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ABSTRACT: The rate of any chemical reaction or process occurring in the brain depends on
temperature. While it is commonly believed that brain temperature is a stable, tightly regulated
homeostatic parameter, it fluctuates within 1—4 °C following exposure to salient arousing stimuli
and neuroactive drugs, and during different behaviors. These temperature fluctuations should
affect neural activity and neural functions, but the extent of this influence on neurochemical
measurements in brain tissue of freely moving animals remains unclear. In this Review, we present
the results of amperometric evaluations of extracellular glutamate and glucose in awake, behaving
rats and discuss how naturally occurring fluctuations in brain temperature affect these
measurements. While this temperature contribution appears to be insignificant for glucose
because its extracellular concentrations are large, it is a serious factor for electrochemical
evaluations of glutamate, which is present in brain tissue at much lower levels, showing smaller
phasic fluctuations. We further discuss experimental strategies for controlling the nonspecific
chemical and physical contributions to electrochemical currents detected by enzyme-based
biosensors to provide greater selectivity and reliability of neurochemical measurements in behaving animals.
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Ithough microdialysis is still widely used in assessing the While this approach is based on the premise that the detected

dynamics of neurochemical changes in the brain, this oxidation current is overwhelmingly due to changes in the
technique is essentially slow, placing significant constraints for levels of the measured compound of interest, real-life
revealing rapid drug- and behavior-associated fluctuations in measurements in awake, behaving animals are more complex,
extracellular levels of neuroactive substances in brain tissue. requiring the resolution of different technical problems and
Electrochemical techniques, due to their excellent temporal and conducting multiple controls.
better spatial resolution, provide an important addition to In this Review, we present several sets of our recently
microdialysis. However, as with any indirect technique, the published and unpublished data dealing with the evaluation of
selectivity of these measurements remains a troublesome physiological fluctuations in extracellular brain levels of
problem. Electrochemical techniques were originally employed glutamate and glucose, and discuss different issues related to
for evaluating changes in extracellular levels of oxidizable the sensitivity and selectivity of these measurements. Our
substances (i.e., ascorbate, monoamine neurotransmitters and specific focus is on brain temperature, a basic parameter related
their metabolites), which generate oxidation (and reduction) to metabolic neural activity and a significant contributor to the
currents by an applied potential. Since different electroactive changes in electrochemical currents recorded in behaving
substances are oxidized (and reduced) at different voltages, animals. Despite the widely held view that temperature in the
further sophistication of this approach by using fast-cyclic brain is highly stable, it in fact fluctuates in freely moving rats
voltammetery has made it possible to reveal relatively small but within 3—4 °C over the continuum of normal physiological
highly phasic fluctuations in extracellular dopamine levels in activity (see ref 8 for review). While most technical
brain regions receiving dense dopamine innervation."”” Using development in detection has focused on improving sensitivity
this approach, significant progress has been made to clarify the and selectivity with respect to chemical interferents, naturally
functional role of dopamine in regulating natural motivated occurring temperature fluctuations also affect all basic aspects of
behavior and its involvement in the action of various electrochemical measurements, including substrate-specific
neuroactive drugs. enzymatic reactions, basal electrochemical currents, and

However, many important brain substances are not electro-
active, necessitating alternative electrochemical techniques for
their detection in brain tissue. One such strategy is through the
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stimulus- and drug-induced current alterations. While several
aspects of this influence are common for any electrochemical
measurement, the impact of this influence differs for various
substances depending upon their basal brain levels and the
range of concentration change. Finally, we consider exper-
imental strategies for controlling and minimizing these
nonspecific chemical and physical contributions to electro-
chemical currents detected by enzyme-based biosensors to
provide greater selectivity and reliability of neurochemical
measurements in behaving animals.

1. PHYSIOLOGICAL FLUCTUATIONS IN BRAIN
TEMPERATURE

In contrast to skeletal muscles, which change their energetic
requirements depending upon their activity, the living brain is
metabolically active all the time, with relatively small
fluctuations in energy use between sleep and wakefulness.
Although the brain represents only ~2% of the human body’s
mass, it accounts for ~20% of the organism’s total oxygen
consumption.”'® While most of the energy used for neuronal
metabolism is spent restoring membrane potentials after
electrical discharges,w_ls' significant energy is also used for
neural processes not directly related to electrical activity,
including synthesis of macromolecules, transport of protons
across mitochondrial membranes, and functioning of multiple
transporters on neural and glial cells that move various
molecules across biological membranes. Since all of the ener
used for brain metabolism is finally transformed into heat, '°
intense intracerebral heat production occurs during normal
brain activity.

To maintain temperature homeostasis, intracerebral heat
production must be balanced by heat dissipation from the
brain. Since the brain is well protected from mechanical damage
and external temperature impact by the skull, the only way for
the brain to lose metabolic heat is to dissipate it to the blood,
which is continuously flowing to and from brain tissue.
Paralleling its high oxygen consumption, the brain receives a
disproportionally large amount (15—20%) of the body’s blood
supply (see ref 16 for review). To allow heat dissipation to the
blood and then to the external environment, arterial blood
arriving to the brain after its oxygenation and cooling in the
lungs must always have a lower temperature than that of brain
tissue. This has been confirmed experimentally in several
animal species, including humans.'’~**

However, while intense intracerebral heat production is
compensated by efficient heat outflow from the brain, direct
recordings in animals have revealed relatively large increases in
brain temperature induced by various arousing stimuli and
during different behaviors.'”**™?® In our studies, brain
temperature was recorded by miniature copper-constantan
thermocouple sensors chronically implanted in different brain
structures. Monitoring of brain temperature was supplemented
by simultaneous temperature recordings from temporal muscle,
skin, and other body locations, thus providing essential
information on the mechanisms responsible for brain temper-
ature fluctuations (see ref 8 for review). For example, the mean
temperature in the nucleus accumbens (NAcc), a ventrally
located brain structure critical for regulating motivated
behavior, greatly varies in rats under different experimental
conditions (Figure 1). While the “normal” daytime NAcc
temperature in well habituated and resting rats is 36.7 & 0.1 °C
(ie,, very close to “normal” human temperature), during slow-
wave sleep it phasically falls at least 1 °C (35.3 + 0.1 °C*)
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Figure 1. Mean (+SEM) values of brain temperature (directly

recorded from the NAcc shell) in different experimental conditions in
rats. Green hatched line shows the limits of physiological temperature
fluctuations (3.4—4.0 °C), the blue vertical line shows the survivability
limits (32—40 °C, or 8 °C), and the red line shows the threshold of

pathological brain hyperthermia. Compiled from previously published
data 30313438

while it phasically increases at least 2 °C at the moment of male
ejaculation during copulatory behavior (38.8 + 0.1 °C*°). Thus,
a 3.5-4.0 °C variation (from 35.5 to 38.8 °C) appears to
represent a measured range of physiological fluctuations in
brain temperature. However, rats can tolerate brain temper-
atures that exceed this range. For example, mean NAcc
temperature during pentobarbital anesthesia (S0 mg/kg, ip)
falls to 32.8 + 0.3 °C (or ~5 °C below “normal” baseline), with
decreases down to 30 °C observed in individual animals® (see
also refs 32 and 33). In contrast, psychomotor stimulants
induce robust increases in brain temperature.***> For example,
methamphetamine (METH) dose-dependently increases NAcc
temperature, reaching mean values of ~39.9 + 0.1 °C with a 9
mg/kg sc dose (see Figure 1). While some animals show
slightly higher peak temperature increases (~40.S °C), they
typically tolerate METH at this large dose, with no lethality and
obvious delayed behavioral abnormalities. Brain temperatures
also strongly increase during drug self-administration behavior.
During cocaine self-administration, NAcc temperatures rapidly
rise at the beginning of the session and then remain relatively
stable and elevated (38.2 + 0.1 °C) during subsequent cyclical
drug-taking behavior. 3 A similar dynamic has been seen
during heroin self-administration; in this case, NAcc temper-
atures stabilized at higher levels (39.5 + 0.1 °C), suggesting
that the upper limits of apparently “safe” temperature increases
could be close to 40 °C.*” Surprisingly, lipopolysaccharides,
which are bacterial endotoxins that trigger a fever response,
produced weaker but more prolonged increases in NAcc
temperature®® than those induced by natural arousing stimuli
and neuroactive drugs (see Figure 1).
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In contrast to brain region-specific changes in neuronal
electrical activity, brain temperature fluctuations induced by
arousing stimuli, drugs, and motivated behavior are generally
similar across different regions. However, quantitative analyses
reveal weak but important between-region differences (see ref 8
for review). Within the same brain, temperature also follows a
dorso-ventral differential, with higher values in more ventrally
located structures and lower values in more superficially located
structures.'”**~* Typically, the difference between cortical and
deep subcortical structures in humans and monkeys is less than
1 °C,>>*! but it is often larger in the small brains of rats and
mice, especially in anesthetized preparations. ** Brain temper-
ature responses induced by arousing stimuli are also slower and
more prolonged than changes in neuronal activity and greatly
exceed the duration of stimuli. For example, during a 3 min tail-
pinch, NAcc temperature rapidly increases, peaks at ~10 min,
and slowly decreases back to the prestimulus baseline over 30—
40 min (Figure 2A). By simultaneous recording of arterial
blood temperature in freely moving rats, % it has been
demonstrated that increases in brain temperature induced by
various arousing stimuli are due to intracerebral heat
production. Although arterial blood temperature also increased
during tail-pinch, NAcc temperature increases are always more
rapid and stronger than in arterial blood, resulting in a
significant rise in brain-blood temperature differentials (Figure
2B). Similar changes, with stronger and more rapid temperature
increases in brain versus peripheral locations, are observed with
other arousing stimuli. This differential, while weaker and more
transient than absolute temperature increases, is a true measure
of metabolic brain activation triggered by various arousing
stimuli. * While they clearly occur more slowly than neuronal
responses, changes in brain temperature are still relatively
quick, becoming significant versus baseline at ~10 s after the
onset of stimuli (Figure 2C).

Therefore, brain temperatures in awake, freely moving rats
vary within 35.5—39.0 °C during the normal physiological and
behavioral continuum. However, brain temperature can fall well
below the lower physiological range during general anesthesia
(without body warming) and can increase above the upper limit
following exposure to different neuroactive drugs at large doses.
While metabolic neural activation is the primary source of
intracerebral heat accumulation, brain temperature is also
strongly modulated by the efficiency of cerebral blood flow that
removes metabolic heat to the blood, body, and then to the
external environment.

2. TEMPERATURE DEPENDENCE OF NEURAL
ACTIVITY

Heat release is an obvious “by-product” of metabolic activity,
but the changes in brain temperature it induces can directly
affect various neural processes and functions. It is generally
believed that most physical and chemical processes governing
neuronal activity are modulated by temperature with the
average van't Hoff coefficient Q,y = 2—3 (i.e,, doubling or
tripling with 10 °C change*’). However, experiments using in
vitro slices have revealed widely varying effects of temperature
on passive membrane properties, single spikes and spike bursts,
as well as the neuronal responses (ie, EPSPs and IPSPs)
induced by electric stimulation of tissue or its afferents.'>**~°
While confirming that synaptic transmission is more temper-
ature-dependent than the generation of action potentials,>!
these studies have shown that temperature dependence varies
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Figure 2. Mean changes in NAcc and arterial blood temperatures (A)
and their difference (B) during 3-min tail-pinch in freely moving rats.
Panel (C) shows the initial component of NAcc and blood
temperature response assessed at high temporal resolution (2 s
bins). Vertical hatched lines show onset and offset of tail-pinch, and
horizontal hatched lines show basal values. Values significantly
different from baseline are shown as filled symbols. Data obtained in
4 rats during 37 tail-pinch trials in 19 daily sessions. Data in (A) show
mean + SEM. Based on original data presented in ref 20.

greatly for each individual neural parameter, the type of cells
under study, and the nature of their afferent input.

Although changes in brain temperature should affect the
activity and responsiveness of all neurons, a special subgroup of
temperature-sensitive neurons was first described in the
preoptic/anterior hypothalamus.sz_54 However, further work
has revealed that cells in many other structures (i.e., visual,
motor and somato-sensory cortex, hippocampus, medullary
brain stem, thalamus, spinal cord) also show dramatic
modulation of impulse activity by temperature. Many of these
cells, moreover, have a Q,, similar to classic warm-sensitive
hypothalamic neurons. In the medial thalamus, for example,
22% of cells show a positive thermal coefficient of >0.8 imp/s/
°C, * exceeding the number of temperature-modulated cells
found in both anterior (8%) and posterior (11.5%)
hypothalamus. About 18% of neurons in the suprachiasmatic
nucleus are warm-sensitive, *° while >70% of these cells

dx.doi.org/10.1021/cn300232m | ACS Chem. Neurosci. 2013, 4, 652—665



ACS Chemical Neuroscience

A Glutamate B Glucose c Temperature Dependence
16 40+ 124
—m— Pre Active WY 3 C‘ 100+ l
—O— PostActive — ——
124 &
—_ —e—  Pre Null — 8 < 75
< < °7 g
= —o— PostNull £ s
ot et ©
5 8- 5 S 50
3 3 4 s
4 3 25
L
] S
c T T T c. v T T T T e T T T c T T
0 10 20 30 Ascomate g 4 5 3 4 5 Ascorbate 0 100 200 Glu Glucose

250 M

[Glu], uM [Glucose], mM

250 pM Time (sec)

Figure 3. In vitro current response of glutamate (A) and glucose (B) substrate-specific (Active) and substrate-null (Null) biosensors to different
concentrations of substrate before (Pre) and after (Post) an in vivo recording. Panel (C) shows the current response of an example glutamate
biosensor at 20 °C versus 37 °C. Dashed lines represent the baseline current in vitro at each temperature, and each arrow indicates the time when 10
UM glutamate was added. Note that the baseline at 37 °C is approximately equivalent to the current response to 10 uM glutamate at 20 °C. Right bar
graph indicates the percent increase in current between 20 and 37 °C for the glutamate and glucose sensors tested. Based on original data presented

in refs 102 and 103.

decrease their activity rate with cooling below physiological
baseline (37—25 °C). >’ Finally, electrophysiologically identi-
fied substantia nigra dopamine (DA) neurons have been found
to be highly temperature-sensitive in vitro. >° Within the
physiological range (34—39 °C), their discharge rate increases
with warming (Qy = 3.7) and dramatically decreases (Q,,
8.5) with cooling below physiological range (34—29 °C). This
temperature dependence could explain, at least in part, the
dramatic differences in electrophysiological properties of DA
neurons found between in vitro, anesthetized, and awake, freely
moving animal preparations (see ref 59 for review).

Since temperature affects discharge rate and evoked synaptic
responses, transmitter release should be also strongly temper-
ature-dependent, and indeed the Q, for K*-induced glutamate
and GABA release is within 3.6—5.5 and 3.5—6.3, respectively,
€ and the Q) for K*- and capsaicin-induced release of
calcitonin gene-related peptide is 11.3—37.7. °! However, in
vivo, temperature-dependent changes in transmitter release are
opposed by changes in transmitter uptake. For example, within
the physiological range, DA uptake almost doubles with a 3 °C
temperature increase (Q;, = 3.5—5.962), a change easily
achieved in the brain under conditions of physiological
activation. Therefore, increases in transmitter release during
metabolic neural activation appear to be compensated by
increases in transmitter reuptake, thus making neurotransmis-
sion more efficient but more energy consuming.

3. ELECTROCHEMICAL EVALUATIONS OF
PHYSIOLOGICAL CHANGES IN EXTRACELLULAR
GLUTAMATE AND GLUCOSE

Glutamate is the major excitatory neurotransmitter essential for
maintaining and regulating central activational processes.
Despite extensive research regarding the action of glutamate
on central neurons,63’64 its functional role in behavioral
processes remains less clear. Glutamate is usually viewed as a
rapidly acting neurotransmitter that is released at high
concentrations (~1 mM) into synaptic gaps to interact with
low-affinity glutamate receptors located on the postsynaptic
membrane within the synaptic gap.”*® However, glutamate
also spills over from synapses and is also released from boutons
that do not make synaptic contacts, where it diffuses outward to
interact with high-affinity nonsynaptic (perisynaptic or
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extrasynaptic) glutamate receptors.  In this case, distances
between release sites and receptors could be from a few
hundreds of nanometers to a few hundred micrometers and the
effective glutamate concentrations in the extracellular space
could be much lower, between 0.1 and 3.0 M. Glutamate is
also released by glial cells (see ref 68 for review) to interact
with extrasynatic glutamate receptors located on both neural
and glial cells. *” In contrast to synaptic glutamate transmission,
which is involved in rapid information transfer between neural
cells, the functional role of nonsynaptic glutamate transmission
that may exert effects on a slower time scale remains unclear.
Although in vivo microdialysis has been widely used for
70 the low
temporal resolution of this technique (on the order of minutes)
places significant constraints on revealing rapid drug- and
behavior-associated fluctuations, despite recent advances in
more rapid detection.”’ In contrast, direct electrochemical
detection methods have much better temporal resolution, but
their measurement selectivity in vivo is always problematic.
While glutamate-selective, enzyme-based electrochemical sen-
sors were developed in the 1990s”>~7* and their selectivity
validated by subsequent work,®*”>~7® the use of these sensors
in awake, behaving animals has thus far been limited. Among
physiological parameters, several recent studies have focused on
glutamate fluctuations during the sleep—wake cycle,**~** an
activity accompanied by relatively large (1—2 °C) brain
temperature fluctuations (see above).

Although glucose is the primary source of energy for the
brain and its proper delivery to brain cells is essential for
normal brain functions,'”** our knowledge of how and why its
brain levels change remains controversial. It is known that
neural activation results in enhanced glucose utilization in brain
cells, "% suggesting possible decreases in its extracellular levels.
On the other hand, neural activation is accompanied by rapid
increases in local cerebral blood flow,***~° pointing to
enhanced entry of glucose into brain tissue from the peripheral
blood, where its concentration is much higher.9l_93 However, it
remains unclear how this balance is maintained under
physiologically relevant conditions and how it is changed

measuring changes in glutamate transmission,

during neural activation. Previous microdialysis studies have
revealed that arousing stimuli such as tail-pinch and restraint
increase extracellular glucose levels in various brain struc-
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tures,” 74?5 suggesting that the inflow of glucose into the brain

during neural activation overcomes its consumption. In this
regard, electrochemical studies have produced controversial
results; increases, decreases, and down—up glucose fluctuations
were found in the striatum and hippocampus following
arousing stimulation.”®”® While the reasons for these differ-
ential responses are not clear, they could be related to
structure-specific differences in neuronal activity. Since local
cerebral blood flow could change in brain tissue on a scale of
seconds,”'% area-specific differences in glucose response
could be related at least in part to differences in temporal
resolution of measurements. Electrochemical techniques, due to
their high temporal resolution, might be used to clarify this
issue by assessing patterns of extracellular glucose levels in
individual brain structures under physiologically relevant
conditions.

A. Strategies for the Detection of Nonoxidizable
Neuroactive Compounds. Unlike some neurochemical
compounds, such as monoamine neurotransmitters that are
easily oxidizable and can be detected by cyclic voltammetry,®~>
both glutamate and glucose are not natively oxidizable.
Enzyme-based biosensors overcome this problem by chemically
converting nonoxidizable compounds into oxidizable substan-
ces. In the case of glutamate sensors, glutamate oxidase coverts
glutamate into a-ketoglutarate and oxidizable H,0,, > while in
glucose sensors glucose oxidase converts glucose into glucono-
1,5-lactone and H,0,. "' In both cases, H,0, is detected
amperometrically as an oxidation current. Therefore, the
change in oxidation current is a correlated measure of change
in the extracellular levels of each of these substances. The
commercially produced Pt—Ir glutamate and glucose sensors
used in our studies (Pinnacle Technology, Lawrence, KS) have
a 180 um X 1000 ym sensing area and showed high sensitivity
to these substances and relatively high selectivity against other
potential chemical interferents (i.e, other readily oxidizable
neurochemicals that can evoke a current response such as
ascorbate, dopamine, DOPAC, and urate; see refs 102 and
103).

When tested in vitro before in vivo recording (Figure 3A),
glutamate sensors produced an ~0.32 nA increase in oxidation
current with addition of 1 M glutamate. The detection
threshold of these sensors was ~0.02 nA, thus allowing
detection of ~58 nM glutamate during a single test. It is known
that the detection limit progressively increases with an increase
in the number of superimposed tests as \/ n. Taking into
account microdialysis estimates suggesting that basal extrac-
ellular glutamate levels in awake, freely moving rats are within
0.5-3.0 uM,*”%'%* these sensors appear to be sufficiently
sensitive to detect physiological fluctuations in extracellular
glutamate levels. Glucose sensors (Figure 3B) during
prerecording in vitro tests showed ~7.11 nA current increase
with addition of 1 mM glucose, thus allowing detection of ~3
UM of this substance during one test. These sensitivity values
are also sufficient to detect physiological levels of extracellular
glucose, which based on microdialysis data are within 0.5—2.0
mM,gl’%’lOS_107 about 3 orders of magnitude higher than those
for glutamate. Glutamate sensors decreased their substrate
sensitivity ~50% after ~8 h in vivo use (Figure 3A). While this
change could reflect a decrease in the enzyme’s activity while in
the brain, it could also be related to contamination of the active
area by albumin and other brain substances during in vivo
recording. In contrast, glucose sensors did not change their
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substrate sensitivity after ~8-h in vivo recording (see Figure
3B).

B. Temperature Dependence of Electrochemical
Currents: In Vitro Tests. Since enzyme-based biosensors
essentially employ a chemical strategy for detection, they
should be sensitive to changes in temperature. While basal
temperatures in the brains of freely moving rats fluctuate
around 37 °C, sensitivity tests in electrochemical studies are
often conducted at room temperature (22—23 °C). Since this
temperature difference could have strong effects on the
enzymatic oxidation of glutamate and glucose, we conducted
sensitivity tests at 37 °C and compared the results with those
obtained at room temperatures. Indeed, these tests revealed
that the sensitivity of both types of sensors at 37 °C is about 2-
fold greater than that measured at room temperature. For
glutamate sensors, the current response increased 84.1 + 3.5%
with a 14 °C temperature increase, and for glucose sensors it
grew 95.6 + 8.3% for a 15 °C temperature increase (see Figure
3C and D). Therefore, substrate sensitivity of both types of
sensors is temperature dependent, increasing ~6.0—6.2% for
every 1 °C. While these differences could be viewed as small,
they could result in an almost 2-fold overestimation of basal
concentrations and concentration changes in both molecules
during in vivo experiments if the sensors are calibrated at room
temperature. Therefore, calculations of concentrations from
raw current data in our studies were conducted with a
correction of sensitivity values by these temperature coef-
ficients, thus resulting in a new, higher sensor sensitivity of
~0.59 nA for 1 uM glutamate and ~13.90 nA for 1 mM
glucose.

We also examined how changes in temperature affect basal
electrochemical currents. For this test, we monitored back-
ground electrochemical currents in vitro following warming and
subsequent cooling of the testing solution within 3—5 °C (33—
38 °C). During this test, we found that basal electrochemical
currents in both types of sensors change ~0.091 + 0.009 nA
with each 0.5 °C temperature increase. Therefore, if brain
temperature during in vivo recording increases 0.5 °C,
electrochemical currents detected by glucose and glucose
sensors could increase up to 0.09 nA, creating an artifactual rise
in concentration, which for glutamate could reach ~152 nM
and for glucose ~6.5 uM. By correlating these values with
reported basal levels of extracellular glutamate and glucose (~1
UM and ~1 mM, respectively), it is evident that the
temperature contribution during in vivo recording should be
much stronger for glutamate (up to 15% of basal levels) than
for glucose (0.5—1.0%).

Taking into account the possibility of a strong confound of
nonspecific chemical and physical interference to currents
detected by glutamate and glucose sensors in vivo, both our
studies incorporated null sensors that are identical to the active
sensors in their construction but lack specific enzymes and are
thus fully insensitive to either substrate (see Figure 3A and B).
Null sensors provide the best possible control for substrate
specificity because they are equally sensitive to all physical and
chemical interferents (ie., temperature, ascorbate, dopamine,
etc.) except the substance of interest. It should be noted that
the use of null sensors cannot control for changes in the rates of
enzymatic oxidation of the substance of interest in the active
sensor due to physiological changes in temperature. However,
since the amplitude of these changes is relatively small (+0.5—
1.0 °C), the resulting change in sensor sensitivity due to this
single factor is approximately 3—6%. Taking into account the
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Figure 4. Slow changes (mean + SEM) in amperometric currents detected by substrate-specific and substrate-null sensors during long-term
recordings in freely moving rats. As can be seen, for both glutamate (A) and glucose (B), currents slowly decreased during ~8-h recording. A similar
decrease, but at lower absolute levels, occurred with both types of null sensors recorded during the same time in vitro at 22—23 °C. Since active
sensors differ from null sensors only by the presence of a specific enzyme (glutamate oxidase or glucose oxidase), the difference in currents detected
by these sensors reflects the glutamate or glucose contribution (red vertical lines in A and B). Open and closed circles in (A) show current values in
the NAcc shell and core, while a solid line shows their average. Panel (C) compares the proportion of the specific contribution of glutamate and
glucose (in red) with respect to nonspecific contributions (gray and blue) to the overall recorded current. While these nonspecific contributions are
similar for both glutamate and glucose sensors, the specific component is much larger for glucose than for glutamate. n shows number of trials

averaged. Original data were reported in refs 102 and 103.

maximal stimulus-induced changes in oxidation currents
produced by glutamate sensors (0.15 nA), the possible
contribution of this factor is within 0.003—0.006 nA, well
below the typical noise levels of these sensors in vivo.
Therefore, the difference in currents detected by active and
null sensors under the same conditions could be a much more
accurate measure of true stimulus-induced fluctuations in either
glutamate or glucose.

C. Basal Levels of Glutamate and Glucose in the
Extracellular Space. It is commonly believed that electro-
chemical techniques cannot provide reliable information on
basal levels of neuroactive substances in the brain’s extracellular
space. Typically, data are shown as either current or
concentration change with respect to undefined basal levels.
Although microdialysis data regarding basal levels of neuro-
active substances vary, for glutamate they are typically in the
low micromolar range (0.5—3.0 pM®”*¥'%%1%) " This high
variability of values could be in part related to differences in
substance recovery of dialysis probes, which is typically 20—
25%"* but can greatly vary depending upon the technique, size
of the probe, and perfusion rates.''® Importantly, this recovery
is also highly temperature dependent, varying for monoamines
from 18% at 24 °C to 45% at 37.5 °C or ~18%/1 °C. ''" The
most recent and accurate estimate of basal extracellular
glutamate levels in the striatum obtained by no-net flux analysis
is 1.0 + 0.4 uM,""° below early estimates (3.6 uM"'®) but still
larger than ambient glutamate levels (50—200 nM) suggested
by electrophysiological studies.''”

Measurements obtained with glutamate sensors typically
have produced lar§er values, varying from 1 to 2 uM"">"'* to
20—45 uM.®®7815717 Moreover, there are significant differ-
ences in these values in different brain structures.”®''® These
values have been typically larger in early studies than those in
more recent studies, which have employed self-referencing
recording with sentinel electrodes. Using this approach, basal
glutamate levels in anesthetized rats have been estimated to be
~1.6 uM in the frontal cortex, 1.4 yM in the striatum, and 2.5—
34 uM in the hippocampus.''® Since general anesthesia
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appears to decrease basal glutamate levels (~60% in the
striatum”®), they could be larger under awake, freely moving
conditions.

To evaluate basal levels of extracellular glutamate, we
examined basal electrochemical currents detected by glutamate
and glutamate-null sensors during long-duration in vivo
recording (~8 h) in awake, freely moving rats. Since
glutamate-null sensors are exposed to the same physical and
chemical influences as glutamate sensors, the current difference
between two recordings should reflect the contribution of
glutamate. As can be seen in Figure 4A, the mean values of both
currents recorded from the NAcc changed similarly but
currents detected by glutamate sensors were consistently larger
than those detected by null sensors. Taking into account the
substrate sensitivity of glutamate sensors at 37 °C (~0.59 nA/1
M), the apparent mean basal levels of extracellular glutamate
in the NAcc are ~0.96 uM, closely matching the most recent
data obtained by no-net-flux microdialysis (1.0 uM''°).
Although basal currents for both glutamate and glutamate-
null sensors slowly decreased during the session, reflecting a
well-known property of electrochemical baseline changes, the
decrease was similar for both types of sensors, suggesting that
extracellular glutamate levels in the NAcc remain relatively
stable during long-term in vivo recordings.

Electrochemical currents recorded by glutamate-null sensors
also decreased during a similar recording interval in vitro at 22
°C, suggesting that this change is related to a physical property
of both types of sensors following long-term recording but not
the result of physiological changes in brain tissue. However,
absolute values of these currents were much lower than those
recorded by the same electrodes in vivo. This current difference
reflects total nonspecific (nonglutamate-related) chemical and
physical in vivo contributions to electrochemical currents. As
shown in Figure 4C, these nonspecific contributions to the
current (blue and gray areas) are proportionally much greater
than those contributed by glutamate (red area). By comparing
this current difference (~3.7 nA at the session end) with
current increase that should occur in vitro with a 15 °C
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temperature increase (~2.7 nA), it is evident that temperature
alone makes a larger contribution to electrochemical currents
than all other chemical factors (i.e, dopamine, DOPAC,
ascorbate, urate, etc.) combined.

Therefore, our values of basal extracellular glutamate levels in
the ventral striatum of awake rats are close to data obtained
with microdialysis but lower than those found in most
electrochemical studies. Two factors could be important
reasons for these differences. First, our data were obtained by
analyzing currents recorded by glutamate and glutamate-null
sensors in independent recording sessions. While the
simultaneous recording of both currents from the same animal
is usually viewed as an important condition to reveal the
glutamate contribution, our tests revealed the existence of a
persistent electrical cross-talk between two simultaneously used
sensors. In contrast to single-sensor recording, when “all”
current generated between the active and reference electrodes
is detected by a potentiostat, two sensors inserted in the same
brain are electrically connected and a certain amount of current
generated by one sensor flows to the reference electrode of
another sensor and vice versa, thus affecting both currents.
Moreover, this interaction depends upon the distance between
the two sensors and is stronger with short between-sensor
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distances. It is quite difficult to detect this interaction in vitro
because it requires independent controls, but it becomes
evident during in vivo recordings when the specific currents
generated by glutamate oxidation are much smaller than those
produced by glutamate during prerecording calibrations.
Possibly, this problem could be resolved with sensors of
another design or by some engineering solutions (i.e., periodic
recording switching from one sensor to another), but at present
the issue for us remains unresolved.

To overcome the influence of cross-talk, our recordings with
glutamate-null sensors were conducted in the same brain areas
using the same protocol but in a separate group of animals.
Although this alternative approach made it possible to make the
recordings from active and null sensors fully independent, it
was much more effort-consuming, requiring equally important
control data. This approach also introduces a new problem of
between-subject variability, requiring a large number of trials to
detect current differences between active and null recordings.
The Pinnacle sensors used in our studies are relatively large in
size (~180 ym in diameter with ~1 mm length), closer to the
dimensions of a microdialysis probe than to the tips of smaller
electrochemical sensors used in some studies. For example,
glutamate-oxidase-coated ceramic microelectrode arrays have a
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sensing area of 100 ym X 50 um,"'® while the sensors used in

our studies have sensing areas of 1000 ym X 560 pm, that is,
~100-fold larger. While a smaller sensing area could be viewed
as a better approach to identify rapid events with high spatial
resolution, small ceramic sensors produce much smaller
currents (5.4 pA/1 uM vs 590 pA/1 uM for our sensors),
thus making the recordings more susceptible to various types of
artifacts, especially in freely moving animals. Moreover, in
sensors with larger sensing areas, glutamate detection is
integrated over relatively large areas, possibly resulting in
lower basal values and smaller phasic fluctuations. Finally, any
sensor, especially a larger one, produces a certain amount of
damage to neural tissue in the recording area. However, this
cellular and vascular damage would theoretically result in larger
but not smaller glutamate values."'”'*® This factor could
explain consistently larger values of ambient glutamate
measured by both microdialysis and electrochemistry versus
electrophysiological estimates based on glutamate efficiency to
stimulate high-affinity nonsynaptic NMDA receptors.®”!'>'2!

A similar analysis, comparing currents detected by glucose
and glucose-null sensors during long-duration in vivo recording,
was conducted to evaluate basal levels of extracellular glucose
(see Figure 4B). In this case, basal currents detected by glucose
sensors were also consistently larger than those detected by null
sensors. Taking into account these differences (~8.0 nA) and in
vitro sensor sensitivity corrected for recordings at 37 °C (14.84
nA/1 mM), the mean values of basal glucose concentrations in
the NAcc were ~540 M. These current differences remained
similar (<10% difference) during ~8-h in vivo recording,
pointing to a relative stability of extracellular glucose levels in
awake, freely moving rats. A similar analysis conducted for data
obtained from the substantia nigra pars reticulata revealed
similar, albeit slightly lower mean values of extracellular glucose
(~407 uM'®). These concentration values are in line with
microdialysis evaluations of extracellular glucose levels, which
varied in different structures from 0.35 to 1.5 mM.7/9+96105107
As shown in Figure 4C, actual glucose (red area) contributes
much more to the measured glucose current than that of all
other nonspecific chemical and physical factors.

D. NAcc Glutamate Response Elicited by Tail-Pinch:
Specific and Nonspecific Contributions. Figure 5 shows
slow (1 min bin) changes in electrochemical currents detected
by glutamate and glutamate-null sensors during a 3 min tail-
pinch. Data are shown separately for two compartments of the
NAcc: the shell (A—C) and the core (D—F). In both brain
areas, glutamate currents showed a similar response, with a
robust increase (0.10—0.12 nA) during the tail-pinch procedure
and a slower decrease below the prestimulus baseline (A, D).
However, glutamate-null sensors also produced a significant
current increase, confirming that not all changes detected by
glutamate sensors represented actual changes in glutamate
levels. The subtraction procedure revealed (B and E) that the
glutamate changes are significant only in the NAcc shell and are
not significant in the NAcc core. In the NAcc shell, glutamate
levels rapidly rose during the tail-pinch, peaked at its end, and
returned to baseline at ~12 min after the start of the procedure.
This increase was relatively small, on average 90—100 nM or
~10% of baseline glutamate levels. A small increase was also
seen at the same time intervals in the NAcc core, but it did not
reach statistical significance. By analyzing the rate of glutamate
change (C), it is evident that glutamate increased only during
the tail-pinch and the rate of change was maximal (~40 nM/
min) during the last minute of tail-pinch, when the rats usually
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showed robust behavioral response (e.g., chewing the wooden
clothepin). Similar data, suggesting regional specificity of the
glutamate response within the NAcc, were obtained for other
arousing stimuli and cocaine.'?

Since glutamate currents increased significantly during the
first min of tail-pinch, we also analyzed the initial components
of the glutamate response in the NAcc shell using high
temporal resolution (4 s bins; Figure 6). In this case, current
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Figure 6. Rapid changes in electrochemical currents (4 s bins)
detected in the NAcc shell by glutamate and glutamate-null sensors
following 3 min tail-pinch (A) and resulting changes in extracellular
glutamate levels (B). Two vertical hatched lines at 0 and 180 s show
onset and offset of tail-pinch. Horizontal hatched line in each graph
show basal levels. The period of significant current X time interaction
between the two currents is shown in (A) by a solid horizontal line
labeled with an asterisk. Data in (A) represent mean + SEM, and n
indicates the number of averaged trials obtained in 23 and 15 rats with
glutamate and glutamate-null sensors, respectively. Within this
interaction, significant differences are shown in (B) as filled symbols.
Data were partially presented in ref 102.

increases were also evident for both glutamate and glutamate-
null sensors, but significant between-group differences existed
across the entire analysis interval (A). In this case, extracellular
glutamate levels increased rapidly at the start of tail-pinch (first
significant value at 6 s), grew to their peak levels (75—80 nM)
at the end of tail-pinch, and were maintained at enhanced levels
for the entire duration of analysis (B). While slightly slower in
its time-course, the glutamate rise at the start of tail-pinch was
comparable to the excitation of striatal and accumbal neurons
induced by this stimulus in awake rats."**

Therefore, these data suggest the importance of null sensors
as a critical tool to exclude nonspecific contributions to
electrochemical currents recorded by glutamate sensors in vivo.
This approach reveals much weaker but highly phasic and
brain-region specific changes in extracellular glutamate levels
induced by arousing stimuli. This procedure also makes it
possible to eliminate the negative trend in baseline currents
typical of long-term (i.e., 8—10 h) amperometric recording.

E. NAcc Glucose Response to Tail-Pinch. A similar
approach was used to examine physiological changes in
extracellular glucose levels.'” Figure 7 shows changes in
electrochemical currents detected by glucose and glucose-null
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sensors in the NAcc shell during 3 min tail-pinch analyzed with
slow (1 min bin) and rapid (4 s) temporal resolution. In
contrast to the relatively weak current increases detected by
glutamate sensors (0.1—0.2 nA), tail-pinch induced much larger
increases in glucose currents (0.6—1.0 nA) that greatly
exceeded the currents detected by glucose-null sensors.
Subtraction of these nonspecific currents revealed that glucose
levels rapidly jump at the start of tail-pinch (~50 xM), maintain
at high levels for ~10 min, and decrease to baseline afterward
(B). The rapid time-course of glucose increase was confirmed
when these same data were analyzed at high temporal
resolution (4 s bins; C). In this case, glucose concentrations
in the NAcc increased significantly within the first 4 s interval,
peaked at ~14 s (~60 M), and were maintained at high levels
during the entire duration of analysis (D). Similar rapid glucose
increases were found in the NAcc with other arousing
stimuli.'” Interestingly, a randomly delivered audio tone,
acting as a weak sensory stimulus, evoked a phasic increase in
glucose levels in the NAcc but did not impact glutamate levels
in this structure.'”

Therefore, the glucose-specific contribution to electro-
chemical currents greatly exceeds nonspecific contributions
detected by glucose-null sensors. In this case, the use of
glucose-null sensors appears less critical compared to
glutamate-null sensors because of the high basal levels of
glucose in brain tissue and relatively large changes induced by
arousing stimuli. Due to high glucose levels, current changes
induced by its enzymatic oxidation are much larger than those
induced by all other physical and chemical contributors.

F. The nature of Nonspecific Contributions to
Electrochemical Currents Detected by Glutamate and
Glucose Sensors. As shown above, enzyme-free sensors
produce consistent and significant increases in electrochemical
currents during tail-pinch. The dynamics of these currents for
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both glutamate- and glucose-null sensors was very similar
(Figure 8A and B), showing a slow onset, peak (~0.10 nA) at
10—15 min, and a slow decrease below prestimulus baselines.
The increases in electrochemical currents detected by
glutamate- and glucose-null sensors during tail-pinch showed
similar dynamics with increases in NAcc temperature directly
recorded in a similar experiment in a separate group of animals
(Figure 8C). These two parameters were tightly correlated for
both types of sensors (glutamate-null, r = 0.920; glucose-null,
0.849; p < 0.001 for both cases), suggesting temperature as a
major factor responsible for increases in electrochemical
currents detected by enzyme-free null biosensors.

Although a high correlation between two dynamic
parameters recorded from the same brain area could suggest
their interdependence, causality cannot be directly inferred. On
one hand, changes in brain temperature could directly affect the
sensors, increasing the observed electrochemical current. The
importance of this direct influence is supported by our in vitro
tests, which revealed an ~0.08 nA increase in electrochemical
current with each 0.5 °C temperature increase. Taking into
account a ~0.1 nA current increase detected during tail-pinch
by both glutamate- and glucose-null sensors, a direct increase in
NAcc temperature appears to be the major factor. If the sensors
are temperature-dependent in vitro, why should they lose their
temperature sensitivity in vivo? On the other hand, the
relationships between nonspecific currents and temperature
could be in part indirect, reflecting the increase in several
metabolism-related electroactive substances (i.e., urate,
DOPAC, ascorbate, etc.), which could likewise correlate with
temperature increases.

It is important to emphasize that a brain temperature
increase is a reflection of metabolic brain activation, which
should induce multiple neurochemical changes. Both glutamate
and glucose sensors, as well as their null analogues, are not only
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Figure 8. Changes in electrochemical currents (mean + SEM)
detected in the NAcc by glutamate-null (A) and glucose-null sensors
(B) during a 3 min tail-pinch (vertical hatched lines). Diagonal
hatched lines in both (A) and (B) represent the known drift in
baseline calculated from Figure 4. For this analysis, data from shell and
core recordings were combined (for glutamate-null sensors: n = 21
trials in 13 rats; for glucose-null sensors: n = 7 trials in 4 rats). Panel
(C) shows the associated change in NAcc temperature (mean + SEM,
red) during the same tail-pinch protocol conducted in a separate
experiment (18 tests in 12 rats), and compares it to the mean of all
null currents from (A) and (B) (blue). For clarity, the null currents in
(C) are corrected for the known drift in baseline and are shown
without error bars.

equally temperature sensitive but are also sensitive to other
substances that are oxidized at working potentials (+0.6 V)
used to detect either glutamate or glucose. While this
neurochemical component could be effectively eliminated by
the subtraction of currents generated by null sensors, a certain
component of current changes detected by these null sensors
should reflect neurochemical changes. While it is difficult to
speculate on the nature of these substances, DOPAC,
ascorbate, and urate could be possible candidates. All these
substances are contained in the extracellular space at relatively
high concentrations [2—20 uM for DOPAC, urate and
ascorbate,”*>'** with some electrochemical determinations of
ascorbate ranging up to 300—400 uM'**], their levels should
increase tonically during metabolic neural activation, and their
oxidation could contribute to electrochemical currents despite
relatively small percent contributions to the overall current
change. However, this chemical contribution appears to be
much less than the direct temperature contribution.
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4. CONCLUSIONS

The basic premise of any type of electrochemical sensor is that
it should detect fluctuations in the concentration of a substance
of interest and to be insensitive to all other nonspecific
influences. While this goal could be approached by the creation
of highly sensitive and selective sensors, there are natural
limitations to this approach when used in awake, behaving
animals. As shown in this Review, the performance of a
neurochemical sensor is affected by temperature, which
influences both background currents and current changes
produced by the enzymatic oxidation of the substance of
interest. The latter influence can be minimized by calibrating
sensors at 37 °C, thus decreasing errors resulting from the
calculation of concentration values from current change. It is
more difficult, however, to exclude the contribution of
temperature to changes in electrochemical currents because
brain temperature also fluctuates robustly under physiological
conditions and is affected by different neuroactive drugs (see ref
126 for review). If this is not given due consideration,
regardless of the sensor’s chemical sensitivity and selectivity,
current changes detected under certain conditions could be
erroneously attributed to increases or decreases in the
extracellular levels of the substance of interest. To combat
this issue, the use of substrate-null sensors appears to be a
valuable approach to exclude most nonspecific chemical and
physical confounds. Importantly, this strategy appears to be
more critical for measuring extracellular glutamate than glucose,
because while both types of null sensors produce very similar
nonspecific current changes, their contribution is much greater
for glutamate because its concentration is much lower than that
of glucose. Using this approach, we were able to reveal weaker
yet more phasic changes in NAcc extracellular glutamate levels,
which better correlated with stimulus-induced phasic excitation
of accumbal cells.

While control recordings with substrate-null sensors could
greatly improve the reliability of glutamate measurements in
behavioral experiments, it should be noted that the results of
these measurements also depend on the size of the enzyme-
coated sensing area. Glutamate sensors with relatively large
sensing areas such as those used here integrate multiple local
concentrations, providing a measure of extracellular glutamate
changes averaged over a larger brain area. These larger sensors
lack the spatial resolution needed to accurately capture
glutamate release related to synaptic activity, which is much
faster, much more local, and can be studied by other
techniques. The glutamate values estimated in our study are
well within the range of presumed extracellular concentrations
detected by microdialysis, and would be sufficient to affect high-
affinity extrasynaptic glutamate receptors in both neural and
glial cells. Therefore, it is important to consider extracellular
glutamate fluctuations as a complex interplay between neural
and glial processes, as well as synaptic and nonsynaptic sources
of release and uptake. Although larger sensing devices
conceivably blunt the measured dynamics of glutamate, possibly
decreasing its peak amplitudes, high-resolution data analysis
reveals a rapid, second-scale fluctuation in extracellular
glutamate that correlates with neuronal activity. Therefore,
while some care should be taken to adequately ensure the
reliability of measurements in question, enzyme-based sensors
appear to be valuable tools for evaluating rapid changes in
neurochemical processes under physiologically relevant con-
ditions.
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