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(57) ABSTRACT 

The present invention relates to devices and methods of use 

thereof for detection of biomolecules, in vitro, in vivo, or in 
situ. The invention relates to methods of diagnosing and/or 
treating a subject as having or being at risk of developing a 
disease or condition that is associated With abnormal levels 
of one or more biomolecules including, but not limited to, 

inter alia, epilepsy, diseases of the basal ganglia, athetoid, 
dystonic diseases, neoplasms, Parkinson’s disease, brain 
injuries, spinal cord injuries, and cancer. The invention also 
provides methods of di?cerentiating White matter from gray 
matter. In some embodiments, regions of the brain to be 
resected or targeted for pharmaceutical therapy are identi?ed 
using sensors. The invention further provides methods of 
measuring the neurotoxicity of a material by comparing 
microvoltammograms of a neural tissue in the presence and 
absence of the material using the inventive sensors. 
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IDENTIFICATION, DIAGNOSIS, AND 
TREATMENT OF NEUROPATHOLOGIES, 

NEUROTOXICITIES, TUMORS, AND BRAIN AND 
SPINAL CORD INJURIES USING ELECTRODES 

WITH MICROVOLTAMMETRY 

[0001] This application is a continuation-in-part applica 
tion under 35 U.S.C. §120 of US. patent application Ser. 
No. 10/118,571, ?led Apr. 8, 2002, noW allowed, entitled, 
“Identi?cation, Diagnosis, And Treatment Of Neuropatholo 
gies, Neurotoxicities, Tumors, And Brain And Spinal Cord 
Injuries Using Microelectrodes With Microvoltammetry,” 
Which claims the bene?t of US. provisional application Ser. 
Nos. 60/326,407, ?led on Oct. 1, 2001; 60/297,276, ?led on 
Jun. 11, 2001; and 60/282,004, ?led on Apr. 6, 2001, all noW 
expired, all of Which are herein incorporated by reference. 

FIELD OF INVENTION 

[0002] This invention relates to the identi?cation, diagno 
sis, and treatment of neuropathologies, neurotoxicities, 
tumors, and brain and spinal cord injuries using electrodes 
With microvoltammetry. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to devices and meth 
ods of use thereof for determining the presence and con 
centration of chemicals in a cell, tissue, organ or organism. 
The invention relates to, inter alia, semiderivative voltam 
metric measurements and chronoamperometric measure 
ments of chemicals, e.g. neurotransmitters, precursors and 
metabolites, to identify, diagnose, and/or treat neuropatholo 
gies, neurotoxicities, tumors, and brain and spinal cord 
injuries. 
[0004] Microvoltammetric indicator microelectrodes pass 
small but measurable currents While neurotransmitters and 
metabolites close to the microelectrode surface undergo 
oxidation and/or reduction (Adams R N et al., 1982, Hand 
book of Psychopharmacology, pp. 1-74). When an electrode 
is placed in contact With a solution a phase boundary is 
created that separates identical solutes into tWo different 
types. They are (a) molecules that are at a distance from the 
microelectrode and (b) those molecules that are close 
enough to participate in mutual interactions betWeen the 
surface of the microelectrode and the sample solution inter 
face (Kissinger P T et al., 1996, Laboratory Techniques in 
Eleclroanalylical Chemistry, pp. 11-50). Collectively, these 
interactions are called electrochemistry. 

[0005] Detection of electrochemical signals from solu 
tions and from anatomic brain sites is termed “faradaic” 
because the amount of the oxidative and/or reductive species 
detected at the surface of the microelectrode may be calcu 
lated by a derivation of Faraday’s LaW, the Cottrell Equa 
tion, 1it=nFACODOl/2/3.141/2t1/2, Where i is current at time t; 
n is the number of electrons (eq/mol); F is Faraday’s 
constant (96,486 C/eq); A is electrode area (cm2); C is 
concentration of oxygen (mol/cm3), and D is the diffusion 
coef?cient of oxygen (cm2/ s). The proportionality betWeen 
charge and mass of an electrochemical reaction describes the 
relationship betWeen the charge of each neurochemical in 
the process of oxidation and/or reduction and the concen 
tration of each neurochemical. The Cottrell Equation relates 
to quiet solution experiments Wherein the potential is instan 
taneously sWitched from an initial value Ei to a ?nal poten 
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tial, then held constant for a ?xed time, then sWitched back 
to E. If material diffuses to a planar electrode surface in only 
one direction (linear diffusion) then the exact description of 
the current-time curve is the Cottrell Equation. 

[0006] Current-time relationships With a circular electrode 
are de?ned in electrochemistry by the Cottrell Equation. For 
a long time, other electrode siZes and experiments using 
different electrolysis times Were considered deviations from 
the Cottrell Equations that could be considered negligible. 
HoWever, Wightman et al. observed that linear diffusion is 
not enough to describe the action that takes place at spherical 
microelectrodes (Dayton M A et al., 1980, Anal. Chem. 
52:948-950). The quiet solution behavior of very small 
electrodes is different and is better described by a steady 
state equation in Which the radius of the electrode is taken 
into account (Adams R N et al., 1982, Handbook of Psy 
chopharmacology, pp. 1-74). This equation is suitable for 
calculating the edge effect or spherical steady-state contri 
bution for even a 300-micron diameter electrode. Such a 
calculation reveals that the edge effect or spherical steady 
state contribution adds approximately 30% current to the 
linear diffusion component for an electrolysis time of only 
one second (Dayton M A et al., 1980, Anal. Chem. 52:948 
950). 
[0007] Microvoltammetric circuits using several types of 
carbon paste microelectrodes have been developed and 
re?ned (Broderick P A, 1995, US. Pat. No. 5,433,710; 
Broderick PA, 1996, EP 90914306.7; Broderick PA, 1999, 
US. Pat. No. 5,938,903). Reliable separation and quanti? 
cation of neurotransmitters including norepinephrine, sero 
tonin, and dopamine as Well as some of their precursors and 
metabolites is noW possible (Broderick P A, 1989, Brain 
Res. 495:115-121; Broderick P A, 1988, Neurosci. Lell. 
951275-280; Broderick P A, 1990, Eleclroanalysis 2:241 
245). 
[0008] One electrode for in vivo electrochemical studies 
Was developed in the laboratory of Ralph Adams (Kissinger 
P T et al., 1973, Brain Res. 55:209). Using carbon paste 
electrodes With diameters reaching 1.6 mm and Ag/AgCl 
(3M NaCl) reference electrodes, neurotransmitters including 
dopamine and norepinephrine and their metabolites Were 
detected (not separated), as a single peak in rat caudate 
nucleus With ?nite current electrochemistry and cyclic vol 
tammetry. 

[0009] Extensive re?nements to microelectrodes and to in 
vivo electrochemistry have been made (Broderick PA, 1990, 
Eleclroanalysis 2:241-245). The recent development of a 
stearate-carbon paste probe along With an electrode condi 
tioning process has resulted in reliable separation and detec 
tion of norepinephrine, dopamine, and serotonin (Broderick 
PA, 1996, EP 90914306.7; Broderick PA, 1999, US. Pat. 
No. 5,938,903). In addition, other types of microelectrodes 
With increased sensitivity and reliability continue to be 
developed (Broderick P A, 1996, EP 90914306.7; Broderick 
P A, 1999, US. Pat. No. 5,938,903). An electrochemically 
pre-treated carbon ?ber electrode alloWs the differentiation 
of dopamine from DOPAC (Akiyama RA et al., 1985, Anal 
Chem. 57:1518), as do microelectrodes used in the instant 
invention. 

[0010] Previous in vitro analysis techniques have yielded 
disappointing results. Prior ex vivo studies attempted to 
circumvent these problems With the microdialysis technique 
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(During M J et al., 1993, Lancet 34111607-1610; Lehmann 
A et al., 1991, Neurolransmillers and Epilepsy, pp. 167 
180). Dialysis tubing placed on or Within the brain is 
perfused With arti?cial CSF or Krebs-Ringer bicarbonate 
solution, and the perfusate is then analyzed With High 
Performance Liquid Chromatography (HPLC) With electro 
chemical detection; this provides information about the 
extracellular environment. However, this technique has been 
criticized because of the local gliosis caused by the dialysis 
probes and the perfusion process that can alter the biochemi 
cal parameters under study. In addition, the perfusate is 
analyzed outside the brain and therefore in contrast to 
microvoltammetry measurements are not truly in situ or in 
v1vo. 

[0011] Epilepsy is a neurological disorder characterized 
by transient electrical disturbances of the brain that may be 
studied by electrophysical techniques. Neurotransmitter data 
from experimental epilepsy models and in vitro analysis of 
surgically resected specimens from patients With partial 
epilepsy have thus far yielded con?icting results. These 
con?icting results may be due to signi?cant variations 
betWeen samples as Well as choice of controls. Additionally, 
highly localized changes in epileptic cortex are not detect 
able using Whole tissue homogenates. In general, increased 
activity in noradrenergic, dopaminergic, and serotonergic 
systems are believed to reduce cortical excitability and 
decrease seizure activity (Delgado-Escueta A V, 1984, Ann 
Neurol. 16(Suppl.): 145-148). HoWever, human temporal 
lobe epilepsy is a complex disorder that may involve the 
dysfunction of distinct neuronal systems including the hip 
pocampus and entorhinal cortex, the temporal neocortex, or 
combinations of these structures. Therefore, the contribution 
of different neurotransmitter systems to epileptogenesis in a 
given patient likely varies With lesion location and the 
etiology of epilepsy. Furthermore, recent studies demon 
strating presynaptic inhibitory serotonin autoreceptors,-in 
hippocampus (Schlicker E et al., 1996, Naunyn Schmiede 
bergs Arch Pharmacol. 3541393-396) and a dual role for 
norepinephrine in epileptogenesis (Radisavljevic Z et al., 
1994, International Journal ofDevelopmenZal Neuroscience 
121353-361) suggest an even more complex situation. 

[0012] Recent studies are noW de?ning a syndrome of 
neocortical temporal lobe epilepsy that has distinct clinico 
pathologic and electrophysiologic features from mesial tem 
poral lobe epilepsy (Pacia S V et al., 1997, Epilepsia 
381642-654; Pacia S V et al., 1996, Ann Neurol 401724-730). 
While both mesial temporal lobe epilepsy and neocortical 
temporal lobe epilepsy are potentially treatable With surgical 
resection When seizures are refractory to antiepileptic medi 
cation, the type and extent of temporal lobe resection 
necessary to achieve a seizure free outcome may dilfer. 
Neocortical temporal lobe epilepsy patients may require 
resections tailored to include the epileptogenic zone. These 
resections may lie outside the boundaries of a standard 
temporal lobe resection performed for mesial temporal lobe 
epilepsy. Neurochemistry using microvoltammetry may pro 
vide a means for de?ning the epileptogenic zone in these 
patients. 

[0013] Other techniques for detecting neurotransmitters in 
real time and in vivo fall short of the instant invention. These 
previous methods such as dialysis have limitations such as 
those described in During M J et al., 1993, Lancet 34111607 
1610; Ferrendelli J A et al., 1986, Adv. Neurol. 441393-400; 
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Goldstein D S et al., 1988, JNeurochem 501225229; Janusz 
W et al., 1989, Neurosci Res 71144153; KaWaguchi Y et al., 
1998, JNeurosci 1816963-6976. 

[0014] In vivo detection of neurotransmitters and other 
chemicals is also important for diagnosing and treating 
movement disorders such as spinal cord injuries and brain 
injuries. Current techniques are limited, in part, in their 
relative inability to monitor neural chemistry in real time in 
a freely behaving animal or human Which may limit their 
diagnostic and/or therapeutic ef?cacy. Movement may be 
generated by a central pattern generator (CPG), i.e. a neu 
ronal netWork capable of generating a rhythmic pattern of 
motor activity either in the presence or absence of phasic 
sensory input from peripheral receptors. 

[0015] Central pattern generators have been identi?ed and 
analyzed in more than ?fty rhythmic motor systems and 
CPGs can generate a variety of motor patterns. A universal 
characteristic of this Wide variety of motor patterns is that 
they consist of rhythmic and alternating motions of the body 
or appendages. It is the rhythmicity of these behaviors that 
make these behaviors appear stereotypic. It is the repetitive 
quality of these behaviors that enables stereotypic behaviors 
to be controlled automatically. This automaticity or autoac 
tivity means that there may be little or no need for inter 
vention from higher brain centers When the environment 
remains stable. 

[0016] The simplest CPGs contain neurons that are able to 
burst spontaneously. Such endogenous bursters can drive 
other motor neurons and some motor neurons are them 

selves, endogenous bursters. Importantly, bursters are com 
mon in CPGs that produce continuous rhythmic movement, 
such as locomotion. But, locomotion is an episodic, rhyth 
mic behavior and thus, further regulation by neurochemicals 
becomes necessary. Endogenous bursts (cell ?ring) of neu 
rons involved in locomotion must be regulated by neu 
rotransmitters and neuromodulators, i.e., substances that can 
alter the cellular properties of neurons involved in CPGs. 
Brief depolarizations occur and lead to maintained depolar 
izations (plateau potentials) that can last for long periods of 
time. These maintained depolarizations far outlast the initial 
depolarization and it is these maintained depolarizations that 
are necessary for rhythmic movements. The generation of 
rhythmic motor activity by CPGs can be altered by amines 
and peptides (Grillner S et al., 1987, Trends Neurosci. 
10134-41; Rossignol S et al., 1994, Curr Opin. Neurobiol. 
41894-902), thereby enabling a CPG to generate an even 
greater variety of repetitive motor patterns. Motor CPGs 
produce a complex temporal pattern of activation of differ 
ent groups of motor functions and each pattern can be 
divided into a number of distinct phases even Within a phase. 
CPGs are time-dependent (Pearson K et al., 2000, Principles 
of Neural Science, 4th edition, pp. 738-755). 

[0017] Serotonin is an important neuromodulator for 
CPGs and can control the CPG underlying the escape sWim 
response in the mollusc, Trilonia diomedea. The dorsal 
sWim interneurons (DSIs) are a bilaterally represented set of 
three 5-HT-ergic neurons that participate in the generation of 
the rhythmic sWim motor program. Serotonin from these 
CPG neurons is said to function as both a fast neurotrans 
mitter and as a sloWer neuromodulator. In its modulatory 
role, 5-HT enhances the release of neurotransmitter from 
another CPG neuron, C2 and also increases C2 excitability 
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by decreasing spike frequency adaptation. Serotonin intrin 
sic to the CPG may neuromodulate behavioral sensitization 
and habituation. Serotonin intrinsic to the DSI enhances 
synaptic potentials evoked by another neuron in the same 
circuit (KatZ P S, 1998, Ann. NYAcad. Sci. 860:181-188; 
KatZ P S et al., 1994, Nature 367:729-731). 

[0018] In another mollusc, the pteropod Clione limacina, 
the CPG for swimming is located in the pedal ganglia and 
formed by three groups of interneurons Which are critical for 
rhythmic activity. The endogenous rhythmic activity of this 
CPG Was enhanced by 5-HT (Arshavsky Y I et al., 1998, 
Ann. NYAcad. Sci. 860:51-69). In the pond snail, Lymnaea 
slagnalis, 5-HT is the main neurotransmitter in its stereo 
typic feeding circuit (Sadamoto H et al., 1998, Lymnaea 
Slagnalis. Neurosi. Res. 32:57-63). In the sea slug, Aplysia, 
the CPG for biting is modulated both intrinsically and 
extrinsically. Intrinsic modulation has been reported to be 
mediated by cerebral peptide-2 (cp-2) containing CB1-2 
interneurons and is mimicked by application of CP-2, 
Whereas extrinsic modulation is mediated by the 5-HT-ergic 
metacerebral cell (MCC) neurons and is mimicked by appli 
cation of 5-HT (Morgan P T et al., 2000, J. Neurophysiol. 
84:1186-1193). 

[0019] In vertebrates, the 5-HT somatodendritic nuclei, 
the raphe, comprise the most expansive and complex ana 
tomic and neurochemical system in CNS. Raphe nuclei 
almost exclusively reside along the midline in the rat and in 
the primate. Fewer reside along the midline, but several 
exhibit a paramedian organiZation (AZmitia E C, 1986, Adv. 
Neurol. 43:493-507). The rostral 5-HT raphe group and 
caudal linear nucleus sends 5-HT e?ferents to A9 basal nuclei 
motor systems and the caudal 5-HT group, Whereas the 
interfascicular aspect of the 5-HT-ergic dorsal raphe projects 
elferents to Al0 basal ganglia (nuclei) regions (Jacobs B L et 
al., 1992, Physiol. Rev. 72:165-229). 

[0020] Electrophysiological studies have shoWn that the 
most prominent action of increased 5-HT cell ?ring, in 5-HT 
somatodendrites in treadmill locomotion for example, is to 
increase the ?exor and extensor burst amplitude of 5-HT cell 
?ring in dorsal raphe, (DR) somatodendrites for 5-HT, 
during locomotion (Barbeau H et al., 1991, Brain Res. 
546:250-260). Further evidence for 5-HT controlling motor 
output is seen from studies in Which 5-HT, directly injected 
into the motor nucleus of the trigeminal nerve, increased the 
amplitude of both the tonic electromyogram of the masseter 
muscle and the externally elicited jaW-closure (masseteric) 
re?ex (McCall R B et al., 1979, Brain Res. 169:11-27; 
McCall R B et al., 1980, Eur. J Pharmacol. 651175-183; 
Ribeiro-Do-Valle L E et al., 1989, Soc. Neurosci. Absln 
1511283). In fact, Jacobs and AZmitia have proposed that 
5-HT’s primary function in CNS neuronal circuitry is to 
facilitate motor output (Jacobs B L et al., 1992, Physiol. Rev. 
72:165-229). 
[0021] Serotonin neurons Within 5-HT somatodendrites 
depolariZe With such extraordinary regularity that they 
exhibit automaticity, i.e., they can act by a CPG and produce 
plateau potentials. Thus, 5-HT neurons exhibit repetitive 
discharge characteristics. Increased 5-HT neuronal cell ?r 
ing in somatodendritic raphe nuclei generally precedes the 
onset of movement or even increased muscle tone in arousal 
by several seconds and is maintained during sustained 
behavior (Jacobs B L, 1986, NeurochemicalAnalysis oflhe 
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Conscious Brain: Vollammelry and Push-Pull Perfusion, 
Ann. NY Acad. Sci., pp. 70-79). Importantly, 5-HT cell 
?ring in raphe nuclei is sometimes phase-locked to repetitive 
behavioral stereotypic responses. The regular ?ring of 5-HT 
somatodendrites in raphe nuclei is activated preferentially. 
This activation is associated With locomotion and cheWing, 
stereotypic behaviors that are stimulated by CPGs (Jacobs B 
L et al., 1991, Pharmacol. Rev. 43:563-578). Serotonin 
intrinsic CPGs have been reported to be responsible for 
inducing rhythmic motor activity in the spinal cord of the 
turtle and the lamprey (Guertin P A et al., 1998, Neurosci. 
Len. 245:5-8; Harris-Warrick R M et al., 1985, J. Exp. Biol. 
116:27-46). The evidence in the lamprey suggests that 5-HT 
may have a role in the generation of a family of related 
undulatory movements, including, sWimming, craWling, and 
burroWing, by a single CPG. 

[0022] In addition to neurological disorders and injuries, 
the device and methods of use provided herein may be used 
for for brain cancer diagnosis and treatment. Current imag 
ing technology is limited With respect to tumor visualiZation 
in neural tissue. For example, magnetic resonance imaging 
MRI is limited in its ability to detect tumor in?ltration into 
White matter. This may hinder a physician’s ability to render 
a diagnosis and/or prognosis. It further limits the ability to 
treat the patient by, for example, hindering a surgeon from 
de?ning tumor boundaries to remove the tumor. Altema 
tively, an inability to visualiZe cancerous cells or tissue in 
White matter may hinder a physicians ability to monitor the 
efficacy of a chemotherapy regimen. 

SUMMARY OF THE INVENTION 

[0023] The present invention relates to devices and meth 
ods for microvoltammetric and/or chronoamperometric 
imaging of temporal changes in neurotransmitter concentra 
tions in living humans and non-human animals comprising 
contacting cells With a Broderick probe or BRODERICK 
PROBE® sensor, applying a potential to said Broderick 
probe, and generating a temporally resolved microvoltam 
mogram. The method may further comprise determining 
from said microvoltammogram the presence and concentra 
tion of at least one marker selected from the group consisting 
of serotonin, dopamine, ascorbic acid, norepinephrine, 
y-aminobutyric acid, glutamate, neurotensin, somatostatin, 
dynorphin, homovanillic acid, uric acid, tryptophan, 
tyrosine, nitrous oxide, and nitric oxide. Methods of the 
invention may further comprise comparing the microvolta 
mmogram and/or neurotransmitter concentrations to a ref 
erence or control microvoltammogram and/or neurotrans 

mitter concentration(s). 

[0024] The present invention relates to devices and meth 
ods for treating epilepsy. More speci?cally, the invention 
relates to the use of Broderick probes to ascertain neu 
rotransmitter levels in the brains of patients having epilepsy, 
especially temporal lobe epilepsy. In some embodiments of 
the invention, regions of the brain to be resected are iden 
ti?ed using Broderick probes. In some embodiments of the 
invention, regions of the brain to be targeted for pharma 
ceutical therapy are identi?ed using Broderick probes. 

[0025] The present invention also relates to devices and 
methods for reliably distinguishing temporal lobe gray mat 
ter from White matter using Broderick probes With micro 
volatammetry. 
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[0026] The invention further relates to methods of brain 
cancer diagnosis using distinct White matter voltammetric 
signals as detected by Broderick probes. The invention 
further relates to diagnosis of other White matter diseases. 
Nonlimiting examples of White matter diseases are multiple 
sclerosis, leukodystrophies, mitochondrial diseases, lipid 
disorders and glial cell-related disorders Whether these glial 
cells or glia are normal, abnormal, modi?ed or cultured and 
the like. 

[0027] The present invention further relates to devices and 
methods for diagnosing and treating cocaine psychomotor 
stimulant behaviors. In some embodiments of the invention 
electrodes may be contacted With a subject to ascertain 
changes in neurotransmitter levels, e. g. due to release and/or 
reuptake, in real time. In some embodiments, the invention 
provides methods of predicting the occurrence of movement 
disorder effects of a drug. Nonlimiting examples of move 
ment disorders are cocaine addiction, Huntington’s disease, 
Parkinson’s disease, Autism, Lesch-Nyhan Disease and the 
like. 

[0028] The present invention further provides devices and 
methods for diagnosing pathologies and/or abnormalities of 
neurotransmitter levels. Neurotransmitters that may be 
detected by the techniques of the invention may be selected 
from the group consisting of serotonin (5-HT), dopamine 
(DA), ascorbic acid (AA), norepinephrine (NE), y-aminobu 
tyric acid (GABA), glutamate, neurotensin, somatostatin, 
dynorphin, homovanillic acid, uric acid (UA), tryptophan, 
tyrosine, nitrous oxide, and nitric oxide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIG. 1. Schematic diagram of the Broderick probe 
electrodes for the selective electrochemical detection, in 
vitro, in vivo, and in situ, of neurotransmitters, neuromodu 
lators, metabolites, precursors and peptides in humans and 
animals, centrally and peripherally. Diagram of electrode is 
greatly oversiZed; actual siZes can range from numbers of 
nanometers in single digits to a feW hundred microns to 
millimeters. 

[0030] FIG. 2A and B. Semiderivative voltammograms 
from mesial temporal lobe epilepsy patients #8, and neo 
cortical temporal lobe epilepsy patient #14, When the indi 
cator electrode Was placed in anterolateral temporal neocor 
tex are shoWn. The potential applied to the indicator 
electrode in millivolts is plotted on the x-axis. The current 
derived from each monoamine is plotted on the y-axis. The 
electrochemical signals are plotted and the characteristic 
oxidative potentials for each neurotransmitter Were identi 
?ed. Mesial temporal lobe epilepsy patient #8 exhibited the 
norepinephrine and serotonin signature on the voltammo 
gram at peak oxidation potentials of 0.17V for norepineph 
rine and 0.305V for serotonin. Neocortical temporal lobe 
epilepsy patient #14 exhibited dopamine and serotonin sig 
nals on the voltammogram at peak oxidation potentials of 
0.115V for dopamine and 0.295V for serotonin. Data are 
draWn from the original voltammogram, recorded in situ, 
i.e., actual raW data are presented. 

[0031] FIG. 3A and B. Microvoltammograms, recorded in 
vivo in real time of neurons in the nucleus accumbens 
(NAcc) of freely moving and behaving, male, Sprague 
DaWley laboratory rats. The oxidation potential in millivolts 
is plotted on the x-axis. The current derived from each 
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neuro/zchemical is plotted on the y-axis [Current Scale=25 
pAs 12.5 mml/2)]. Panel A Was recorded tWo Weeks after 
surgical implantation of Broderick probes under sodium 
pentobarbital anesthesia, actually on Nov. 30, 1992 and 
panel B Was recorded seven months later on May 11th, 1993. 
Both voltammograms represent endogenous release of 
dopamine (DA) and serotonin (5-HT) in the basal nucleus, 
NAcc, While the animal is exhibiting normal motor activity 
in the open-?eld behavioral paradigm. Animal Was not 
treated With drugs at either recording time, nor Was the 
animal treated With drugs during the seven-month period; 
recordings taken during the seven-month period Were stable 
as Well. 

[0032] FIG. 4. In situ microvoltammetric recording from 
hippocampal alveus (White matter in hippocampus, left 
panel) and neocortex stem (White matter in neocortex, right 
panel). Tissue Was resected from a mesial temporal lobe 
epilepsy patient (Patient #7). 
[0033] FIG. 5A and B. (A) Gray Matter recordings (Vol 
tammograms) from resected tissue from temporal lobe epi 
lepsy patients. Left to Right: Neocortex, Patient 8; Pyrami 
dal Layer, Patient 4; Granular Cells of the Dentate Gyrus, 
Patient 3. (B) White Matter recordings (Voltammograms) 
from resected tissue from temporal lobe epilepsy patients. 
Left to Right: Neocortex, Patient 8; Subiculum, Patient 4; 
Alveus, Patient 3. X-axis: Oxidation potentials in millivolts. 
Y-axis: Current in picoamperes per semidilferentiation of the 
second. 

[0034] FIG. 6. Illustration of Broderick probe operation 
detecting neurotransmitters along With a resulting microvol 
tammogram. 

[0035] FIG. 7. Neurochemistry and Behavior: Line graph 
depicting endogenous 5-HT release (open circles) at basal 
nucleus, Ag terminals, of neurons in the dorsal striatum 
(DStr), detected in real time, While the freely moving, male, 
Sprague-DaWley laboratory rat is actually behaving, during 
normal/natural movement (?rst hour) and subsequent 
habituation behavior (second hour). Serotonin, detected 
Within seconds of release, is plotted With a line graph 
derived from infrared photobeam monitoring of behavior 
(closed circles): locomotion (ambulations, left panel); ste 
reotypy (?ne movements, right panel). Open-?eld behaviors 
Were studied in units of frequency of events recorded every 
100 ms during normal/natural behavior. Data shoW that 
normal episodic, rhythmic nature of locomotor movement 
may be neuromodulated by 5-HT Within the basal nucleus. 

[0036] FIG. 8. Neurochemistry and Behavior: Line graph 
depicting endogenous 5-HT release (open circles) at basal 
nucleus A1O terminals, ventrolateral nucleus accumbens 
(v1NAcc), in real time, While the freely moving, male, 
Sprague-DaWley laboratory rat is actually behaving, during 
normal/natural movement (?rst hour) and subsequent 
habituation behavior (second hour). Serotonin, detected 
Within seconds of release, is plotted With a line graph 
derived from simultaneous infrared photobeam monitoring 
of behavior (closed circles): locomotions (ambulations, left 
panel); stereotypy (?ne movements, right panel). Open-?eld 
behaviors Were studied in units of frequency of events, 
Which Were recorded every 100 ms during normal/natural 
locomotor behavior. Data shoW that normal episodic, rhyth 
mic nature of locomotor movement may be neuromodulated 
by 5-HT Within the basal nucleus, Alo terminals. 
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[0037] FIG. 9. Neurochemistry and Behavior: Line graph 
depicting endogenous 5-HT release (open circles) at basal 
stem nucleus, DAA 10 terminals, somatodendrites, ventral 
tegmental area (V TA), in real time, While the freely moving, 
male, Sprague-DaWley laboratory rat is actually behaving, 
during normal/natural movement (?rst hour) and subsequent 
habituation behavior (second hour). Serotonin, detected 
Within seconds of release, is plotted With a line graph 
derived from simultaneous infrared photobeam monitoring 
of behavior (closed circles): locomotion (ambulations, left 
panel); stereotypy (?ne movements, right panel). Open-?eld 
behaviors Were studied in units of frequency of events, 
Which Were recorded every 100 ms during normal/natural 
locomotor behavior. Data shoW that normal episodic, rhyth 
mic nature of locomotor movement is exhibited and can be 
detected With this biotechnology. HoWever, still, very rhyth 
mic, 5-HT neuromodulation of movement in VTA exhibits a 
different pattern of rhythm With movement than that pattern, 
seen in basal nuclei. 

[0038] FIG. 10. Cocaine Neurochemistry and Behavior: 
Line graph depicting endogenous 5-HT release (open 
circles) at basal nucleus Al0 terminals, vlNAcc, in real time, 
While the freely moving, male, Sprague-DaWley laboratory 
rat is actually behaving, during cocaine-induced behavior 
(intraperitoneal injection of cocaine: tWo hour study). Sero 
tonin, detected Within seconds of release, is plotted With a 
line graph derived from simultaneous infrared photobeam 
monitoring of behavior (closed circles): locomotions (ambu 
lations, left panel); stereotypy (?ne movements, right panel). 
Open-?eld behaviors Were studied in units of frequency of 
events, Which Were recorded every 100 ms during normal/ 
natural locomotor behavior. Data shoW that cocaine dis 
rupted the normal episodic, rhythmic nature of locomotor 
and stereotypic movement Which may be neuromodulated 
by 5-HT Within the basal nucleus, Alo terminals. Data 
suggest that cocaine caused neuroadaptive process in 5-HT 
mechanisms in DA basal nuclei. 

[0039] FIG. 11. Cocaine Neurochemistry and Behavior: 
Line graph depicting endogenous 5-HT release (open 
circles) at basal stem nucleus, DA A 10 somatodendrites, 
VTA, in real time, While the freely moving, male, Sprague 
DaWley laboratory rat is actually behaving, during cocaine 
behavior (subcutaneous injection of cocaine: four hour 
study). Serotonin, detected Within seconds of release, is 
plotted With a line graph derived from simultaneous infrared 
photobeam monitoring of behavior (closed circles): loco 
motion (ambulations, left panel); stereotypy (?ne move 
ments, right panel). Open-?eld behaviors Were studied in 
units of frequency of events, Which Were recorded every 100 
ms during normal/natural locomotor behavior. Data shoW 
that cocaine disrupted the normal episodic, rhythmic nature 
of locomotor movement, likely by disturbing 5-HT neuro 
modulation of behavior in DA motor circuits and causing 
neuroadaptation. 

[0040] FIG. 12.A and B. Schematic of Broderick probes in 
a grid format on the brain (A) and side vieW (B). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0041] The invention relates to an electrode or sensor 
having a construction and an indicator, Where the sensor may 
be used for detecting biomolecules, including but not limited 
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to, for example, but not limited to, neurotransmitters, drugs, 
amyloid proteins, stabiliZing proteins, and chemicals, in 
order to diagnose or determine a diseased state or condition. 

[0042] In one embodiment, the Broderick probe is a 
microelectrode comprising graphite, oil, and a material 
selected from the group consisting of glycolipids, lipopro 
teins, saturated and unsaturated fatty acids, and per?uoro 
sulfonated materials. 

[0043] In some embodiments of the invention, the Brod 
erick probe is a Broderick probe microelectrode having an 
indicator. Within the ?eld of electrochemistry, this sensor 
may be termed the indicator microelectrode and may also be 
called the Working microelectrode. The surface of the micro 
electrode consists of carbon-base and is the electrochemical 
device. 

[0044] Broderick probes do not promote bacterial groWth 
either before or after sterilization With gamma irradiation. 
Gamma irradiation treatment Was performed by Sterigenics 
International, Inc., HaW River, NC. 

[0045] A non-limiting example of a Broderick probe or 
sensor comprising a construction and an indicator as 
depicted in FIG. 1. Further details and examples may be 
found in US. Pat. Nos. 4,883,057, 5,443,710, and 5,938, 
903, all to P. A. Broderick including circuit diagrams and 
methods of making Broderick probes. Broderick probes may 
be in electrical contact With an auxiliary electrode and/or a 
reference electrode. It Will be apparent to those of ordinary 
skill in the art, particularly in vieW of the cited patent 
documents, that “Broderick probe” is a term that relates to 
a number of electrodes that vary by composition and the type 
of circuit in Which it is employed and that these variations 
give rise to differences in detection properties. 

[0046] One means for electrochemically measuring the 
concentration of one or more biomolecules or markers 

include, but are not limited to, circuits of square Wave, 
amperometric semidilferential/semiderivative, voltammet 
ric, linear scan, differential pulse, double dilfemtial pulse, 
and, chronoamperometric circuits. The auxiliary microelec 
trode, reference microelectrode, and inventive sensor are 
functionally connected to the means for electrochemical 
measurements. 

[0047] Broderick probes are miniature carbon-based sen 
sors that are able to detect electrochemical signals for a vast 
number of neurotransmitters, neuromodulators and metabo 
lites, including neuropeptides, hormones, vitamins, and the 
like (Broderick P A, 1989, US. Pat. No. 4,883,057; Brod 
erick P A, 1995, US. Pat. No. 5,433,710; Broderick P A, 
1997, EP 0487647 Bl; Broderick P A, 1999, US. Pat. No. 
5,938,903; Broderick P A, 1999, Hong Kong, HK 
#1007350). These probes have made it possible to routinely 
and selectively detect in discrete neuroanatomic substrates 
of living human and animal brain, the monoamines, DA, 
NE, and 5-HT, in addition to the precursor to 5-HT, l-tryp 
tophan (l-TP), ascorbic acid (AA) and uric acid (UA) 
(Broderick PA, 1988, Neurosci. Len. 95:275-280; Broderick 
P A, 1989, Brain Res. 495:115-121; Broderick P A, 1990, 
Eleclroanalysis 2:241-251; Broderick P A, 2000, Epilepsia 
4l(Suppl.):9l; Broderick P A et al., 2000, Brain Res. 
878:49-63). It is also possible to differentiate catechola 
mines, DA and NE, electrochemically using these probes 
(Broderick PA, 1988, Neurosci. Len. 95:275-280; Broderick 
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P A, 1989, Brain Res. 495:115-121; Broderick P A, 1990, 
Eleclroanalysis 2:241-251; Broderick P A, 2000, Epilepsia 
41(Supp1.):91; Broderick P A et al., 2000, Brain Res. 
878:49-63). More recently, it has been found that these 
probes are also capable of electrochemical detection of 
somatostatin and dynorphin A (Broderick P A, 2000, Epi 
lepsia 41(Supp1.):91). 
[0048] The Broderick probe, electrode, BRODERICK 
PROBE® sensor, or sensor, as used herein, may be prepared 
in a Wide range of siZes and formulations each With different 
detection capabilities. In particular, one embodiment of the 
Broderick comprises a construction and indicator portion. 
The Broderick probe or sensor is useful for intraoperative 
recordings and continuous recordings With data logging and 
telemetry. 
[0049] The sensor is partially or fully encased in an 
encasement, Where the encasement is made of a conducting, 
semi-conducting, or non-reactive material, such as for 
example, metals, polymers, or blends thereof, for example, 
but not limited to, polytetra?uoroethylene, ?uorinated eth 
ylene-propylene, per?uoroalkoxy polymer resin, polymeth 
ylmethacrylate, polyethylethacrylate, steel, stainless steel, 
silicon, germanium, silver, platinum, gold, or combinations 
thereof. The shape of the encasement may be a holloW 
three-dimensional surface, Where there is an opening on 
either or both ends of the sensor Which alloWs contact of the 
indicatorWith the neural cells, body, blood, or urine. The 
shape of the encasement, and thereby sensor, has an end face 
in the shape of any geometric shape. By end face is meant 
the ends of the encasement. For example, if the encasement 
is in the shape of a holloW cylinder, then the circle faces are 
the end faces of the sensor, see FIG. 1. Non-limiting 
examples of geometric shapes include: a circle, a triangle, a 
quadrilateral, a rhombus, a parallelogram, a rectangle, or a 
polygon of any number of sides, pentagonal, hexagonal, or 
octagonal. 
[0050] The encasement may be an inverted Well or the 
like, having the inventive sensor material. The partially or 
fully encased sensor may be, but not limited to, ?at, hori 
Zontal or vertical. The sensor material may be ?tted into, for 
example, an electroencephalographic (EEG) grid, strip, or 
depth electrodes for recordings for ictal, interictal, intracra 
nial imaging, for image-guided surgery and gamma-knife 
surgery in epilepsy or tumor patients, and the like. Sensors 
may also, for example, be ?tted into stimulating electrodes 
for thalamic and globus pallidus recordings and the like in 
Parkinson’s patients. 

[0051] The construction portion of the sensor has a con 
ducting and/or semi-conducting material, including for 
example, a conducting metal or semi-conducting metal, or 
combinations thereof. Non-limiting examples of the con 
struction include: steel, stainless steel, silicon, germanium, 
silver, platinum, or gold, or combinations thereof. 

[0052] The indicator portion of the sensor has at least one 
form of carbon, or combinations thereof, and at least one 
lipid or entity having a lipid, or combinations thereof. 
Carbon comes in several forms, including but not limited to, 
graphite, fullerenes, cylindrical fullerenes, buckminster 
fullerenes, buckyballs, nanotubes, probingtubes, cold form 
carbon steel, White carbons, dioxosilane, diamonds, or com 
binations thereof. A lipid is any of a group of organic 
compounds, including fats, oils, Waxes, sterols, and triglyc 
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erides, that are insoluble in Water but soluble in non-polar 
organic solvents. Non-limiting examples of lipids, or entities 
having lipids, include fats, oils, animal fats or oils, plant fats 
or oils, mineral oils, nujol oil, glycerol containing lipids, 
membrane lipids, soaps or detergents, Waxes, cells, cell 
components, stem cells, electroplaques, lipoproteins, fatty 
acids, glycerides, monoglycerides, diglycerides, triglycer 
ides, arti?cial or synthesiZed fats or oils, heifer fats, ox 
depot fats, Valeria indica fats, talloW, red talloW, Malabar 
talloW, vegetable talloW, cocoa butter, soybean oil, saf?oWer 
oil, sesame oil, peanut oil, coconut oil, linoleic acid, linoleic 
acid in vegetable oil, soybean oil, cottonseed oil, corn oil, or 
poppyseed oil, lauric acid, lauric acid in coconut oil, cho 
lesterol, phosphotidylcholine, phosphotidylethanolamine, 
sphingomyelin, lecithin, lysolecithin, steroids, isoprenoids, 
eicosenoids, sodium alkyl benZene sulfonate, sodium lauryl 
sulfate, jejoba Wax comprised of gadoleic acid, N-stearoyl 
cerebroside, N-stearoylsphingosine, cardiolipin, or combi 
nations thereof. 

[0053] In one embodiment of the invention, the indicator 
may be pre-treated, inserted, or coated With a biomolecule, 
or combinations thereof. Biomolecules include, but are not 
limited to, pharmaceutical compounds, pharmaceutical com 
pounds speci?c for neurodegenerative or neuropsychiatric 
diseases, disorders, and conditions, neurotransmitters, neu 
romodulators, hormones, surfactants, soaps, detergents, 
pramipexole, topiramate, cloZapine, dopamine, serotonin, 
norepinephrine, acetylcholine, adenosine, estrogen, vita 
mins, vitamin A, vitamin E, brain lipids, phosphotidyletha 
nolamine, talloW, sodium lauryl sulfate, N-acetyl-aspartate, 
choline, lactate, uric acid, stabilizing proteins, amyloid 
proteins, ascorbic acid, y-aminobutyric acid, glutamate, neu 
rotensin, somatostatin, dynorphin, homovanillic acid, 
nucleic acids, tryptophan, tyrosine, nitrous oxide, nitric 
oxide, surfactants, or combinations thereof. 

[0054] Non-limiting examples of sensor formulations 
include: 

[0055] a) any form of carbon, fats and oils, With or Without 
pre-treatment With a pharmaceutical compound for neuro 
degenerative and neuropsychiatric disease such as but not 
limited to pramipexole, topiramate and cloZapine, or com 
binations thereof; 

[0056] b) any form of carbon, fats and oils, With and 
Without pre-treatment With neurotransmitters, neuromodu 
lators, nucleic acids, hormones and vitamins, such as but not 
limited to dopamine, serotonim, norepinephrine, acetylcho 
line, adenosine, estrogen, vitamin A and vitamin E, or 
combinations thereof. 

[0057] c) any form of carbon, fats and oils, With and 
Without pre-treatment With surfactants, such as but not 
limited to, brain lipids, such as phosphotidylethanolamine 
and soaps and detergents, such as but not limited to, talloW 
and sodium lauryl sulfate, or combinations thereof. 

[0058] d) graphite, lipids, fatty acids and nujol oil, With 
and Without pre-treatment With biomolecules, such as those 
listed in a) through c) above. 

[0059] e) graphite, lipids or fatty acids, and nujol oil, With 
or Without pre-treatment With biomolecules, such as those 
listed in a) through c) above. 
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[0060] f) graphite, lipids, fatty acids, and nujol oil, With a 
coating and/or insertion of biomolecules Within the inven 
tive sensor, including such biomolecules listed in a) through 
c) above. 

[0061] g) carbon or allotropes of carbon, an entity con 
taining a lipid, Where the entity includes but is not limited to 
cells, components of cells, stem cells, electroplaques, and 
lipoproteins, With and Without pre-treatment With and/or 
insertion of biomolecules biomolecules Within the inventive 
sensor, including such biomolecules listed in a) through c) 
above. 

[0062] The sensors of the invention may be used in any or 
all methods described herein. In some embodiments, the siZe 
of the sensor is from less than about 1 nanometer to about 
10 millimeters in Width, and from less than about 1 nanom 
eter to about 10 millimeters in length. The indicator portion 
having some form of carbon may be present in a useful 
amount ranging from about 1 microgram to about 100 
grams, While the lipid Which is incorporated, coated, or 
inserted in the carbon, is in an amount from about 1 
microgram to about 100 grams. 

[0063] In some embodiments, the folloWing formulations 
of the indicator portion may be used in a sensor having an 
end face diameter of about 150 micrometers. 

FORMULATION OTHER COMPONENTS AMOUNTS 

A Graphite 1.5 g 
Nujol oil 1.24 g 
Lauric acid 100 mg 

B Graphite 0.075 g 
Nujol oil 0.62 g 
N-Stearoylcerebroside 5 mg 

C Graphite 0.075 g 
Nujol oil 0.62 g 
N-Stearoylsphingosine 5 mg 

D Graphite 0.30 g 
Nujol oil 0.25 g 
Cardiolipin 20 mg 

[0064] A critical element for sensor composition, in par 
ticular, the indicator portion, is the carbon. Carbon is found 
free in nature in three allotropic forms, amorphous, graphite 
and diamond. There are various forms of carbon, including 
but not limited to, graphite, fullerenes, cylindrical fullerenes, 
buckminsterfullerenes, buckyballs, nanotubes, probing 
tubes, cold form carbon steel, White carbons, dioxosilane, 
diamonds, or combinations thereof. Carbon is essential to 
detect other bioelements and biomolecules Which diagnose 
and treat neurodegenerative and neuropsychiatric diseases, 
disorders, or diseases, such as, but not limited to pramipex 
ole for Parkinson’s disease, topiramate for epilepsy, and 
cloZapine for organic psychosis, as Well as for detecting any 
biomolecules in the body, for example, in blood or urine. 

[0065] Because of carbon’s unique bonding properties, 
millions of different organic chemicals exist in plants, and 
animals. Covalently bonded carbon atoms form the back 
bone of organic compounds; carbon has tremendous bond 
ing versatility. Different conformations and different bond 
lengths are possible. Solid and semi-solid matter comprised 
of carbon, are cells, components of cells, such as but not 
limited to mitochondria and membranes and proteins, such 
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as but not limited to amyloid proteins and their subtypes 
such as beta amyloid proteins. Three dimensional shapes and 
chiral and stereoisomers of carbon are important for bio 
logical and biochemical function. Cells and components of 
cells are comprised of and are reliable sources of, not only 
of carbon but also, fats, fatty acids, lipids, phospholipids, 
lipoproteins, neurotransmitters, neuromodulators and the 
like. 

[0066] The bioelement, carbon, in its different forms, is 
critical to the material comprised in the indicator portion of 
the inventive sensor because of its excellent reducing agent 
property. It is used as such in purifying metals in electrodes 
and in electrical devices, steel tracer research, in chemical 
dating of jeWelry, and in cutting glass. Also, critical to the 
use of carbon in the instant inventive sensor material, is the 
property of carbon Which alloWs movement of electrons and 
thus conducts electricity and carbon is a semi-conductor as 
Well. Carbon’s adsorptive properties, such as in WasteWater 
treatment systems, fuel and mining systems, automotive 
exhaust systems and it is adsorptive in the process of 
removing contaminants from drinking Water. Carbon 
enables a substance to attach to the surface of another 
substance. Carbon comes in several forms, including but not 
limited to, graphite, fullerenes, cylindrical fullerenes, buck 
minsterfullerenes, buckyballs, nanotubes, probingtubes, 
cold form carbon steel, White carbons, dioxosilane, dia 
monds, or combinations thereof. 

[0067] The indicator portions of the inventive sensors also 
have some type of lipid, fat, or oil. These are Water-insoluble 
substances of plant, animal, or mineral origin, Which are 
mainly comprised of glycerol esters of fatty acids or glyc 
erides. Lipids are greasy oily substances Which also contain 
glycerol. The Word, “fat” is commonly used to refer to 
triglycerides that are solid or semi-solid at ordinary tem 
peratures; the Word “oil” connotes triglycerides in the liquid 
phase. The terminologies “fat” and “oil” are often inter 
changed. Therefore, a triglyceride is a condensation product 
of one molecule of glycerol and three molecules of fatty 
acid. A mixed triglyceride contains tWo different fatty acids 
and has four isomeric forms. Monoglycerides and diglycer 
ides contain only one or tWo fatty acids respectively and 
consequently have tWo or one free hydroxyl groups. 
Monoglycerides and diglycerides do not occur naturally in 
appreciable quantities except in fats that have undergone 
partial hydrolysis. Animal and vegetable fats can have 
similar composition and thus, We must realiZe the impor 
tance of glyceride composition in determining the physical 
properties of fats and oils. 

[0068] A lipid is any of a group of organic compounds, 
including fats, oils, Waxes, sterols, and triglycerides, that are 
insoluble in Water but soluble in non-polar organic solvents. 
Non-limiting examples of lipids, entities comprising lipid, 
fats, or oils useful in the inventive sensors include animal 
fats or oils, plant fats or oils, mineral oils, nujol oil, glycerol 
containing lipids, membrane lipids, soaps or detergents, 
Waxes, cells, cell components, stem cells, electroplaques, 
lipoproteins, fatty acids, glycerides, monoglycerides, dig 
lycerides, triglycerides, arti?cial or synthesiZed fats or oils, 
heifer fats, ox-depot fats, Valeria indica fats, talloW, red 
talloW, Malabar talloW, vegetable talloW, cocoa butter, soy 
bean oil, safflower oil, sesame oil, peanut oil, coconut oil, 
linoleic acid, linoleic acid in vegetable oil, soybean oil, 
cottonseed oil, corn oil, or poppyseed oil, lauric acid, lauric 
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acid in coconut oil, cholesterol, phosphotidylcholine, phos 
photidylethanolamine, sphingomyelin, lecithin, lysolecithin, 
steroids, isoprenoids, eicosenoids, sodium alkyl benzene 
sulfonate, sodium lauryl sulfate, jejoba Wax comprised of 
gadoleic acid, N-stearoylcerebroside, N-stearoylsphin 
gosine, cardiolipin, or combinations thereof. 

[0069] Surfactants generally act to loWer surface tension. 
Surfactants are composed of relatively large molecules 
Which contain Widely separated groups of a dissimilar nature 
such as is seen With the biomolecules. They are generally 
organic compounds that are amphipathic, and are typically 
sparingly soluble in both organic solvents and Water. Sur 
factants are useful for their capability to reduce surface 
tension as Well as to assist the migration of and to orient 
molecules or biomolecules. 

[0070] The diversity of the charged parts (indicator and/or 
construction portions) of the instant inventive sensor alloW 
for versatility in the charge-transfer or electron-transfer 
mechanisms of the instant inventive sensors. The versatility 
in the electron-transfer mechanism alloWs for versatility in 
current production, thereby causing not only enhanced sig 
naling in brain, body ?uids, and biomolecules but also 
alloWing different degrees of electron-transfer, Which 
directly correlates to different concentrations of biomol 
ecules according to the Cottrell Equation. Even the type of 
lipid, e.g., provides versatility in the electron-transfer pro 
cess. For example, the instant inventive sensor (indicator 
and/ or construction portions) Which is coated With the lipid, 
phosphotidylethanolamine, produces signi?cantly enhanced 
signals for the biomolecules. LoW energy surface of the 
interfacial regions (or end face), a smaller angle of contact 
at the end face, and greater migration of molecules into an 
adjacent liquid phase all contribute to the novel and unex 
pected enhanced signaling mechanisms using surfactants in 
the instant inventive sensor. 

[0071] Furthermore, the ability of surface-active biomol 
ecules and/or surfactants to migrate to the interface of a 
solution and therefore form an oriented or adsorbed ?lm 
biomolecules and/or surfactants may be one of several key 
properties for the mechanism of action of the instant inven 
tions. 

[0072] Adsorption is the ability of a molecule to attach to, 
for example, the surface of the instant inventive sensor. 
Adsorption at the surface of the instant inventive sensor 
provides an unexpected and surprising memory mechanism, 
Which may be a re?ection of a particular biomolecule, for 
example, but not limited to, neurotransmitters, neuromodu 
lators and/or particular pharmaceutical compounds used to 
treat neurodegenerative and neuropsychiatric disorders, and 
the like. The re?ection of the biomolecules may occur 
Whether or not pretreatment is part of the empirical protocol, 
as the sensor can be placed in contact With the molecule(s) 
one or more times so that the consistency of the speci?city 
of the electron transfer (charge transfer) process Will pro 
duce the image. 

[0073] Without Wishing to be bound by theory, betWeen 
the surface of the instant inventive sensor and the biomol 
ecule per se, Weak covalent bonds are formed by adsorption 
of the biomolecule onto the surface of the instant inventive 
sensor, Which is also comprised of adsorptive carbon or 
carbon allotropes. Although Weak covalent bonding may 
provide a rationale for the memory or re?ective image of the 
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biomolecule produced by the instant inventive sensor, it is 
plausible that a number of other interactions may occur 
betWeen the biomolecule and the instant inventions. Chemi 
sorption is an adsorptive interaction betWeen a molecule and 
a surface in Which electron density is shared by the adsorbed 
molecule or molecules and the sensor surface. Physisorption 
is another plausible explanation for the re?ective adsorptive 
image on the instant inventions. In this mechanism, a 
biomolecule does not actually undergo a speci?c chemical 
bonding. Physisorption involves an electrostatic attraction or 
dipole-dipole interaction but no real chemical bonds are 
made. Instead, there is a sharing of electrons betWeen the 
biomolecule and the instant inventive sensor material, that is 
to say, as the adsorbate, i.e., the biomolecule migrates closer 
to the surface of the sensor, the dipole moment of the 
adsorbate induces an image dipole. Since dipoles attract 
each other and generate an electromagnetic ?eld on the 
surface, the electromagnetic ?eld may factor into re?ection 
or imaging of the biomolecule or biomolecules on the part 
of the instant sensor invention. 

[0074] Other possible explanations are provided by inter 
actions Which occur in unsaturated fatty acids Which have 
double or triple bonds. In this interaction, memory or 
re?ective image may occur in the instant inventive sensor by 
the formation of pie bonds. Such a pie bond interaction may 
occur betWeen the surface of the instant inventive sensor and 
biomolecules Which are aromatic, benZene-like and mol 
ecules Which contain a phenyl or phenyl groups such as 
those Which are cited in the embodiment of the instant 
inventive sensors. Pi-bonds may account for the detection of 
straight chain amino acid compounds, such as acetylcholine, 
and benZene-like compounds, such as monoamines, With the 
instant inventive sensors. (Adamson, A. W., Textbook of 
Physiacal Chemistry, Academic Press, NeW York, 1973; 
Kissinger, P.T., Heineman, W. R., (Editors) Laboratory 
Techniques in Electroanalytic Chemistry, Second Edition, 
Marcel Dekker, Inc. NeW York, 1996; Kamat, P. V., Asmus, 
K. D., “What’s all the excitement about?”Interj“ace, The 
Electrochemical Society, Volume 5 (number 1), 1996; 
Dohnalek, Z., Kim, H., Bondarchuk, O., White, J. M., Kay, 
B. D., Physisorption of N2,O2,and CO on fully oxidiZed 
TiO2 (110) J. Phys. Chem. B Condens Matter Mater Surf 
Interfaces Biophys. 110(12): 6629-6635, 2006; Mattil, K. F., 
Norris, F.A., Stirton, A. 1., SWern, D., Bailey ’s Industrial Oil 
and Fat Products, (Edited by SWem, D.) Interscience Pub 
lishers, a Division of John Wiley & Sons, Inc., Third Edition, 
1964; and Hui, Y. H. (Editor), Bailey ’s Industrial Oil and 
Fat Products, Edible Oil and Fat Products: Oil and Oil 
Seeds, A Wiley-Interscience Publication, Volume 2, Fifth 
Edition, 1996, all of Which are incorporated herein by 
reference). 
[0075] In one embodiment, the sensor may be in the form 
of a miniature stainless steel ?at, circular disk construction 
in Which the indicator comprises graphite incorporated or 
coated With cerebrosides, stearoyl, lauric acid, or the like, or 
combinations thereof, and the indicator is further incorpo 
rated or coated With biomolecules including but are not 
limited to, pharmaceutical compounds, pharmaceutical com 
pounds speci?c for neurodegenerative or neuropsychiatric 
diseases, disorders, and conditions, neurotransmitters, neu 
romodulators, hormones, surfactants, soaps, detergents, 
pramipexole, topiramate, cloZapine, dopamine, serotonin, 
norepinephrine, acetylcholine, adenosine, estrogen, vita 
mins, vitamin A, vitamin E, brain lipids, phosphotidyletha 
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nolamine, talloW, sodium lauryl sulfate, N-acetyl-aspartate, 
choline, lactate, uric acid, stabilizing proteins, amyloid 
proteins, ascorbic acid, y-aminobutyric acid, glutamate, neu 
rotensin, somatostatin, dynorphin, homovanillic acid, 
nucleic acids, tryptophan, tyrosine, nitrous oxide, nitric 
oxide, or combinations thereof, are completely or partially 
encased in polytetra?uoroethylene. The sensor may either 
exist alone or act as a partner to the electroencephalograph 
grids (EEG) for an epilepsy and/or tumor patient, Where a 
reference and auxiliary electrode may also be present. 

[0076] Another embodiment relates to a 2- or 3-sensor 
assembly, enclosed in a biocompatible plastic “carry on cap” 
Which has the ability to be removed and reinserted into 
speci?c parts or locations of patient brains. The intracranial 
recordings recorded using the inventive sensors in a 2- or 
3-sensor assembly signi?cantly depart from conventional 
means in that neurochemicals and neuronal ?ring rates are 
determined simultaneously. Also, accompanying devices 
Work, hand in hand, With sensors, have several sets of 
operational ampli?ers Which provide mapping of several 
neuroanatomic sites simultaneously. HoWever, one skilled in 
the art Would understand that separate sensors that are not 
grouped in a sensor assembly may be just as easily be used 
to obtain recordings. Furthermore, the inventive sensors as 
described herein may be used in conjunction With other 
sensors, such as, but not limited to reference electroodes 

[0077] Broderick probes can be used effectively for dif 
ferent applications in human and animal surgery, as Well as 
a diagnostic tool for testing, for example, blood, urine and/or 
various regions of the body. Preliminary studies With Bro 
derick probe stearic versus lauric acid electrodes in vitro, in 
situ, and in vivo shoWed a possible advantage for the lauric 
acid electrodes for use short-term, e.g., intraoperative 
recordings, and a possible advantage for stearic acid for use 
long-term, e.g., chronic monitoring in humans and animals 
(Broderick PA, 1989, Us. Pat. No. 4,883,057; Broderick P 
A, 1995, US. Pat. No. 5,433,710; Broderick PA, 1997, EP 
0487647 B1; Broderick PA, 1999, US. Pat. No. 5,938,903; 
Broderick PA, 1999, Hong Kong, HK #1007350; Hope 0 et 
al., 1995, Cocaine has remarkable nucleus accumbens 
effects on line, With behavior in the serotonin-de?cient FaWn 
Hooded rat. NIH/NIGMS Symposium, Washington, DC). 

[0078] Broderick probes can detect basal (normal, natural, 
endogenous or steady state) concentrations of neurotrans 
mitters and other neurochemicals in vivo, in situ and in vitro. 
They can also detect alterations in these neurotransmitters or 
neurochemicals in brain, or body before and after pharma 
cological manipulation With drugs or other compounds. 
Neurochemicals during actual, induced or even mimicked 
brain diseases can be detected as Well. Example 5 focuses on 
5-HT alterations in NAcc in freely moving animals during 
normal open-?eld behaviors of locomotor (exploratory) and 
stereotypy compared With, in the same animal, cocaine 
psychomotor stimulant effects on 5-HT and behavior. 

[0079] Changing the surface of the sensor changes the 
capacitance of the surface of the sensor. The surface of the 
indicator electrode is a capacitance di?‘use double layer (Cdt) 
that alloWs potential to accumulate on its surface. Capaci 
tance is a critical aspect of charging (background) current. 
Charging current is a current pulse that ?oWs through the Cd1t 
to alloW faradaic electron transfer to begin. Accumulation of 
potential on the surface of the indicator electrode is neces 
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sary for faradaic electron transfer. Charging current is pro 
portional to electrode surface area; therefore, these minia 
ture sensors (200 microns and less in diameter) minimiZe 
charging current elfects. 

[0080] Broderick probes or sensors can be used in con 
junction With classical electrical circuits used in electro 
chemistry such as chronoamperometry, differential pulse 
voltammetry and double differential voltammetry. Another 
electrical circuit for providing an output signal having a 
mathematical relationship in operation to an input signal can 
be semiderivative or semidilferential. These tWo terms are 

used interchangeably here, although these tWo circuits have 
some technical differences. Semiderivative electroanalysis 
diminishes non-faradaic current by the addition of analysis 
time. In the present studies, a CV 37 detector (BAS, West 
Lafayette, Ind.) Was equipped With a semiderivative circuit. 
This circuit uses a linear scanning methodology as its basis. 
Semiderivative treatment of voltammetric data means that 
the signals are recorded mathematically as the ?rst half 
derivative of the linear analog signal. A semiderivative 
circuit combines an additional series of resistors and capaci 
tors, called a “ladder netWork” (Oldham, K, 1973, Anal. 
Chem. 45:39-50) With the traditional linear scanning tech 
nology Which then alloWs more clearly de?ned Waveforms 
and peak amplitudes of electrochemical signals than Was 
previously possible With linear scanning methodology. 

[0081] Broderick probe microvoltammograms may be 
plotted as current versus time or as current versus applied 
potential. Other renderings are also possible. The concen 
tration of biogenic amines and other materials may be 
deduced from these microvoltammograms, e. g. according to 
the Cottrell equation. According to the invention, a micro 
voltammogram is broadly de?ned as any rendering of the 
signals from a Broderick probe susceptible to human per 
ception including, but not limited to, paper, electronic, and 
virtual representations of the Broderick probe signal. An 
individual of suf?cient skill in the art to perceive a Broderick 
probe signal in real-time, eg from a visual display screen, 
is also Within the contemplation and scope of this de?nition. 

[0082] The main strength of in vivo microvoltammetry 
(electrochemistry) is that it alloWs the study of the neuro 
chemical time course of action of normal neurochemistry, as 
Well as the neurochemistry after an administered drug regi 
men. Temporal resolution is fast, in seconds and millisec 
onds. Moreover, the attendant microspatial resolution is 
superior (availability of discrete areas of brain Without 
disruption). Both highly sensitive temporal and spatial reso 
lution makes these studies ultimately most e?icient for 
mechanism of action studies Another strength lies in the fact 
that these in vivo microvoltammetric studies are done in the 
freely moving and behaving animal model, using the same 
animal as its oWn control (studies in the living human brain 
are underWay as Well). Thus, a direct determination of 
Whether or not a neurochemical effect is abnormal can be 
made because the normal neurochemical effect is seen a 
priori. 

[0083] The basic in vivo electrochemistry experiment 
involves the implantation of an indicator electrode or sensor 
in a discrete and speci?ed region of brain, the application of 
a potential to that electrode or sensor, the oxidation or 
reduction of the selected neurochemical or biomolecule and 
the recording of the resultant current. In essence, the poten 
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tial is applied between the indicator or sensor, and the 
reference electrode; the reference electrode provides a rela 
tive Zero potential to sense the amount of current produced 
by the How of electrons from the biomolecule through the 
indicator. This is an electrochemical technique With Which 
information about an analyte, a neurotransmitter, or its 
metabolite, including its concentration, is derived from an 
electrochemical current as a function of a potential differ 
ence. This potential difference is applied to the surface of an 
electrochemical electrode. Additionally, an auxiliary elec 
trode provides an electrical ground. 

[0084] In microvoltammetry, each neurotransmitter, 
metabolite, precursor to neurotransmitter, etc. is identi?ed 
by the peak oxidation potential, or half-Wave potential at 
Which the neurochemical generates its maximum current. 
Using the Broderick Probe stearic acid electrode inserted in 
NAcc, the oxidation potential at Which DA generates its 
maximum current in vivo (physiological pH, 37.50 C.) Was 
empirically determined to be +0.140 V (SE:0.015 V) in over 
one thousand studies. The oxidation potential at Which 
serotonin generates its maximum current under the same 
conditions Was empirically determined to be +0.290 V 
(SE:0.015 V) in over one thousand studies. 

[0085] What matters in microvoltammetry is that each of 
these biogenic amines have amine groups that are protonated 
at neutral pH and therefore, exist as cations, Whereas 
metabolites of the monoamines are deprotonated at neutral 
pH and exist as anions (Coury L A et al., 1989, Biotechnol 
ogy 1111-37). Thus, the monoamine metabolites such as the 
metabolites of DA, 3,4 dihydroxyphenylacetic acid, 
(DOPAC), 3,4-dihydroxyphenylglycol (DHPG-DOPEG) 
and homovanillic acid (HVA) cannot interfere With the 
detection of DA at the same peak oxidation potential or 
half-Wave potential, characteristic for DA. 

[0086] The same principles are applicable to detection of 
the biogenic amine, 5-HT. Serotonin is detected Without 
interference at the same oxidation potential or half-Wave 
potential from either its metabolite, 5-hydroxyindoleacetic 
acid (5-HlAA) or UA, Which is a constituent of brain With 
similar electroactive properties to those of 5-HT. Factors 
such as the signi?cantly loWer sensitivity of the indicator 
electrode to anions, the charge and diffusion characteristics 
of each catecholamine or indoleamine visivis its metabo 
lites, preclude such interference. Descriptions of each neu 
rochemical detected by this inventor With Broderick probes 
are published in detail (Broderick P A, 1995, US. Pat. No. 
5,433,710; Broderick PA, 1996, EP 90914306.7; Broderick 
P A, 1999, US. Pat. No. 5,938,903; Broderick P A, 1989, 
Brain Res. 4951115-121; Broderick P A, 1988, Neurosci. 
LeZZ. 951275-280; Broderick P A, 1990, Eleclroanalysis 
21241-245; Broderick P A, 1993, Pharmacol. Biochem. 
Behav. 461973-984; Broderick P A, 2002, Handbook of 
Neuroloxicology, Vol. 2, Chapter 13; Broderick P A et al., 
2000, Brain Res. 878148-63; Broderick P A et al., 1997, 
Neuroscience and Biobehavioral Reviews 21(3)1227-260; 
Broderick PA, 1989, US. Pat. No. 4,883,057; Broderick P 
A, 1997, EP 0487647 B1; Broderick PA, 1999, Hong Kong, 
HK #1007350; Broderick P A, 2000, Epilepsia 
41(Suppl.)191). 

[0087] An important distinction betWeen the detection of 
signals in microvoltammetry as compared With the detection 
of signals in microdialysis is that in microvoltammetry, the 
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indicator electrode is the detecting device, Whereas in 
microdialysis methods, the dialysis membrane is a mem 
brane and not the detecting device. The microdialysis mem 
brane is simply a membrane through Which perfusate is 
collected. The perfusate is then brought to the high perfor 
mance liquid chromatography (HPLC) device, equipped 
With an electrochemical column that is the actual detecting 
device. These electrochemical columns range in millimeters 
in diameter, Whereas microvoltammetry indicator electrodes 
range from single digit microns to a feW hundred microns in 
diameter. 

[0088] A common misconception is that a microdialysis 
membrane is a detecting device Which, in turn leads, incor 
rectly, to direct comparisons betWeen microdialysis mem 
branes and microvoltammetry indicator detecting devices. 
Whether or not microdialysis membranes are the same siZe 
as voltammetry electrodes is irrelevant because the microdi 
alysis membrane is not the detection technology. Microdi 
alysis membranes simply collect perfusate from brain and 
this perfusate is then analyZed by HPLC. 

[0089] Dialysis is a technique based on semipermeability 
of a collection membrane and is not, itself, a detection 
technique. Existing methods of detecting glutamate by 
microdialysis folloWed by HPLC and electrochemical (EC) 
detection, actually detect a derivative of glutamate rather 
than glutamate itself. Similarly, microdialysis methods of 
detecting the neurotransmitter acetylcholine are based on 
detecting hydrogen peroxide, not acetylcholine itself (Sto 
ecker P W et al., 1990, Selective Electrode Rev. 121137 
160). Moreover, correlation betWeen the derivative of 
glutamate or H2O2 detected and the Cottrell Equation has 
never been addressed. Therefore, detection of straight chain 
carbon compounds by the microdialysis membrane method 
may be questionable. Broderick probes offer an attractive 
alternative since they may be able to directly detect 
glutamate or acetylcholine. 

[0090] Generally, quantitation of neurochemistry is 
described as a percentage of a feW data points, over hours, 
used as “control” in microdialysis studies. HoWever, Brod 
erick probes are easily calibrated and concentrations are 
interpolated from calibration curves (Broderick P A et al., 
2000, Brain Res. 878149-63). 

[0091] In one embodiment of the invention, the inventive 
sensors may be used in neurosurgical procedures. These 
procedures are guided by a surgeon’s visual inspection of the 
brain using his/her knoWledge of neuroanatomy correlated 
With imaging studies generally performed prior to surgery or 
intraoperatively. The location of the tip of a surgeon’s 
instrument through a three dimensional space co-registration 
of the surface coordinates on the patient’s head identi?ed on 
a preoperative imaging study assist in guiding the surgeon. 
The three-dimensional space co-registration can then be 
co-registered to a three space coordinate system on the 
surgeon’s instrument. 

[0092] Image-guided neurosurgery involves focus local 
iZation and is different from the conventional interictal and 
ictal scalp and intracranial electroencephalographic (EEG) 
recordings. Focus localiZation With image-guided neurosur 
gery involves EEG recordings obtained and topographically 
characterized. Using the image directed system, the EEG 
electrode position is correlated physiologically and anatomi 
cally With the surgical ?eld. Augmented intraoperative local 
































