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a b s t r a c t

Simultaneous acquisition of in vivo electrophysiological and neurochemical information is essential for
understanding how endogenous neurochemicals modulate the dynamics of brain activity. However, up
to now such a task has rarely been accomplished due to the major technical challenge of operating two
independent recording systems simultaneously in real-time. Here we propose a simpler solution for
achieving this goal by using only a standard electrochemical technique – amperometry. To demonstrate
eywords:
lectrophysiology
ocal field potential (LFP)
mperometry
eurochemical
cetylcholine

its feasibility, we compared amperometric signals with simultaneously recorded local field potential (LFP)
signals. We found that the high frequency component (HFC) of the amperometric signals did not reflect
neurochemical fluctuations, but instead it resembled LFPs in several aspects, including: (1) coherent
spectral fluctuations; (2) clear characterization of different brain states; (3) identical hippocampal theta
depth profile. As such, our findings provide the first demonstration that both LFP and local neurochemical

taneo
imultaneous recording
ippocampus

information can be simul

. Introduction

Neurons communicate with each other using electrical and
hemical signals. To characterize these signals, in vivo neurophys-
ology has made substantial progress in the last few decades by
ntroducing a variety of methods for extracellular electrophysiology
nd voltammetric neurochemistry (Dale et al., 2005; Kissinger et al.,
973; Nicolelis et al., 1997; Wightman, 2006). Following the more
ecent emergence of real-time in vivo neurochemical studies (on the
ime scale of seconds or even faster), a promising research direction
s to simultaneously acquire both types of information, i.e. electro-
hysiological and neurochemical, in the same preparation. Clearly,
uch a new experimental approach could greatly facilitate our
nderstanding of the dynamic interactions between diencephalic
eural circuits and neuromodulatory systems, such as acetylcholine
nd dopamine. Moreover, this approach would also allow better

apping of these broad neural interactions during normal and

athological brain states, exemplified by the pioneering studies
one by Dr. Wightman and colleagues (e.g. Cheer et al., 2005).
nfortunately, due to considerable technical challenges, attempts
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usly acquired from electrochemical sensors alone.
© 2009 Elsevier B.V. All rights reserved.

to obtain simultaneous in vivo electrophysiology and voltammetry
have been rare. Furthermore, until now two independent recording
systems have always been required to obtain such data sets (Ewing
et al., 1983; Hefti and Felix, 1983; Johnson et al., 2008; Kuhr et al.,
1987; Sammut et al., 2007; Viswanathan and Freeman, 2007).

Given this reality, the purpose of this study was to demon-
strate that a simple instrumentation approach, based on a single
amperometry system, can simultaneously capture both electro-
physiological (local field potentials or LFPs) and neurochemical
information during the same experiment. This rather inexpensive
technical solution was proposed based on the distinctive but related
principles of extracellular electrophysiology and voltammetric neu-
rochemistry. Extracellular electrophysiology, including LFPs and
neuronal action potential (spike) recordings, studies the activi-
ties of neuronal populations or individual neurons by measuring
extracellular voltage fluctuations with microelectrodes (Robinson,
1968). On the other hand, voltammetric neurochemistry, includ-
ing amperometry, detects dynamics of extracellular neurochemical
concentration by measuring the faradic current resulting from
chemical oxidation/reduction, when a voltage is applied to the same

microelectrode that is used to measure the current (Kawagoe et al.,
1993; Stamford, 1985). The similarity in the two recording princi-
ples led us to believe that, in theory, the current measurement in the
voltammetric methods could concomitantly capture endogenous
electrical signals in the brain, such as LFPs.

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:zhanghao@neuro.duke.edu
dx.doi.org/10.1016/j.jneumeth.2009.01.023
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and stainless steel screws were secured above frontal cortex and
cerebellum as reference (amperometry) and ground (electrophys-
92 H. Zhang et al. / Journal of Neuro

To test the hypothesis that LFP signals are present in amper-
metric measurements, we implemented simultaneous in vivo
lectrophysiological and amperometric recordings. This allowed
s to compare putative LFP information obtained from amperom-
try with actual recorded LFPs, and to determine the source of
uch putative LFP information. To further validate and demonstrate
he usefulness of the technical solution proposed here, we looked
or well-described LFP features, such as theta depth profile in the
ippocampus (Bland and Whishaw, 1976) and sleep–wake spec-
ral patterns (Gervasoni et al., 2004), in amperometry-derived LFP
nformation.

. Materials and methods

.1. Subjects

Animal use and procedures were approved by the Duke IACUC
nd performed in accordance with NIH guidelines. Twenty-four
dult male Long–Evans rats (300–500 g) were used in the exper-
ments.

.2. Chemicals and drugs

Choline oxidase (CO; EC 1.1.3.17), bovine serum albumin (BSA),
lutaraldehyde (25% in water), ascorbic acid (AA), choline, meta-
henylenediamine dihydrochloride (mPD), carbachol and urethane
ere all obtained from Sigma Chemical Co. (St Louis, MO, USA).

.3. Amperometric probes and choline sensor preparation

Amperometric probes were either ceramic-base multi-site
icroelectrodes (“R2” design, 4 sites, 50 �m × 150 �m per site with

0 �m space between sites) purchased from CenMeT (University of
entucky, KY, USA), or in-house-made four-channel probes with
latinum–iridium wires assembled onto 8-pin IC socket (DIGI-KEY,
N, USA; only 4 pins out of 8 were used).
Choline sensors were constructed by coating choline oxidase

nd applying exclusion layer (mPD) to the probes (Burmeister et
l., 2003, 2008). Before each coating, the probes were cleaned with
0% isopropyl alcohol and distilled water, and then dried. Two sites
f the probe were coated with ∼0.01 �l of choline oxidase solution
1 U of CO, 1% BSA and 0.125% glutaraldehyde in 5 �l distilled water)
or three times with a 1-�l microsyringe (Hamilton, NV, USA). The
wo remaining sites were coated with BSA solution omitting the CO
∼0.01 �l × 3 times), serving as self-reference sites. Enzyme-coated
robes were allowed to dry for 30 min in desiccator before being
tored at 4 ◦C. After at least 2 days, mPD was applied to the probe
ites by employing cyclic voltammetry between +0.2 V and +0.7 V
ersus an Ag/AgCl reference electrode in the mPD solution (5 mM,
n 0.05 mM argon-bubbled phosphor-buffered saline solution/PBS)
sing a scan rate of 50 mV/s (Burmeister et al., 2008). After the plat-

ng was completed, the choline sensors were stored at 4 ◦C for at
east 24 h before calibration.

Sensors were calibrated in vitro both before in vivo use and also
fter acute recordings. They were connected to a FAST-16 electro-
hemical recording system (Quanteon, LLC, Nicholesville, KY, USA)
ith the sensor sites immersed in PBS (0.05 mM, pH 7.4, 37 ◦C,

ontinuous stirring). A constant potential (+0.7 V) was applied to
ensor sites, versus an Ag/AgCl reference electrode. After a sta-
le baseline was established, standard solutions including ascorbic

cid (100 �M), choline (20 �M × 3 times) and hydrogen peroxide
8.8 �M) were added to the PBS in order, and the corresponding cur-
ents were measured. The sensitivity, limit-of-detection (LOD) and
electivity of the choline sensors were calculated based on lineal
egression by the FAST-16 software (Quanteon, LLC, Nicholasville,
Y, USA).
e Methods 179 (2009) 191–200

2.4. Simultaneous in vivo recording in urethane-anesthetized rats

Male rats (3–6 months, n = 16) were anesthetized with urethane
(1.25–1.5 g/kg body weight, I.P.) and positioned in a stereotaxic
frame. A miniature Ag/AgCl reference electrode for amperome-
try was secured in the frontal cortex. Stainless steel screws were
secured above frontal cortex and cerebellum, serving as grounds
for electrophysiology. Craniotomies were opened above the hip-
pocampus bilaterally at AP −4.0 mm, ML 2.5 mm relative to Bregma
(Paxinos and Watson, 2005). A multi-electrode array (MEA) was
lowered into one hemisphere, recording electrophysiological sig-
nals from CA1 (−2.2 mm below dura) and dentate gyrus (DG,
−2.9 mm below dura). A calibrated choline sensor or a bare probe
was lowered into the contralateral CA1 to record amperometric
signals.

During the experiment, electrophysiological signals (LFPs and
spikes) were recorded with Plexon Neurosurgery WorkStation
(Plexon Inc, Dallas, TX), using a 1000 Hz sampling frequency for
LFPs. Amperometric signals were recorded with the FAST-16 elec-
trochemical recording system, using a 40 Hz sampling frequency
(maximum in the system). For temporal synchronization, marker
events in the two systems were simultaneously logged bi-manually,
and the signals from the two systems were aligned by these
events during off-line processing (alignment SD: 29 ± 8 ms). After
the amperometric signals stabilized (∼15–30 min), a baseline was
recorded for at least 15 min.

2.4.1. Tail-pinch
Animals received a series of tail pinches to elicit transient hip-

pocampal theta activity. The inter-trial interval was set at 5–10 min
so that LFPs could return to baseline delta activity.

2.4.2. Medial septum (MS) carbachol injection
A guiding tube (23 gauge) was implanted above medial septum

with a 15◦ angle (entry point: AP +0.7, ML 1.5, mm). A cannula (30
gauge) was inserted through the guiding tube for injecting cholin-
ergic agonist (carbachol, 4 �g in 1 �l DI water, 30 s) into MS (target:
AP +0.7, ML 0.0, DV −6.0, mm).

2.4.3. Theta depth profile
For some animals, an amperometric sensor or probe was low-

ered step-by-step through the hippocampus with 200 �m intervals,
while theta activity was induced by tail pinches.

At the end of the acute experiment, choline sensors were
removed for post-experiment calibration. Animals received an
overdose of pentobarbital for euthanasia.

2.5. Surgery and in vivo recordings in freely moving rats

Male rats (3–6 months, n = 8) were anesthetized with ketamine
(100 mg/kg) and xylazine (5 mg/kg). Atropine (0.02 mg) was used
to reduce airway secretion. Choline sensor (3 rats) or MEA (5 rats)
were implanted stereotaxically as described for the acute experi-
ments. (One rat had both implants, and the simultaneous recordings
are shown in Fig. 4A.) A miniature Ag/AgCl reference electrode
iology) electrodes, respectively. A choline sensor (CA1, −2.2 mm,
below dura) or MEA (CA1, −2.2 mm, DG, −2.9 mm, below dura) was
implanted into the dorsal hippocampus (AP −4.0, ML 2.5 mm). Den-
tal acrylic was used to cover and secure the implant with the help
of anchoring screws. Rats were allowed to recover for at least 7 days
after surgery.
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.5.1. Sleep–wake recordings
Either amperometry (FAST-16 system) or electrophysiological

ata (Multichannel Acquisition processor, MAP, Plexon Inc, Dallas,
X) was recorded while rats moved freely around or went to sleep.
nimal behavior was monitored online with a camera and recorded
n video tapes. The time of major sleep and waking states were reg-
stered for subsequent analysis. Waking state was characterized by

standing posture, sometimes actively moving and/or exploring
he cage. Sleep states were characterized as described elsewhere
Gervasoni et al., 2004).

.5.2. Amphetamine injection
Two rats implanted with choline sensor received an injection

f amphetamine (4 mg/kg, intraperitoneal/I.P.) during the ampero-
etric recording.

.6. Data analyses

Recordings from the two systems were analyzed in MATLAB (The
athWorks, Natick, MA).

.6.1. Pre-processing
For simultaneous recordings, signals were aligned by synchro-

ization marker events. Before comparing the signals from the two
ystems, recordings were pre-processed to the same sampling fre-
uency. Even though the FAST-16 hardware could acquire data at
50 kHz/channel, its software allowed a maximal sampling rate at
0 Hz, and each data point was an average of 6125 data points
250,000/40). To match this averaging process, LFP signals were
lso re-sampled at 40 Hz by averaging from the 1000 Hz sampling
ate.

.6.2. High frequency component (HFC) calculation
High frequency component of the amperometric signals were

alculated by high-pass filtering the original signals in MATLAB.
he cut-off frequency was arbitrarily set at 1 Hz, assuming that
voked chemical dynamics did not fluctuate beyond this faster
ime-scale (but see Robinson et al., 2003). HFC of the pre-processed
FP signals were calculated in the same way as the amperometric
ignals.

.6.3. Spectral analysis
Spectral and coherence analyses of HFC were performed using

ultitaper spectral methods with the Chronux package (Dr. Partha
itra and http://www.chronux.org). In urethane-anesthetized rats,

aseline (120 s) and pinch (30–120 s) periods were defined as the
ime before and during pinch. Each baseline period ended with a 20-
period with the clamp touching the tail without pinching. Power
pectral density (PSD) was calculated by averaging the spectrogram
ver time during each individual period, and then normalized to the

otal power of the particular PSD. Theta/delta spectral indices for
aseline and pinch periods were calculated as the ratio between the
ower values in theta and delta bands (2.2–5 Hz, 1–2.2 Hz, respec-
ively).

.6.4. HFC amplitude and oxidation current
For a baseline of 120 s, HFC amplitude was calculated as the

oot mean square of the HFC. Oxidation current was the average of
he residual low-frequency component of the amperometric signal
uring the baseline period.
e Methods 179 (2009) 191–200 193

2.6.5. Theta depth profile
For theta depth profile in anesthetized rats, amperometry HFC

was filtered for theta frequency (2–5 Hz). Theta amplitude and
phase were estimated with the Hilbert transform of the filtered
HFC. Amplitudes were corrected for differences in the effective
electrode area using the proportional correlation obtained for the
baseline periods during the whole recording (Fig. 2A right panel,
Supplemental Figure 1). For phase calculation, since there was no
fixed electrode to provide a phase reference, phase values on site
4 were used as reference (phase = 0◦) until the phase difference
between site 2 and site 4 was bigger than 90◦, suggesting a phase
reversal had occurred on site 1 and 2. Starting from this depth,
site 1 was used for phase reference (phase = 180◦). To account for
the variance of depth in individual experiments, we aligned the
depth profile of multiple experiments by the midpoint of the phase
reversal (defined as 0 in Fig. 3C). This alignment produced sharper
transitions and smaller variance in the averaged depth profile.

2.6.6. Spectral analysis in freely moving animals
Spectral analysis was performed for selected sleep–wake

episodes, whose time was registered during online behavior mon-
itoring. The sleep periods started with slow-wave sleep (SWS), and
ended with a rapid-eye-movement (REM) sleep. For amphetamine
injection experiments, the PSD after injection was normalized to
the pre-injection PSD power.

3. Results

3.1. Similarity between LFP and amperometric signals

To directly compare electrophysiological and amperometric sig-
nals, we first obtained simultaneous measurements of both signals
in urethane anesthetized rats using two independent recording sys-
tems (Fig. 1A). In order to have both systems functioning without
interfering with each other, it was essential to isolate the grounds
of the two systems. This was achieved by running the electrophysi-
ology system on a battery-powered laptop to record the LFP signals
without being grounded to the earth. In parallel, a constant voltage
was applied across the amperometric sensor and an Ag/AgCl refer-
ence electrode to oxidize neurochemicals of interest and to measure
the resultant faradic current.

To test whether LFP and amperometric signals were similar, we
employed two manipulations known to elicit LFP theta oscillations
under urethane anesthesia, i.e. tail pinch and carbachol injection
in the medial septum (Kramis et al., 1975; Monmaur and Breton,
1991). During baseline periods, LFP signals were dominated by
large-amplitude slow fluctuations in the delta range (1–2 Hz) char-
acteristic of urethane anesthesia (Kramis et al., 1975). Upon pinch or
carbachol injection, LFP shifted to smaller-amplitude regular theta
oscillations (3–6 Hz, Fig. 1A). These changes in LFP oscillation pat-
terns were grossly mirrored in amperometric signals (Fig. 1A). This
similarity suggested to us that a certain component of the amper-
ometric signal reflects the LFP signal.

To quantitatively determine the extent to which the ampero-
metric signals resembled LFPs, and more importantly, what LFP-like
information could be retrieved from amperometric measurements,
we compared the spectral content of both signals, particularly for
the 1–20 Hz frequency range. As plotted in Fig. 1B, the spectro-
grams generated from the two signals were highly similar, with
spectral peaks shifted from high power delta band during base-

line, to ∼3 Hz theta band upon tail pinches, and a strong 5–6 Hz
theta band after MS carbachol injection. Indeed, the oscillations
at these dominant frequency bands were highly coherent between
the two signals (Fig. 1C). Furthermore, the temporal fluctuations of
spectral power in individual frequency bins were highly correlated

http://www.chronux.org/
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Fig. 1. Simultaneous recordings reveal similarity between high frequency LFP and amperometric signals. (A) An example of simultaneously recorded LFP (upper traces) and
amperometric signals (lower traces) from contralateral hippocampi (shaded area in the schematic) in urethane-anesthetized rats. Three tail-pinches (*, delimited by purple
lines), followed by carbachol injection into the medial septum (grey lines), were applied to modulate LFP and amperometric signals. The top expanded traces show signals
at a finer temporal resolution upon pinch (left, purple arrow) and after carbachol injection (right). (B) High similarity between power spectrograms of the LFP (upper) and
amperometric signals (lower). Log power values are color-coded with matched color scales (original signal unit, mV and nA, respectively). (C) High coherence at dominant
frequency bands in different states between the example LFP and amperometric signals in (A). Only significant coherence is plotted (non-significant coherence in white).
(D) Correlation coefficient of spectral power fluctuations at individual frequencies between LFP and amperometric signals, averaged across five experiments (mean ± S.E.M.).
For illustration purpose, p-values smaller than 10−6 are set as 10−6. (E) Average power spectral density (PSD) for LFP and amperometric signals in the three different states
(baseline, pinch and carbachol injection), normalized by the total power in that state (n = 3 for baseline/pinch, mean ± S.E.M.; n = 2 for carbachol injection, individual black
l tly dif
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ines). (F) Spectral indices calculated for baseline and pinch episodes were significan
air of corresponding baseline and pinch episodes (6 experiments, 17 trials). Amp, a

s referred to the web version of the article.)

etween the LFP and the amperometric signals (Fig. 1D), although
he strength of correlation tended to be smaller as the frequency
ncreased (to be discussed later). Besides the temporal domain cor-
elation, it is known that LFP spectral features in the frequency
omain are characteristic of distinct brain states (Gervasoni et al.,
004). Accordingly, normalized power spectral density calculated
rom the two signals for individual episodes (baseline, pinch and
arbachol-induced theta) showed similar characteristics for those

tates (Fig. 1E). Particularly, the theta/delta power ratios derived
rom LFP and amperometric signals were similarly effective in dis-
inguishing pinch from baseline states (Fig. 1F, paired t-tests, both
< 0.001). Together, these results suggest that the LFP and the
mperometric signals contain highly similar spectral information.
ferent, in both LFP and amperometric recordings (**, p < 0.001). Each line connects a
metry. (For interpretation of the references to color in this figure legend, the reader

3.2. High frequency (>1 Hz) amperometric signals did not
originate from chemical signals

Since high frequency amperometric signals (>1 Hz) resem-
ble simultaneously recorded LFPs, we next tested the hypothesis
that this high frequency component of amperometric signals
directly originated from LFPs and not from any chemical reac-
tion on the sensor. A direct prediction of this hypothesis is

that amperometry HFC should not be disturbed by manipula-
tions affecting chemical reactions, including sensor modifications
for achieving chemical specificity, such as enzyme immobiliza-
tion and exclusion layer application (Burmeister et al., 2003,
2008).
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Fig. 2. High frequency amperometric signals not affected by sensor modifications intended for neurochemical detection. (A) High frequency amperometric signals do not
reflect choline fluctuations. Left, Choline concentration increased by tail-pinch (purple arrow), as reflected in an increase in amperometric signals on the choline sensor site
(blue), but not on the self-reference site (cyan). Black traces are low frequency (<1 Hz) amperometric signals on the two sites, which were very weakly correlated (middle). In
contrast, high frequency component (HFC, >1 Hz) of amperometric signals on the two sites were almost proportional (right). (B) Similar LFP-like HFC signals also appeared
on bare sensors. Left, raw amperometric signal on all four bare sites (black traces, signals <1 Hz). The lack of exclusion layer lead to very large baseline oxidation currents
compared to those on the choline sensor in (A). The baseline oxidation current decreased when the probe was moved (blue arrow) from the hippocampus to the overlaying
cortex, reflecting a change in local chemical composition. Right, HFC signals on the bare probes had amplitude comparable to that on the choline sensor in (A). The oscillation
pattern of HFC signals also changed from delta to theta band upon pinch (purple arrow). (C) Comparison of amperometry HFC amplitude with baseline oxidation current.
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ach data point was obtained from a same recording site. Diagonal line indicates un
mplitude of the HFC remained stable regardless of enzyme coating and/or exclusio
ifferent amperometric voltages. (For interpretation of the references to color in thi

To show that the amperometry HFC does not have a chemical ori-
in, first we recorded amperometric signals with a choline sensor,
omposed of choline-sensitive sites coated with choline oxidase,
nd choline-insensitive self-reference sites (within 400 �m from

he choline-sensitive sites). Previous studies took the differential
ignal between the choline-sensitive site and the self-reference
ite as the choline signal (Burmeister et al., 2003). As shown in
ig. 2A, the raw signals were quite different – the current on the
holine site had a large increase upon tail pinch, which was absent
ote that although the baseline current varied almost two orders of magnitude, the
r. (D) Individual values (black dots) and box-and-whisker plot for HFC amplitude at
re legend, the reader is referred to the web version of the article.)

on the self-reference site. This differential response, suggestive of
an acetylcholine release (Parikh et al., 2004), was captured by sig-
nals below 1 Hz (Fig. 2A). In contrast, high frequency amperometric
signals (>1 Hz) on the two sites were almost proportionally cor-

related (Fig. 2A, right). Such proportionality existed between any
two sites from the same sensor (Supplemental Fig. S1). There-
fore, the amperometry HFC above 1 Hz carries information that
seems to be independent of the specific chemical (choline) sig-
nal.
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Fig. 3. Hippocampal theta depth profile preserved in amperometry HFC. (A) An
example of theta amplitude and phase during tail-pinch at different depths of the
hippocampus. HFC signals were color-coded for the four sensor sites (200 �m spac-
ing). Numbers on the left indicated the depth below dura surface (mm). Note the
different theta amplitude and phase (phase reversal emphasized by the dotted lines)
across sites. As the sensor was lowered 200 �m, theta amplitude and phase on each
site (right) assumed the value of its immediate neighbor before being lowered (left).
(B) HFC theta depth profile for the recording session in (A). Consistent with previous
studies, there was a local amplitude minimum at −2.5 mm below dura surface (stra-
tum radiatum), and two local maxima at 2.1–2.3 mm (stratum oriens) and at 3.0 mm
(hippocampal fissure), respectively. Phase reversal occurred just below −2.5 mm. (C)
Theta depth profile averaged for five experiments (mean ± S.E.M.), aligned according
to the midpoint of theta phase reversal (defined as depth 0).
96 H. Zhang et al. / Journal of Neuro

Although the HFC was not a choline signal, it could still have
chemical origin, resulting from the oxidation of interferents, i.e.

xidizable molecules such as ascorbic acid and dopamine, leaking
hrough the exclusion layer on both choline and self-reference sites.
o rule out this possibility, we recorded amperometric signals with
are probes which had neither exclusion layer nor enzyme coating.
s a result, all interferents could freely contribute to and gener-
te an oxidation current much larger than that on sensors with
n exclusion layer. Indeed, baseline oxidation current was about
–3 nA on bare probes (Fig. 2B), much larger than the 0.1–0.2 nA
n choline sensors with exclusion layers (Fig. 2A). If the HFC origi-
ated from oxidation of interferents, the HFC amplitude on the bare
robes should also increase accordingly. Contrary to this prediction,
he HFC amplitude on bare probes remained comparable to that on
holine sensors (compare Fig. 2B with A, summarized in C) – even
hough baseline current varied by more than an order of magnitude
One-way ANOVA, F = 31.8, p < 0.001), the HFC amplitude remained
elatively stable (One-way ANOVA, F = 2.57, p = 0.093). This allowed
s to conclude that the amperometry HFC did not originate from
he chemical reactions of interferents.

To further rule out the possibility that HFC originated from
ny chemical reaction, we applied various voltages to the sensor,
anging from +0.7 V to 0.0 V. As the applied voltage was lowered,
ewer oxidation reactions should occur. However, the HFC ampli-
ude again remained relatively stable (Fig. 2D, four experiments,
epeated measure ANOVA, F = 1.3, p = 0.33), suggesting that the HFC
oes not originate from any chemical reaction.

Together, all the above results support the notion that the amper-
metry HFC is generated by electrical signals in the brain, rather
han chemical reactions on the sensor. In contrast, the residual
ow-frequency amperometric component contains chemical infor-

ation.

.3. Hippocampal theta depth profile revealed in amperometry
FC

Although the amperometry HFC described above evidently
eflected LFP signals, it remained possible that the amperometry
FC might originate only from signals captured on the amperomet-

ic reference electrode, so the LFP-like HFC signals on individual
ensor sites (working electrodes) would be identical to each
ther. To rule out this possibility and to demonstrate differential
FC signals on individual sensor sites, we investigated the well-
escribed phenomenon of hippocampal theta depth profile (Bland
nd Whishaw, 1976; Scarlett et al., 2004), in which the amplitude
nd phase of theta oscillations change in characteristic ways across
ifferent layers of the hippocampus.

In urethane-anesthetized rats, we induced theta oscillations
hile lowering the sensor through the hippocampal layers, and

bserved a typical theta depth profile in the amperometry HFC
Fig. 3). The HFC theta amplitude and phase were calculated from
he signals on the four vertically arranged sites located at different
epth (200 �m center-to-center distance between sites, Fig. 3A).
very time the sensor was lowered 200 �m, HFC theta amplitude
nd phase changed systematically, such that HFC theta on sites 2–4
ssumed the HFC theta that had existed on their immediate neigh-
oring sites 1–3 before being lowered (Fig. 3A). Single experiment
Fig. 3B) and the averaged results from five experiments (Fig. 3C)
howed that the amperometry HFC theta depth profile was highly
onsistent with the LFP counterpart in urethane-anesthetized rats
Bland and Whishaw, 1976; Scarlett et al., 2004). The amplitude pro-

le had both a small and a large local maxima at stratum oriens and
he hippocampal fissure, respectively, and a local minimum at stra-
um radiatum. The phase profile exhibited a rapid phase reversal
round the same level of the amplitude local minimum. The amper-
metry HFC did not have an amplitude “null zone” described in the
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Fig. 4. Physiological and pharmacologically induced frequency signatures preserved in amperometry HFC signals recorded in freely moving rats. (A) Example spectrograms
of simultaneously recorded LFP and amperometry HFC during waking (WK), slow-wave sleep (SWS) and rapid-eye-movement sleep (REM) in a freely moving rat (matched
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olor scales). Note the similar spectral patterns in all sleep–wake states. (B) Norma
FC signals recorded in amperometric sensor-implanted rats (lower, three rats, sev

ignals showing a pronounced increase in theta power after amphetamine injectio
mperometry.

iterature (Bland and Whishaw, 1976; Scarlett et al., 2004), but had
nstead a local minimum. This difference was likely attributable to
he larger size of the sensor site (150 �m vertical length) compared
o traditional LFP recording electrodes. Conceivably, this larger
ize may have smoothed the sharper transitions in the amplitude
rofile. Altogether, the existence of a theta depth profile further sup-
orts the hypothesis that the amperometry HFC originates from LFP
ignals on the sensor sites.

.4. Amperometry HFC resembles LFP in freely moving rats

The evidence mentioned so far was obtained from anesthetized
nimals. Yet, for many studies, it is often critical, albeit technically
hallenging, to investigate the release of neuromodulators and its
elationship to neurophysiological events in freely moving animals.
o extend our method to freely moving animals, we implanted sen-
ors into the rat hippocampus for chronic amperometric recordings
o compare with LFP signals. Like what we observed in anes-
hetized rats, LFP and amperometry HFC shared similar spectral
haracteristics. Specifically, the LFP spectral features, characteris-
ic of different sleep–wake states, were similarly represented in
he amperometry HFC (Fig. 4A), including prominent theta oscilla-
ions during waking period (WK) and rapid-eye-movement sleep,
nd delta range oscillations during slow-wave sleep (SWS). The

ormalized PSDs, calculated using data obtained from the two
ecording techniques, were virtually identical for each correspond-
ng sleep–wake state (Fig. 4B).

Furthermore, in order to investigate the feasibility of obtain-
ng quantitative LFP information from amperometry recordings, in
SDs of LFPs recorded in MEA-implanted rats (upper, five rats, five sessions) and of
ssions). Lines and shaded area, mean ± S.E.M. (C) An example spectrogram of HFC
Normalized PSDs of the HFC before and after amphetamine injection in (C). Amp,

two rats we also tested the effect of amphetamine, which is known
to induce robust high-power theta oscillations (Vanderwolf et al.,
1977). As expected, theta power calculated from the amperometry
HFC increased 2–3 fold (Fig. 4C, D and Supplemental Fig. S2), and
lasted more than 2 h.

The above results demonstrate that amperometric recordings in
freely moving animals also yield signals similar to LFPs. Thus, we
concluded that amperometric recording alone offers a feasible and
technical simple solution to obtain both electrophysiological and
neurochemical information in both anesthetized and freely moving
animals.

4. Discussion

In this paper we demonstrated that amperometry record-
ings alone can simultaneously capture both electrophysiological
(LFP) and neurochemical information. We showed that the high
frequency fluctuations (1–20 Hz range) in amperometric record-
ings are qualitatively and quantitatively similar to simultaneously
recorded LFP signals in anesthetized rats under several experimen-
tal manipulations (Fig. 1). The amperometry HFC showed similar
spectral features as LFPs, and was as informative as regular LFPs
about distinct brain states (Fig. 1). The similarities were extended to
free-moving animals (Fig. 4). Using amperometry HFC, we were able

to uncover a well-established LFP feature – theta depth profile in the
hippocampus (Fig. 3). Importantly, the HFC did not depend on the
chemical reactions on the amperometric sensors, and it seemed to
be unaffected by sensor modification intended for specific chemical
detection (Fig. 2). All these results indicate that the high frequency



1 scienc

c
b
r

c
r
s
s
t
M
c
a
t
i

n
i
t
s
r
c
a
c
c
c
m
e
f
m
o

4
s

g
i
c
c
p
t
t
o
e
t
r
v
a
c

p
(
i
i
L
s
a
q

a
u
H
m
q
t
h

98 H. Zhang et al. / Journal of Neuro

omponent in amperometric signals reflects LFPs, and it is feasi-
le to obtain LFP information from any amperometric recording,
egardless of the target neurochemical.

To our knowledge, the high frequency signal has been typi-
ally treated as general noise and routinely discarded by other
esearchers, and there has not been any explicit statement that
uggested the existence of LFP-originated “noise” in amperometric
ignals. The closest description of such in vivo noise speculated it
o be “induced by physical motions of the animal” (Garguilo and

ichael, 1996). Thus, understanding the nature of such a signal
omponent represents a fundamental contribution to the use of
mperometry technique in the brain. Such knowledge will facili-
ate specific efforts to reduce electrophysiological noise, which will
mprove amperometry measurement sensitivity and/or accuracy.

On the other hand, we propose to take advantage of this sig-
al and use amperometry to obtain both LFP and neurochemical

nformation. As we pointed out in Section 1 (Introduction), simul-
aneous acquisition of both conventional LFP and amperometric
ignals requires the implementation of independent amperomet-
ic and electrophysiological recording systems, which is technically
hallenging, and is an expensive combination that is not commonly
vailable in most research laboratories. This technical challenge
learly contributed to the scarcity of this type of research. Our dis-
overy provides a convenient alternative to obtain both LFP and
hemical information using only the amperometry system. Further-
ore, these two types of signals originated from the same recording

lectrode, which is a clear advantage over recording these signals
rom two separate electrodes with two systems. These advantages

ake our method more practical, and may promote a wide range
f new studies.

.1. Further improvements to use amperometry HFC as an LFP
ubstitute

While the spectral features of amperometry HFC and LFP were
rossly similar, minor discrepancies were noted, such as differences
n the relative spectral power (Fig. 1E and B) and the diminished
orrelation at higher frequencies (Fig. 1D). Several factors may have
ontributed to the discrepancies. First, the sensor and the MEA were
laced in contralateral hemispheres. Even though we tried to match
he recording locations, minor differences were expected. Second,
he distinctive material and geometry of the active sites in amper-
metric sensor and multi-electrode array (MEA, the LFP recording
lectrodes) may have also contributed to the discrepancies. Third,
he measurements were different – amperometry measures cur-
ents while regular electrophysiology measures voltages, and the
oltage–current conversion may introduce waveform distortions
nd may depend on different filtering properties of the electrical
ircuitry in the amplifier (Nelson et al., 2008).

It is important to point out that amperometry HFC is not a sim-
le equivalent to conventional LFP. Voltage fluctuations in the brain
such as LFPs) are converted to amperometry HFC based on the
mpedance in the system. Since the impedance may not be read-
ly measurable, it may be very difficult to reconstruct conventional
FPs in every aspect. Nevertheless, because impedance can be rea-
onably assumed to be constant in individual experiments, many
spects of the intended LFP information can be reliably retrieved,
ualitatively and/or quantitatively, as demonstrated in our results.

Regarding the frequency range of LFPs, the upper limit of our
mperometric recording is 40 Hz, thus we currently do not know
p to which frequency range amperometry HFC would reflect LFPs.

owever, it is very likely that the acquisition of the signal has a
uch higher theoretical frequency limit. If a higher sampling fre-

uency and proper hardware filtering are used, it may be possible
o retrieve the full spectrum of LFP information. Towards the very
igh frequency range (1 k–50 kHz), it may even be possible to detect
e Methods 179 (2009) 191–200

action potentials of individual neurons using an amperometric sen-
sor electrode with a reduced area comparable to the MEA.

4.2. Separating chemical signals from electrical signals and the
validity of chemical information obtained from amperometry

The phenomenon we reported here was demonstrated with the
FAST-16 amperometry setup. We cannot be completely sure, there-
fore, whether this high frequency component appears generically
in other electrochemical systems. Theoretically, this LFP-like com-
ponent would not appear if the input impedance of the amplifier is
infinite, but this is generally not the case. In fact, some researchers
were aware of the noise showing up on in vivo amperometric
recordings (Garguilo and Michael, 1996). It is now clear that this
type of “noise” in our system originates from electrical signals in
the brain. Thus, the immediate concern would be: how can one
reliably retrieve chemical signals, which is the original purpose of
using amperometry and other voltammetric techniques?

Without knowing this specific noise source, researchers in
previous in vivo electrochemical studies have used generic noise-
reduction and validation methods, such as filtering, self-referencing
or applying alternative voltage. We revisit these methods below to
highlight their respective strengths and limitations, and accommo-
date them in our recommendations for chemical signal separation
as well as validation, in light of our new knowledge on the origin of
amperometry HFC signals.

As a first approximation, we recommend a frequency separation,
i.e. taking the low-frequency component as the chemical signal.
We used 1 Hz as the frequency cut-off to separate the “chemi-
cal” and “LFP” signals, because chemical signals in amperometric
recordings generally do not fluctuate faster than 1 Hz (Garguilo and
Michael, 1996; Parikh et al., 2007, 2004; Rutherford et al., 2007).
This frequency-separation method can be used reasonably well
and has the extra advantage of being very convenient when the
chemical dynamics are known to have little overlap with LFP in the
frequency domain. However, it should be pointed out that LFP oscil-
lations can be slower than 1 Hz (Penttonen et al., 1999; Wolansky et
al., 2006). Conversely, the onset of phasic neurotransmitter release
may contain frequency component exceeding 1 Hz (Dugast et al.,
1994; Robinson et al., 2003). Therefore, since residual electrical
(chemical) signal in the low (high) frequency component may be
expected, when using the frequency-separation in amperometric
studies, the exact cut-off frequency should be estimated and justi-
fied by the nature and the focus of the particular study.

An alternative to retrieve the chemical signal is to use a self-
reference design for the sensor (Burmeister et al., 2003; Rutherford
et al., 2007) so that the differential signal between the chemical-
sensing site and the reference site should in theory represent a pure
chemical signal. In practice, however, the reference site can never
be as identical as the chemical-sensing site, because the two sites
differ at least in their physical locations. Additional minor differ-
ence in effective area may also lead to difference in the amplitude
of their HFC signals (reflecting LFPs), likely offset by a fixed factor
as shown in Fig. 2A and Supplemental Fig. 1. A simple subtraction
of the two original signals will erroneously include the residual
LFP-originated signal into the presumed chemical signal. To resolve
the issue of size difference, we suggest combining the frequency
separation and self-reference methods: the amplitude ratio of LFP
information can be first estimated using only HFC signals (>1 Hz),
which can then be applied to correct the low-frequency component
between the two sites (see Supplemental Fig. S3). This combination

retrieves the chemical signal with less contamination from elec-
trical signals, and should help to improve signal-to-noise ratio for
chemical measurement.

Separating out putative chemical signals is often closely related
to the validation of these signals. For example, self-referencing has



scienc

a
a
d
a
w
a
i
b
t

t
m
r

f
a
a
r
(
c
a
l
p
e

4

h
l
b
m
s
2
t
e
O

s
r
t
c
i
e
m
t
a
c
r
2
t
a
2
o
t
fi
s
m

n
r
o
s
s
p
s

H. Zhang et al. / Journal of Neuro

n important second function as a validation method. One more
vailable validation method we would like to recommend is to
irectly estimate the LFP-originated amperometry HFC amplitude
nd frequency by recording at a certain low voltage (such as 0 V)
ith the same electrode. This method is based on the fact that

pplying an alternative voltage could minimize the target chem-
cal reactions, while the HFC amplitude is not significantly affected
y the applied voltage (Fig. 2D). The disadvantage of this method is
hat a separate recording session is required to collect these data.

Based on the above discussion of the strengths and limita-
ions of individual separation/validation methods, we suggest using

ultiple methods to retrieve chemical signals from amperometry
ecordings.

Without appropriate validation, and if this LFP-originated high
requency component does appear in other amperometry setups,

particular theoretical concern is the use of the “event-related
verage” to identify chemical responses. Small LFP-ERP (event-
elated potential) responses may stand out in the averaging process
Gazzaniga et al., 2002), and potentially be mistaken as evoked
hemical responses when appropriate signal validation was not
pplied. In this regard, event-related amperometric studies are
ikely most susceptible to LFP contamination and should be inter-
reted with more caution regarding the validity of chemical signals,
specially when appropriate validation was lacking.

.3. Potential applications

As suggested in Section 1 (Introduction), technical difficulties
ave limited studies on real time interaction between neuromodu-

ators and electrophysiological activities. One solution, represented
y Dr. Wightman and others, was to use a quasi-simultaneous
ethod that switches between neuronal spike recording and fast-

can cyclic voltammetry with two recording systems (Cheer et al.,
005; Stamford et al., 1993; Williams and Millar, 1990). Although
his method has a similar advantage to record signals from a single
lectrode, it cannot be used to record continuous signals like LFPs.
ur method can solve this problem in a convenient way.

Based on the methodology proposed here, simultaneous acqui-
ition of both LFP and neurochemical information can now be
ealized in many labs using amperometry alone, without addi-
ional equipments. We believe that this technical breakthrough will
ontribute significantly to the future growth of in vivo electrochem-
stry by allowing a series of new experiments to be performed. For
xample, electrical brain rhythms have underlying neurochemical
echanisms. The cholinergic system is believed to be involved in

heta oscillations (Lee et al., 1994; Vanderwolf et al., 1977; Yoder
nd Pang, 2005). It is possible that acetylcholine release may be
oupled to the occurrence of theta oscillations on a fine tempo-
al scale, currently not measurable by microdialysis (Chang et al.,
006). It was only recently that acetylcholine measurement on the
ime-scale comparable to the dynamics of theta oscillations was
chieved with the amperometric method (Burmeister et al., 2003,
008). With our method to acquire LFP information with amper-
metric recordings, it is now plausible to test the hypothesis that
ransient acetylcholine release is coupled to theta oscillations on a
ne temporal scale. The same general strategy could be applied to
tudy other neurochemical mechanisms of brain rhythms with the
ethod proposed here.
On a broader perspective, one approach to study the function of

euromodulatory systems is to investigate how they influence neu-
onal activities related to particular behaviors or disorders. This line

f investigation has been hindered because of obstacles to obtain
imultaneous in vivo neurochemical and electrophysiological mea-
urement on a desirable time scale. The technical advancement
roposed in our paper, with a relatively simple experimental setup,
olves this issue and may contribute decisively for the expansion of
e Methods 179 (2009) 191–200 199

research that aims at characterizing the contribution of neuromod-
ulators to normal or pathological brain states in behavioral models
or models of neurological disorders (Cheer et al., 2005; Costa et al.,
2006; Dzirasa et al., 2006).
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