studied and revealed by 
recording and examining the changes in the electrical char 
acteristics of electrically active cells, Which changes are a 
re?ection of the effects of the test substance on the physi 
ology of the cell, including effects on underlying cellular 
processes, mechanisms, or pathWays. The present invention, 
then, can serve as an important measure of the biological 
activity of a test substance or, at least, an indicator of 
potential biological activity of a test substance in certain 
categories of cellular function. Such measurements or indi 
cations are conveniently made available Without resorting to 
the use of in vivo models and represent a signi?cant advance 
in the art. 

[0017] In particular, the present invention seeks to provide 
systems and methods for the deconvolution of an action 
potential recorded from an electrically active cell, Which cell 
is positioned on the surface of a solid state microelectrode. 
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More particularly, a cell is exposed to a variety of condi 
tions, and the effects of those conditions, or changes in such 
conditions, on the observed action potential are noted. 
Making use of the knoWledge accumulated about the physi 
ological, pharmacological and related effects (e.g., mecha 
nistic pathWays elucidated in the literature) of knoWn sub 
stances, the present invention makes possible the further 
elucidation of the changes in one or more characteristics of 
the electrical activity of a cell (as re?ected, for example, in 
its action potential), Which changes can thus be associated or 
correlated With the speci?c effect or mechanistic pathWay 
identi?ed With each substance or combinations thereof. 
Hence, in a speci?c embodiment of the present invention, a 
body of knoWledge is provided Which permits the exami 
nation of test substances to determine their effects on the 
action potential and, in turn, on the underlying processes or 
functional categories of the cell affected by the test sub 
stances. 

[0018] In a speci?c embodiment of the invention, a system 
is provided, Which is capable of identifying one or more ion 
channels of a cell, Which channels are affected by a test 
substance. Such a system comprises a device, Which is 
optionally accompanied by softWare (e.g., a computer pro 
gram, data processing application, algorithm and the like), in 
Which the device comprises: (a) a solid state microelectrode; 
(b) a cell culture comprising one or more electrically active 
cells having a cell membrane including one or more ion 
channels, Which one or more cells are capable of providing 
a measurable change in their electrical characteristics (for 
example, provides a measurable action potential that exhib 
its one or more perceptible characteristics); (c) an interven 
ing layer Which comprises a surface modifying agent, and 
(ii) is positioned betWeen the microelectrode and the one or 
more cells of the cell culture, such that a high impedance 
seal is provided at least in the vicinity of the one or more 
cells of the cell culture. The optional accompanying soft 
Ware comprises instructions that can be implemented by a 
computer and Which are capable of relating changes in the 
one or more characteristics exhibited by the electrical activ 
ity (e. g., exhibited by the action potential) to one or more ion 
channels of the one or more cells upon exposure of the one 
or more cells to a test substance. More particularly, the 
applicant conceives of a high impedance seal that reduces 
the lateral How of ions across the microelectrode from the 
surrounding medium, While permitting or facilitating the 
vertical How of ions betWeen the cell and the microelectrode. 
In this manner, the microelectrode is best suited to detect 
changes in the ion ?ux attributable to the cell and not due to 
the surrounding medium. 

[0019] The present invention contemplates a system in 
Which the one or more characteristics exhibited by the 
membrane potential or action potential is manifested in its 
Waveform or a derivative thereof. In still other embodi 
ments, the one or more characteristics include at least one of 
after potential, time to cessation of activity, frequency, 
amplitude, shape, spike rate, or time constant. In preferred 
embodiments of the present invention, the data processing 
instructions are further capable of receiving input data 
comprising data on the temporal description of the mem 
brane potential, action potential, or the changes therein. 

[0020] In still additional embodiments, a system is pro 
vided in Which data processing instructions are further 
capable of receiving input data comprising data on ion ?ux 



US 2003/0065452 A1 

through ion channels selected from the group consisting of 
sodium channels, potassium channels, calcium channels, or 
combinations thereof. Other aspects of a system of the 
invention include utiliZation of a planar microelectrode in 
Which the microelectrode can be a ?eld effect transducer 
(FET). It is further contemplated that the system further 
comprises an insulator that surrounds the metal microelec 
trode or covers the gate of the FET. A suitable insulator 
includes materials selected from, but not limited to, the 
group consisting of silicon, modi?ed silicon dioxide, silicon 
nitride, silicon carbide, germanium, silica, gallium, arsenide, 
epoxy resin, polystyrene, polysulfone, alumina, silicone, 
?uoropolymer, polyester, acrylic copolymers, polylactate, or 
combinations thereof. 

[0021] A suitable cell culture for use in the present inven 
tion comprises an electrically active cell, Which can include 
any metabolically active cell. Examples include, but are not 
limited to, a neuronal cell or a cardiac cell. Preferably, the 
system makes use of a NG-108 cell. Still other cell cultures 
comprise a hippocampal cell, a stem cell, a transformed stem 
cell, their respective progeny, or combinations thereof. 
Moreover, one can contemplate the use of a stem cell or 
other progenitor or precursor cell, Which has been exposed 
to a differentiating factor. 

[0022] The present invention includes the use of a surface 
modifying agent, preferably comprising a self-assembling 
monolayer. Examples of suitable surface modifying agents 
include, but are not limited to, silanes, thiols, isocyanides, 
polyelectrolytes and the like, or combinations thereof. More 
preferably, the system incorporates an intervening layer that 
further comprises cell anchorage molecules. Suitable cell 
anchorage molecules include, but are not limited to, anti 
bodies, antigens, receptor ligands, receptors, lectins, carbo 
hydrates, enZymes, enZyme inhibitors, biotin, avidin, 
streptavidin, cadherins, RGD-type peptides, integrins, cad 
herins, modi?ed lipids, or combinations thereof. 

[0023] In a speci?c embodiment of the present invention 
the intervening layer comprises a high viscosity mixture 
comprising alcohols, ethers, esters, ketones, amides, glycols, 
amino acids, saccharides, carboxymethylsaccharides, car 
boxyethylsaccharides, aminosaccharides, acetylaminosac 
charides, polymers thereof, or combinations thereof. In a 
preferred embodiment of the invention, the cell culture is 
coated With a polymer, such as cellulose, methylcellulose, 
dextran and the like. Still other features of a preferred 
embodiment of the invention include an intervening layer 
that can be characteriZed as either an attractive layer or a 

repulsive layer. The preferred system further comprises a 
detector circuit. One might also use cells transfected With 
endogenous or exogenous nucleic acid as the one or more 
cells of the cell culture. In such a case, the nucleic acid can 
comprise a nucleotide sequence associated With knoWn or 
unknoWn function. 

[0024] It is also an object of the invention to provide a 
method of determining one or more ion channels that are 
affected by a test substance comprising: (a) contacting a 
substance to be tested With a device comprising a solid state 
microelectrode; a cell culture including one or more cells 
having a cell membrane including one or more ion channels, 
Which one or more cells are capable of providing a measur 
able action potential that exhibits one or more perceptible 
characteristics; and an intervening layer that is acting as a 
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high impedance seal and Which is positioned betWeen the 
microelectrode and the cell culture; (b) collecting data on the 
action potential, the one or more characteristics thereof, or 
one or more changes therein; and (c) determining from the 
data the one or more ion channels that are affected by the test 
substance. In speci?c embodiments of the present invention, 
the test substance comprises a toxin, a drug, a pathogen, a 
neurotransmitter, a nerve agent, or mixtures thereof. Pref 
erably, the method utiliZes a determining step that includes 
deconvoluting the action potential, the one or more charac 
teristics thereof, or the one or more changes therein. 

[0025] The present invention is also directed to a system 
by Which one can use algorithms that mimic physiological 
states or conditions of interest to gauge or determine the 

bene?ts, effects, side effects, or unintended consequences, 
etc. of test substances under such test conditions. For 
example, the system contemplated by the present invention 
can be manipulated so that particular pathWays are turned on 
or off or are isolated in a Way that provides the best scenario 
for observing the resulting behavior of a cell (e.g., a neu 
ronal cell) upon exposure to one or more given test sub 
stances. As another example, one might be interested to 
knoW What the effects of a candidate drug for depression 
might have on individuals having high blood sugar levels 
(e.g., diabetics or simply people Who have just consumed a 
high carbohydrate meal or Who are on a certain diet), or loW 
blood sugar levels (e.g., hypoglycemics), or on individuals 
With high cholesterol. The system of the present invention 
can then be adjusted (Where the adjustment of the variables 
of the system are controlled and kept track of by a system 
computer program or other accompanying system softWare), 
for example, by the addition or removal of cell culture 
nutrients, the transfection of the cells of the cell culture With 
a given nucleic acid or exposing them to a protein, peptide, 
or small molecule, changing the chemical or electrochemical 
characteristics of the media to the cell culture and the like. 
In this manner, the system of the present invention is able to 
provide information on physiological or pharmacological 
effects of drug candidates, Which Were previously available 
only from animal or human studies. 

[0026] Accordingly, in another aspect of the present 
invention, a system is contemplated having a high through 
put capacity to determine potential physiological effects of 
a test substance comprising a device and accompanying 
softWare, in Which the device comprises a solid state micro 
electrode and a cell culture comprising one or more cells that 
exhibit electrical activity or, preferably, Which are capable of 
providing a measurable action potential that exhibits one or 
more perceptible characteristics. The system can also 
optionally comprise accompanying softWare, Which itself 
comprises data processing instructions capable of relating 
changes in the electrical activity or, preferably, in the one or 
more characteristics exhibited by the action potential to one 
or more potential physiological effects exerted by a test 
substance upon exposure of the test substance to the one or 
more cells of the cell culture. In particular, such a device 
may further comprise an intervening layer that is acting as 
a high impedance seal and Which is positioned betWeen the 
microelectrode and the one or more cells of the cell culture, 
and in Which the accompanying softWare further comprises 
instructions, Which can be implemented by a computer, for 
manipulating one or more system parameters to alter one or 
more conditions of a given experiment, for interpreting the 
outcome of such manipulations, or for both. Of course, 
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separate software programs can be Written to divide speci?c 
tasks, as dictated by system requirements, design, or con 
venience. 

[0027] The present invention contemplates manipulations 
that include the addition of a compound of interest to the cell 
culture or the removal thereof from the cell culture. In 
particular, the compound of interest might be a nutritive 
material or a cell modulator, and the data processing instruc 
tions may include a temporal analysis of the action potential 
or the changes observed therein. More speci?cally, the data 
processing instructions is capable of providing an output 
suggestive of the involvement of one or more cellular 
pathWays or receptors of interest. The present system pref 
erably may be accompanied by softWare that includes 
instructions for a feedback loop to provide for ?exibility in 
the manipulation of the parameters of the system to enhance 
or maximiZe the desired outcomes. 

[0028] An object of the present invention is the realiZation 
of a system that is capable of determining a mode of action 
of a test substance based on the one or more cellular 

pathWays or receptors of interest involved. 

[0029] In a system of the present invention, the test 
substance might comprise a toxin, a drug candidate, a 
pathogenic agent, a neurotransmitter, a nerve agent, a gene, 
a gene product, or mixtures thereof. Consistent With the 
objectives of the present invention, a system is provided for 
determining one or more potential functions of an isolated 
nucleic acid, its expression product, or one or more active 
fragments of the nucleic acid or expression product, com 
prising a device and accompanying softWare, in Which the 
device comprises a solid state microelectrode and a cell 
culture comprising one ore more cells that are capable of 
providing a measurable action potential that exhibits one or 
more perceptible characteristics and Which cells have been 
either transfected With an isolated nucleic acid or exposed to 
its expression product, and in Which the accompanying 
softWare comprises data processing instructions capable of 
relating changes in the one or more characteristics exhibited 
by the action potential to one or more potential functions of 
the isolated nucleic acid, its expression product, or one or 
more active fragments of the nucleic acid or expression 
product. 

[0030] Yet another object of the present invention involves 
a method of determining one or more potential functions of 
an isolated nucleic acid, its expression product, or one or 
more active fragments of the nucleic acid or expression 
product comprising (a) providing a device comprising a 
solid state microelectrode; a cell culture comprising one ore 
more cells that are capable of providing a measurable action 
potential that exhibits one or more perceptible characteris 
tics and Which cells have been either transfected With an 
isolated nucleic acid or exposed to its expression product, 
(b) collecting data on the action potential, the one or more 
characteristics thereof, or one or more changes therein; and 
(c) determining from the data the one or more potential 
functions of the isolated nucleic acid, its expression product, 
or one or more active fragments of the nucleic acid or 
expression product. As in other embodiments of the present 
invention, a preferred determining step is one that includes 
deconvoluting the action potential, the one or more charac 
teristics thereof, or the one or more changes therein; one that 
further comprises manipulating one or more parameters to 
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alter one or more conditions of a given experiment; and one 
that further comprises interpreting the outcome of such 
manipulations. 
[0031] Still another aspect of the present invention 
involves a computer readable medium encoding a program 
that includes instructions for execution by a computer, 
Which instructions comprise data processing steps that relate 
changes in one or more characteristics exhibited by an 
observed action potential to one or more ion channels of one 
or more cells of a cell culture upon exposure of the one or 
more cells to a test substance. Speci?cally, the computer 
readable medium of the present invention is one in Which the 
data processing steps may comprise a deconvolution step by 
Which the changes in the one or more characteristics exhib 
ited by the observed action potential are compared With 
stored information from past observations alloWing the 
computer to attribute the changes to the one or more ion 
channels of the one ore more cells. It is important to note that 
in preferred embodiments of the present invention, the 
computer readable medium relating to deconvolution of an 
action potential (or the deconvolution softWare) is one in 
Which the data processing steps do not include a spectral 
analysis, more particularly, not including a spectral analysis 
that makes use of a Fourier transform. In particular, the 
deconvolution step of the present invention is inspired by 
biological knowledge. That is, our knoWledge of the effects 
or mechanisms by Which certain knoWn substances act on 
the physiology of a cell is utiliZed by the methods of the 
present invention to more effectively analyZe or deconvolute 
an action potential to more effectively relate changes in an 
action potential to underlying processes or pathWays. It has 
thus been discovered that certain functional categories can 
be elucidated by the present deconvolution step. Hence, at a 
minimum, one can expose the system of the present inven 
tion to a test substance and through the deconvolution 
process be able to “?t” the effects of test substance on the 
action potential recorded by the system to one or more of 
these functional categories. The determination of the func 
tional categories, in Which a test substance best ?ts, is thus 
an object of the present invention. 

[0032] Separately, another computer readable medium is 
provided Which permits the parameters of the system to be 
changed and/or manipulated such that experimental condi 
tions can be varied. In particular, the instructions encoded 
into a preferred computer readable medium are capable of 
customiZing the system to provide desired outcomes on 
exposure of the system to one or more test substances. Such 
a “system softWare” may make of other programs, including 
deconvolution softWare. It is important to note that While the 
present invention’s deconvolution softWare preferably 
excludes spectral analysis, more speci?cally, a Fourier trans 
formation, the present invention’s system softWare may 
utiliZe such spectral analysis or Fourier transformation. 

[0033] Yet another object of the present invention is to 
disclose a system comprising: a solid state microelectrode; 
a cell culture Which exhibits a measurable action potential; 
an intervening layer comprising a surface modifying mono 
layer, Which functions as a high impedance seal; and soft 
Ware capable of analyZing the action potential to elucidate a 
cellular pathWay or a receptor of interest. It is a further 
embodiment of the present invention, a system is disclosed 
in Which the solid state microelectrode is a planar micro 
electrode. 
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[0034] A method is also disclosed, Which relates to a high 
throughput analysis, the method comprising: providing a 
solid state microelectrode With an intervening layer com 
prising a surface modifying agent, preferably a self-assem 
bling monolayer, Which functions as a high impedance seal; 
adding a cell culture Which exhibits a measurable action 
potential; and analyZing the action potential of the cell 
culture. In a further embodiment of the invention, additives 
are optionally introduced into the system. 

[0035] The present invention also contemplates an appa 
ratus comprising: a system that includes the folloWing 
elements: a microelectrode; a cell culture Which exhibits a 
measurable action potential; an intervening layer comprising 
a surface modifying agent, Which functions as a high imped 
ance seal; and softWare capable of analyZing the action 
potential to elucidate a cellular pathWay or a receptor of 
interest; and a system algorithm capable of manipulating the 
elements of the system to develop an assay of interest. An 
embodiment of the invention is an apparatus that functions 
as an assay for determining the mode of action of a drug 
candidate on one or more cellular pathWays or receptors. 

[0036] In a speci?c embodiment of the present invention, 
a system is provided in Which the one or more cells of the 
cell culture comprise cells transfected With at least one gene 
(e.g., one of unknoWn gene function), and in Which the 
system algorithm is capable of manipulating the elements of 
the system to assist in the elucidation of effects of the gene 
on the behavior of the system or for the discovery of gene 
function. 

[0037] Still a further object of the present invention is to 
provide a method of detecting an agent comprising: provid 
ing an agent; permitting the agent to interact With a sensor, 
in Which the sensor comprises a cell culture having at least 
one cell Which exhibits a measurable membrane potential, a 
solid state microelectrode, and an intervening layer that 
functions as a high impedance seal; observing or recording 
a change in the membrane potential; and analyZing the 
change in the membrane potential to elucidate a cellular 
pathWay, ion channel, receptor of interest, or the like, Which 
is affected by the action of the agent. 

[0038] Other objects of the present invention Will be 
apparent to those of ordinary skill in the art in vieW of the 
discussion and descriptions provided herein. 

4. BRIEF DESCRIPTION OF THE FIGURES 

[0039] FIG. 1a illustrates a single extracellular action 
potential from spontaneously ?ring neonatal rat cardiac 
myocytes cultured for 7 days on a microelectrode array. 
FIG. 1b illustrates a recording from the same microelectrode 
site but over a longer time span to demonstrate the pulsatility 
of the extracellular signal. 

[0040] FIGS. 2A and 2B illustrates extracellular action 
potentials from spinal cord neurons on a microelectrode 
array. The cell ?rings are initiated by a depolariZing stimu 
lus. 

[0041] FIG. 3 illustrates an optical image of neurons 
cultured on a microelectrode array. 

[0042] FIG. 4 illustrates a schematic model of some 
relevant receptors and intracellular pathWays for a NG108 
15 cell. Bold face indicates toxins that have been tested. The 
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effect of toxins on action potential occurs Within 60-180 
seconds, except for VX, Which occurs in 15 minutes. 

[0043] FIG. 5 illustrates results of administration of 
paraoxon (a nerve agent stimulant With an LD5O of 1.8 
mg/kg), c and cyanide on NG-108-15 cells. The stimulated 
action potential using intercellular recording shoWs the 
dramatic changes in action potential shape for the duration, 
amplitude and after hyperpolariZation potential 

[0044] FIG. 6 shoW Hodgkin-Huxley simulations 
(a—membrane potential; b—derivative of membrane poten 
tial) to illustrate sensitivity of extracellular Waveforms to 
changes in membrane time constants. The largest peak is 
from a simulation in Which the potassium channel time 
constant Was lengthened by a factor of ?ve—note the longer 
after potential. The smallest of the peaks results from 
increasing the sodium time constant by a factor of tWo. The 
remaining peak is the normal “textbook” Hodgkin-Huxley 
simulation. 

[0045] FIG. 7 illustrates a schematic of the neuron-to 
microelectrode interface, Where the capacitive discharge 
current=(Ic)=CdV/dt. 
[0046] FIG. 8 illustrates an equivalent circuit for the 
neuron-microelectrode interface, adapted from FromherZ et 
al. (FromherZ, P., Offenhausser, A., Vetter, T., & Weis, J. 
(1991). Aneuron-silicon junction: ARetZius cell of the leech 
on an insulated-gate ?led-effect transistor. Science 252, 

1290-1293.) 
[0047] FIG. 9 illustrates a stacked vieW of the apparatus, 
as Well as preferred connectivity diagram for a speci?c 
embodiment of a system of the present invention. 

[0048] FIG. 10 provides a How chart for a deconvolution 
algorithm. 
[0049] FIG. 11 provides a How chart for a system or 
manipulation algorithm. 

5. DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS OF THE 

INVENTION 

[0050] The invention has several components that func 
tion together for determining the effects of a test subtance. 
One embodiment of the invention is a system comprising a 
solid state microelectrode; a cell culture Which exhibits a 
electrical activity; and an intervening layer, Which functions 
as a high impedance seal. The system is preferably accom 
panied by softWare capable of relating changes in the 
electrical activity of one or more cells of the cell culture to 
the physiological activity of the test substance (e.g., capable 
of deconvoluting an action potential). The term “test sub 
stance” is meant to cover broadly any substance Whose effect 
on a biological system, such as a cell, one is attempting to 
determine. A test substance includes, but is not limited to, 
drugs, proteins, peptides, carbohydrates, nucleic acids, lip 
ids, natural products, small molecules and the like. The 
“effects” of a test substance is likeWise broadly construed 
and may include, but are not limited to, effects on ion ?ux, 
ion channel behavior, underlying cellular pathWays, receptor 
function and response to agonists or antagonists, gene 
expression, cause/effect/progression of disease and the like. 

[0051] FIG. 9 is a diagram shoWing the relationship of 
cells With microelectrodes, particularly in a carbon dioxide/ 
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molecular oxygen atmosphere. This is a microelectrode 
array With electrically active cells capable of producing 
action potentials—a rapid change of voltage across the 
membrane of a cell. 

[0052] Referring to FIG. 9, a liquid or de?ned medium 4, 
such as an aqueous solution of nutrients, surrounds each cell 
2. The de?ned medium 4 sustains the viability of each cell 
2. The gases in the atmosphere are in equilibrium With 
dissolved gases in medium 4. 

[0053] One or more system sensors 6 controls and moni 
tors the parameters of the de?ned medium 4. These param 
eters include pH, temperature and osmolarity, for example. 
Sensors 6 also regulate the nutrient in?oW into the de?ned 
medium 4, as Well as temperature in response to these 
changes. 

[0054] In one embodiment, as shoWn in FIG. 9, a micro 
electrode 8, in an upper surface area, is formed With a 
modi?ed sealed surface 10. Surface 10 is bound to and forms 
a high impedance seal over the microelectrode 8. Alterna 
tively, and not shoWn, is an intervening layer that serves to 
anchor the cell 2. Cell 2 is capable of exhibiting electrical 
activity that can be monitored by the microclectrode 8. 

[0055] Cells are generally separated by a second modi?ed 
surface 12 (as shoWn), Which is repulsive to cell adherence. 
Signals from each microelectrode 8 are transmitted by 
electrode lead Wires 14 to a deconvolution algorithm and 
electronic control system 16. System 16 deciphers the role 
of several ion channels in the action potential of the cell 2. 

[0056] The system algorithm 18 collects information from 
control system 16 and creates a database, Which relates the 
properties of the action potential to different knoWn agents 
that affect ion channels. The system algorithm 18 sends 
command signals to control system 16. The system algo 
rithm 18 also sends commands to the biological system 
controller 20, Which transmits updates and status informa 
tion back to the system algorithm 18 and Which also controls 
addition of compounds to test. 

[0057] 5.1. Solid State Microelectrode 

[0058] In a particular embodiment, the invention com 
prises a solid state microelectrode that can be a ?exible or a 
planar microelectrode. The ?exible microelectrode array 
comprises a combination of electrodes and insulator readily 
adapted to bending, ?exing, and tWisting to permit position 
ing of the microelectrode on a variety of surfaces (or Within 
certain internal structures). Hence, a microelectrode suitable 
for the present invention is one that can be placed on ?at 
surfaces or on curved surfaces. The solid state microelec 
trode of the system can be a metal microelectrode. More 
over, the microelectrode can be a ?eld effect transducer. 

[0059] In another particular embodiment of the invention 
the microelectrode can further comprise an insulator and a 
conductor. Likewise, the conductor of the system can be 
constructed of gold, platinum, silver, copper, conductive 
glass, or combinations thereof, or any other suitable mate 
rial. Moreover, the conductive glass of the system can 
comprise indium tin oxide. Similarly, the active surface of 
the microelectrode of the system can further comprise 
platinum black or iridium oxide. In one particular embodi 
ment of the invention, the insulator surrounding the metal 
microeletrode of the system can be silicon, modi?ed silicon 
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dioxide, silicon nitride, silicon carbide, germanium, silica, 
gallium, arsenide, epoxy resin, polystyrene, polysulfone, 
alumina, silicone, ?uoropolymer, polyester, acrylic copoly 
mers, polylactate, or combinations thereof, or other suitable 
material. 

[0060] 5.2. A Layer Intervening betWeen Microelectrode 
and Cell 

[0061] In a particular embodiment of the invention, an 
intervening layer is established betWeen the microelectrode/ 
insulator array and the cellular component. The intervening 
layer can comprise a surface modifying agent. The surface 
modifying agent of the system can be a self-assembled 
monolayer. In still another embodiment of the system of the 
invention, the self-assembled monolayer is a silane. Cell 
anchorage molecules can further be used to form part of the 
intervening layer. In another embodiment of the system of 
the invention the cell anchorage molecules are antibodies, 
antigens, receptor ligands, receptors, lectins, carbohydrates, 
enZymes, enZyme inhibitors, biotin, avidin, streptavidin, 
cadherins, RGD-type peptides, integrins, cadherins, modi 
?ed lipids, or combinations thereof. 

[0062] In yet still another embodiment of a system of the 
invention the intervening layer comprises a high viscosity 
mixture. Suitable high viscosity mixtures include, but are 
not limited to, alcohols, ethers, esters, ketones, amides, 
glycols, amino acids, saccharides, carboxymethylsaccha 
rides, carboxyethylsaccharides, aminosaccharides, acety 
laminosaccharides, polymers thereof, or combinations 
thereof. Useful glycols can be polyethylene, polypropylene 
glycols and the like. In a yet further embodiment of the 
system of the invention the alcohols, ethers, esters, ketones, 
amides, glycols, amino acids, saccharides, carboxymethyl 
saccharides, carboxyethylsaccharides, aminosaccharides, 
acetylaminosaccharides, polymers thereof, or combinations 
thereof are adherent to the monolayer. 

[0063] The intervening layer of the present invention may 
further comprise an attractive layer, Which increases cell 
anchorage, or may further comprises a repulsive layer, 
Which decreases cell anchorage. Alternatively, the interven 
ing layer can be a pattern of both attractive and repulsive 
layers Which can con?ne a cell to a de?ned area. 

[0064] 5.3. Cells and Media for Cell Culture 

[0065] The present invention makes use of electrically 
active cellular components and a variety of cell culture 
media. The cells of the cell culture are selected from 
electrically active cells, preferably those that give rise to 
measurable membrane or action potentials. The cell culture 
of the system can comprise a neuronal cell or a cardiac cell 
from a human, an animal, or an invertebrate. The cell culture 
can comprise primary cells or cells of a given cell line. 
Similarly, the neuronal cell of the system can be a hippoc 
ampal cell, a cortical neuron, a cerebellar neuron, a mid 
brain neuron, a spinal cord neuron, or a peripheral neuron. 
Equally Well, the cell culture of the system can comprises a 
stem cell, the progeny thereof, or a combination thereof. In 
one embodiment of the invention, the stem cell of the system 
can be exposed to a differentiating factor. Transformed 
(transfected) cells can also be used in the present cell 
culture. In a further embodiment of a system of the inven 
tion, the transfected cell comprises a cell harboring a test 
genomic or cDNA nucleotide sequence. In another embodi 
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ment the test nucleotide sequence can be any gene sequence 
provided in the GENBANK and updates thereof. Moreover, 
the test nucleotide sequence can be any gene sequence 
provided in the Celera gene database, and updates thereof. 

[0066] The cell culture can optionally be coated With a 
polymer. The polymer that coats the cell culture can be 
cellulose, methylcellulose and the like. Various media can be 
used in the cell culture of the present invention. Apreferred 
medium is serum-free medium. HoWever, useful media can 
have additives or nutrients to facilitate cell function or 
groWth. The additive can include groWth factors, vital fac 
tors, vitamins, trace elements, and attachment factors. The 
components of the cell culture can be manipulated. For 
example, certain substances can be added, supplemented, or 
removed depending on the physical or physiological condi 
tions being mimicked by the cell culture. Hence, a nutritive 
material or a cell modulator can be deleted to provide stress 
to the cell culture. In another example, glucose can be partly 
or completely deleted from the medium. Glucose or some 
other carbohydrate can also be added. Additional is infor 
mation on cell culturing techniques can be found, for 
example, in Freshney, I. I. “Culture of Animal Cells: A 
Manual of Basic Techniques,” 4th Ed. Wiley, John & Sons, 
March 2000. The contents of this and all other references 
provided in this speci?cation are incorporated by reference 
herein. 

[0067] 5.4. Deconvolution Algorithm 

[0068] In a particular embodiment, the invention com 
prises at least one algorithm for deconvolution of the action 
potential. The deconvolution analysis determines the con 
tribution of the several ion channels, ion pumps, and other 
sources of electrical activity in the formation of the action 
potential or action potential train. A detector circuit, prefer 
ably a modi?ed FromherZ circuit, can also comprise a 
system of the present invention. 

[0069] Typically, a deconvolution algorithm is obtained by 
taking a basal signal from a system of the present invention; 
that is one records the signal (e.g., an action potential) from 
a base cell culture to Which no test substance has been added. 
Such a basal signal is then stored for later comparison to a 
signal recorded from a system in Which one of the system 
parameters has been altered or to Which a test substance has 
been added. The differences in the recorded signals provides 
some measure of the effects of the altered parameter or 
added test substance. If certain knoWn substances have 
knoWn biological effects are used to obtain recorded signals, 
then one eventually can build up a library of changes to the 
electrical activity, Which correlate to the types of biological 
effects being studied or Which are desired. An algorithm is 
thus obtained from the collective information recorded and 
stored from the electrical changes induced by the knoWn 
substances. This same deconvolution algorithm is then used 
to decipher if a test substance elicits the type of changes in 
electrical activity, Which are indicative of the biological 
effects exerted by the knoWn substances. Eventually, knoWl 
edge of various functional categories is built up, as illus 
trated in the Examples Section, beloW, Which serve to 
indicate the likelihood that a given test substance exhibits a 
physiological effect that can be classi?ed into one or more 
of such functional categories. 

[0070] A more detailed description of the deconvolution 
algorithm and electronic control system 16 is provided in 
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FIG. 10. The ?rst step begins With a start procedure shoWn 
as block S22. The action potential is then sampled and 
compared to the database, as shoWn in block S24. The next 
step requires a determination of Whether the action potential 
that is measured is Within the limits of the parameters of the 
action potential stored in the database, as shoWn in block 
S26. If the measured action potential falls outside the limits 
of the parameters of the stored action potential, an error 
message is displayed (block S28), and the procedure returns 
to start. 

[0071] On the other hand, if the measured action potential 
falls Within the limits of the parameters of the stored action 
potential, then one or more desired compounds are added to 
the de?ned medium 4 (block S30). The next step requires a 
determination of Whether the added compounds have caused 
a change in the action potential (block S32). If no changes 
are measured or noted, then the system adds an antagonist 
substance to block particular cellular pathWays or an agonist 
substance to stimulate particular cellular pathWays, as 
needed (block S34). 
[0072] Here, again, a determination is required as to 
Whether the added chemical compounds have caused a 
change in the action potential (block S36). If no changes are 
measured or noted, then the cell type or medium condition 
is changed, as at block S37, and the procedure is repeated. 

[0073] On the other hand, if the chemical compounds 
added to the de?ned medium 4 have caused a change in the 
action potential, as at blocks S32 and S36, then a model 
output action potential is generated (block S38). The model 
output action potential is generally represented by at least 
three groups of ions. The ?rst group is sodium, Where ?ux 
?oWs from the outside of the cell to the inside. In the second 
group of ions, Which is calcium, the ?ux also ?oWs from the 
outside of the cell to the inside. In the third group, Which is 
potassium, ?ux ?oWs from the inside of the cell to the 
outside, and re-establishes the membrane potential. 

[0074] In block S40, the deconvolution algorithm and 
electronic control system determines and/or measures the 
changes in the action potential of the model output, and 
compares the measured results to those stored in the data 
base(s) (block S40). The next step requires a determination 
of Whether the change in the model output action potential, 
corresponds to a knoWn functional category of compounds 
(block S42). 
[0075] If the change does not corresponds to a knoWn 
functional category of compounds, then the system adds an 
antagonist substance to block particular cellular pathWays or 
an agonist substance to stimulate particular cellular path 
Ways, as needed, (block S34), and the steps proceed as 
described above. 

[0076] On the contrary, if the change corresponds to a 
knoWn functional compound category, then an output in the 
form of a report is presented (block S44). 

[0077] 5.5. Application of a System for Deconvolution on 
Test Substances 

[0078] Accordingly, a method is provided, Which com 
prises adding a test substance and analyZing the modi?ed 
action potential using a deconvolution algorithm. See, FIG. 
10. A dcconvoluting step, in a basic form, involves deci 
phering the relative contributions of ion ?uxes attributable to 




































