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Abstract
In-vivo voltammetry has successfully been used to detect dopamine release in rodent

brains, but its application to monkeys has been limited. We have previously detected dopa-

mine release in the caudate of behaving Japanese monkeys using diamond microelec-

trodes (Yoshimi 2011); however it is not known whether the release pattern is the same in

various areas of the forebrain. Recent studies have suggested variations in the dopaminer-

gic projections to forebrain areas. In the present study, we attempted simultaneous record-

ing at two locations in the striatum, using fast-scan cyclic voltammetry (FSCV) on carbon

fibers, which has been widely used in rodents. Responses to unpredicted food and liquid

rewards were detected repeatedly. The response to the liquid reward after conditioned sti-

muli was enhanced after switching the prediction cue. These characteristics were generally

similar between the ventral striatum and the putamen. Overall, the technical application of

FSCV recording in multiple locations was successful in behaving primates, and further vol-

tammetric recordings in multiple locations will expand our knowledge of dopamine reward

responses.

Introduction
Voltammetric detection of behaviorally-correlated dopamine release in the non-human pri-
mate brain would serve as a valuable experimental model of drug addiction and Parkinson’s
disease. However, to date, successful systematic detection of cue- and reward-induced phasic
dopamine release in behaving primates has been limited [1, 2 and 3]. In our study [1], we were
able to detect reward-induced phasic dopamine release in the caudate striatal region using
amperometry with boron-doped diamond electrodes as probes. In the current study we report
our efforts to record dopaminergic reward responses in multiple locations in the primate stria-
tum using fast-scan cyclic voltammetry (FSCV) with carbon fiber microelectrodes.

Voltammetric studies in rodents have revealed regional variation in reward-related dopa-
mine responses [4, 5, 6, 7 and 8]. These differences may be derived from the topographical
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organization of projections from differentially-responsive dopamine neurons, or local varia-
tions in release regulation by differential transporter distribution [9, 10]. Apparent differences
in response kinetics between ventral striatum and putamen suggest selective sensitivity to par-
ticular components of reward stimuli, such as reward value and reward timing [11, 12 and 13].
Also, local differences in striatal cholinergic tonically active neurons (TAN) can cause variance
in dopamine neurotransmission [14, 15 and 16].

Studies in midbrain dopaminergic unit firing in primates have suggested variable character-
istics of dopamine release throughout the primate striatum [17]. However, unlike rodents, the
projection distribution of primate midbrain dopamine neurons is not as clearly segregated
within projection areas [9, 10]. Therefore, without local recordings of phasic dopamine release,
it is difficult to identify which parts of the primate brain receive these differential dopamine sig-
nals that are recorded in the midbrain.

In our previous study [1] we developed a physically durable diamond microelectrode for
voltammetric recording in large brains. However, there were two limitations for the use of dia-
mond microelectrodes. First, recording with constant-potential amperometry is vulnerable to
noise, and second, the sensitivity was often lost in the brain tissue. For simultaneous multiple
recordings, we decided to use carbon fibers because diamond microelectrodes had a high risk
of sensitivity loss for unknown reasons. The high sensitivity of carbon fiber electrodes to dopa-
mine, and their capacity for electrical recordings of impulse activity [18]make them useful for
combined studies with conventional electrophysiology and electrochemistry.

In this article, we share our recent technical challenges and successes in monkey voltamme-
try. Because our initial attempts failed to detect relevant phasic changes in our first animal, sev-
eral modifications in electrodes, behavioral procedures, and voltammetric techniques were
tried to find the best experimental condition to detect reliable reward responses. While our
report represents primarily technical advancement, it now permits the detection of statistically
significant event-related phasic dopamine changes in more than half of the recordings. We
believe that this technique is now sufficiently advanced to undertake an analysis of actual dopa-
mine release by behavioral events at multiple locations in the monkey brain.

Materials and Methods

2–1. Animals and care
2-1-1. Animals. Three Japanese monkeys (monkeys U, C and S; Macaca fuscata, female,

5 to 7 kg) participated in the voltammetry experiments. Monkey U and S were used for MFB
stimulation, and S and C were for behavioral tasks (experiments S1-8 and C1-7 in Tables 1 and
2). The brain from one additional male monkey, which was euthanized after our similar experi-
ment, was used for immunohistochemical staining of dopamine neurons. One monkey was
provided by Kawahara Bird-animal Trading (Tokyo, Japan), and two were provided by NBRP
"Japanese Monkeys" through the National BioResource Project (NBR) of the MEXT, Japan. K.
Y. and M.I. are approved for certificate of NBR primate care instruction course (#380 and #358
respectively). The procedures were conducted in accordance with the Guidelines for Proper
Conduct of Animal Experiments established by the Science Council of Japan, and all experi-
ments were approved by the Ethics Review Committee for Animal Experimentation of Jun-
tendo University School of Medicine (protocol number 935). All possible efforts were made to
minimize the number of animals used and their suffering. Throughout the study, animals were
monitored in consultation with the institution's clinical veterinarian and also medical doctors
of Department of Neurology of Juntendo University School of Medicine. No animals were
euthanized during this study.
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2-1-2. Daily care. Animals were housed individually in 70x70x80cm cages and were on 12
hour light/dark cycle. Animals followed a primate diet (PS-A Oriental Yeast CO.LTD) and
received daily sliced sweet potato. Animals also had access to primate toys and biting wood (S1
Fig), which were rotated on a weekly basis. Our monkey facility had wide windows, and natural
sunlight lit the room beside 12 hr light-dark illumination 0700 to 1900. Animals had partial
access to the outside view from the 11th floor window. Animal rooms are set to a constant tem-
perature of 24 deg Celsius and the moisture was set 40 to 60%.

On weekday mornings, general behavioral responses of the animals were observed while
offering small pieces of soft biscuit. At least three times a week, the animal was moved to the
monkey chair to inspect and clean the head chamber with saline and treated with antibiotic
ointment (gentacin or ofloxacin). The ointment was also spread on the border of the skin and
dental cement, and the body weight was recorded. Water restriction was minimized for just
two days immediately before behavioral voltammetric recordings (150ml/day). On the other
days, a 500ml water bottle was given at meal-time or after the training. Water and monkey
food chow (PS-A Oriental Yeast CO., LTD. Tokyo Japan) was given around noon, unless no
other treatments or trainings were made. Thus, animals are monitored at least twice daily by
lab personnel on weekdays.

2-1-3. Anesthetic and analgesic procedures. All surgical procedures were performed
under general anesthesia using aseptic techniques. A chronic recording chamber and a head

Table 1. Lick response ratio (%).

Exp free CS+ CS-

(no CS) (red) (blue)

S2 100.0 93.3 26.7 **

S3 90.0 72.7 58.3

S5 61.1 38.9 50.0

S6 42.1 70.6 42.1

S7 77.8 21.7 65.2 ##

S8 100.0 100.0 58.6 **

average 78.5 66.2 50.2

C1 63.0 74.1 17.9 **

C2 100.0 100.0 21.1 **

C4 100.0 97.3 21.1 **

C5 89.5 92.1 27.8 **

C6 88.9 89.2 57.9 *

C7 100.0 97.4 38.9 **

average 90.2 91.7 30.8

Rate of licking responses from the presentation of timing cue (white dot, 2.5s before the juice delivery/CS-

offset to 2.5s after) is summarized (See also Fig 3C). For comparison, the response of free trials during the

same time window (from -2.5 to +2.5s from the juice onset) is also shown. While the response rate after the

CS+ (red circle) was consistently higher than CS- (blue square) in monkey C, the difference was not clear

in monkey S, except S2 and S8. High response rate of free trials indicate the animals could detect the juice

delivery without preceding signals.

* p<0.05,

**: p < 0.01,

##: p<0.01; Difference of response ratio between CS- and CS+ (Chi-square test). Note opposite preference

in exp S7. Exp S8 was done 6 months after S7.

doi:10.1371/journal.pone.0130443.t001
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holder were implanted in the monkey skull (Fig 1E). The chamber was placed in either the
right (monkey U and S) or left (monkey C) striatum. Before surgery, the animals were pre-
treated with 0.015mg/kg of atropine and anesthesia was induced with ketamine-HCl (4 mg/kg,
i.m.) and xylazine (1 mg/kg, i.m.). Antibiotics (cefazolin 50mg/body, i.m.) and diclofenac
sodium suppository were given. Heart rate and SPO2 monitors were attached immediately
before placement of the animal in the stereotaxic frame. An intravenous catheterization was
made and pentobarbital sodium (10 mg/kg, i.v.) and butorphanol (0.03mg/kg, i.v.) were

Table 2. Summary of event-related temporal changes of dopamine-like component.

Before juice After juice
Prediction cue Juice after CS Free Handed
time t x CS time t x CS Juice Food

S5 *** * - - - ***

S6 - - *** - - ***

S7 - - - ** - ###

Ventral S8 - - - * * ***

Striatum C1 - - - - ** -

C2 *** - - ** ***

C4 *** - * - *** *

C5 - - ### - - -

C6 *** * - *** ***

C7 *** - - - **

Rate of positive response 5/10 2/10 2/10 4/10 6/10 4/7

S3 - - - * -

S5 * - - - * X

S6 - - - * - *

Putamen S7 - - - * - ###

C2 *** - - - **

C4 *** - * * *** **

C5 ** - - - *** ##

C6 *** - - - ***

C7 *** - - *** ***

Rate of positive response 6/9 0/9 1/9 5/9 6/9 2/4

*: p<0.05,

**: p<0.01,

***: p<0.001 for positive responses.

#: p<0.05,

##: p<0.01,

###: p<0.001 for negative responses.

Summary of ANOVA results. Prediction cue responses (before juice delivery) were calculated for the time window of -2.9 to 0.0 s from juice onset, where

the timing cue appeared from -2.5 to -1.5 s and discriminative CS appeared from -1.5 to 0.0 s. Juice responses were calculated for the time window of -0.4

to 2.5 s from juice onset. For food delivery analysis, -2.9 to 3.0 s from contact to the mouth. Blanks in the handed food column indicate not tested. The

food response in the S5 putamen was discarded (x) because the unstable line connection of the putamen electrode at the end of the experiment. The

effect of time before juice delivery indicates a temporal change in the response to the prediction cue, and the time x CS interaction (t x CS) indicates a

differential response to CS+ (red) and CS- (blue). The effect of juice over time indicates a temporal change in the response to juice delivery, and the time

x CS interaction (t x CS) indicates a differential response to the presence or absence of juice delivery.

doi:10.1371/journal.pone.0130443.t002

Dopamine Detection in the Monkey Striatum with FSCV

PLOSONE | DOI:10.1371/journal.pone.0130443 June 25, 2015 4 / 22



injected slowly to maintain anesthesia during the surgery. A recording chamber (25 x 30 mm)
and a head-post holder were attached with dental cement and titanium anchor screws. Craniot-
omy was made under the recording chamber. Following surgical procedures, animals were

Fig 1. Electrode positioning. (A) Carbon fiber microelectrodes. Left: First design of microelectrode coated by a silica tube with 0.09 mm diameter, used in
part of the early MFB stimulation experiments. Right: Microelectrode coated by a glass capillary, used for the most recordings in this study. Scale bar = 0.5
mm. Note the diameter next to the carbon fiber is thinner in the glass design (right). (B) Schematic drawing of the guide cannula (blue) (OD 0.7 mm, ID 0.42
mm). Left: An inset was placed to protect the inside of the tube when inserting into the brain. Right: The inset was replaced by the elongated carbon fiber
microelectrode with a shaft of silica tube of 0.35 mm diameter. (C) Grid with vertical holes of 0.7 mm diameter and two manual-drive micromanipulators. (D)
Coronal section immunostained with tyrosine hydroxylase (TH) showing the position of the striatum and MFB. (E) Schematic drawing of the grid on the
monkey’s head. The electrode path is shown on the left MRI image. Note the electrode chamber on the skull, as visualized by filling with 2% agar.

doi:10.1371/journal.pone.0130443.g001
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monitored and given antibiotics (cefazolin 50 mg/body, i.m.) for 5 days. No scleral search coil
to monitor eye position was implanted in this study.

Coronal MRI images of the head and brain were taken prior to the experiment with a 0.3-T
magnetic resonance scanner (AIRIS2, Hitachi Medical Co., Tokyo, Japan) to determine the
position of implantation for each monkey. For MRI scanning, animals were anesthetized with
ketamine-HCl (4mg/kg, i.m.) and medetomidine (0.15mg/kg, i.m.). The chamber was visual-
ized on MRI image by filling either with 2% agar or ointment with paraffin liquid. The relative
position of the chamber was determined from the MRI images. Unit recordings were also used
to verify the depth from the chamber.

During electrical stimulation of MFB, anesthesia was induced with ketamine-HCl (2 mg/kg,
i.m.) and medetomidine (0.02 mg/kg, i.m.) and maintained under general inhalational anesthe-
sia with 0.5–2% isoflurane in 30% O2 and 70% N2O. Heart rate and SPO2 was monitored until
starting the recordings. N2O gas was turned off more than 10 min before releasing the animal.

2–2. Electrodes (Fig 1)
Carbon fiber was supported by two ways, silica tube or glass capillary (Fig 1A). Silica tube
design (0.09 mm outer diameter) was used only in very early recordings of MFB stimulations
and replaced by a glass capillary design, because accumulation of tissue debris blocked a part of
carbon fiber surface at the blunt end of the silica tube. Carbon fiber microelectrodes of glass
capillary design were prepared as previously described [19, 20], except the shaft was elongated
with a silica tube. These elongated electrodes are now commercially available (Huso Electro-
chemical Systems, Kawasaki, Japan). Individual carbon fibers (7 μm in diameter, HTA-7,
Toyo-RENAX, Tokyo, Japan) were connected to a urethane-coated thin wire (0.08 mm diame-
ter) with silver glue (DOTITE D-500, Fujikura Kasei, Tochigi, Japan), and the connection was
sealed in pulled glass capillary tubes of 0.35 mm diameter with epoxy-resin (Cemedine 1565,
Cemedine Co., Ltd, Tokyo, Japan), such that 300 μm of the carbon fibers protruded from the
capillary tubes. The relatively long carbon fiber protrusion allowed for improved sensitivity.
The glass capillary was elongated with a silica tube (0.35 mm outer diameter, GL Science,
Tokyo, Japan). As the insulation of the electrode rod was essential, a thin wire insulated with
urethane was used to connect the carbon fiber to the potentiostat though the silica tube. The
end of the thin wire was soldered to a short thicker wire to make a reliable connection with the
potentiostat. The potentiostat was clamped to a micromanipulator (MO-903, Narishige, Tokyo
Japan) (Fig 1C), which also functioned as the terminal of the potentiostat. The tight connection
of the thin wire was important to avoid the noise associated with vigorous behavior.

2–3. Positioning of the electrodes
The position of the electrode tips was determined using a rectangular grid system (Fig 1E). The
plastic grid (AP 30 mm, ML 25 mm and 13 mm thick, Narishige, Tokyo, Japan) had grid of
holes with 0.7 mm diameters. Each tip’s AP and ML position was determined by this grid, and
the depth was determined by the micromanipulator on the grid. This grid system allowed the
use of multiple electrodes simultaneously. For example, two carbon-fiber microelectrodes and
two stimulation needles were set in the experiment shown in Fig 2C.

The electrode was placed into the brain through a steel guide cannula (0.7 mm O.D., 0.43
mm I.D. and 40 or 50 mm long). The cannula with the protection inset core inside was placed
on a particular hole on the grid, and the tip of the cannula needle placed 2–5 mm above the
recording target. Then, the inset was replaced by the elongated carbon fiber microelectrode
under a surgical microscope.

Dopamine Detection in the Monkey Striatum with FSCV
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The elongated carbon fiber was clamped by the micro-manipulator and advanced until a
30 mmmark on the shaft met the top of the known length of the cannula, then the depth on
the manipulator was checked. When the carbon fiber depth reached the bottom of the cannula,

Fig 2. Evoked dopamine release by electrical stimulation. (A) An example of FSCV recording with MFB stimulation after nomifensine administration.
Electrical stimulation of 60Hz, 48 pulses, was given at 5 s from the beginning of the recording. Left: A background-subtracted color plot showing a whole
voltage scan from -0.4 to 1.3 V triangular waveform. Middle, Temporal current change at the dopamine peak potential. Right: Cyclic voltammogram from -0.4
to 1.3 V and back to -0.4 V, at the peak of the response. (B) Enhancement by a dopamine uptake inhibitor. MFB stimulation (30 Hz 24pulses) was repeated
every 3 min, and an average of 6–7 responses before (pre), up to 20 min (0–20) and 20–40 min after the administration of nomifensine (1 mg/kg s.c.) were
indicated. (C) Simultaneous recording from the caudate and putamen using the grid system. Two carbon fibers were placed as in Fig 1E, and two stimulating
electrodes were placed in two locations near the MFB. Note that stimulation positions A and P were optimal for inducing responses in the caudate and the
putamen, respectively. This result shows simultaneous and independent recording from two locations in the striatum.

doi:10.1371/journal.pone.0130443.g002
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neuronal impulse activity was recorded using a typical amplifier (MDA-4, BAK, MD, USA).
The position was further adjusted until impulse activity adjacent to the carbon fiber was identi-
fied. The cannula and electrode were supported with glue to minimize the physical vibration of
the electrodes.

Two Ag/AgCl wires were placed above the dura mater and used as reference and counter
electrodes. After the in vivo recordings, the used carbon fiber microelectrode tips were immedi-
ately rinsed, kept in saline, and calibrated with dopamine solutions.

Two locations were selected for the voltammetric recordings in each monkey. The positions
of the ventral striatum and putamen were determined using MRI images. The anterior posi-
tions of coronal slices were adjusted to a brain atlas [21]. The recording positions were anterior
to interaural center +25.0 to 26.5, right 6.0, and 17 to 19 mm below the dural surface in the ven-
tral striatum of monkey S; +22.5 anterior, left 2.5 to 4.0, and 18 to 26 mm below the dural sur-
face in the ventral striatum of monkey C; +22.0 anterior, right 12.0, and 18 to 20 mm below the
dural surface in the putamen of monkey S; and +18.0 to 19.5, left 10.0, and 20 to 22 mm below
the dural surface in the putamen of monkey C.

MFB stimulation was attempted in two monkeys. The monkey was anaesthetized with keta-
mine and medetomidine and maintained with 1% isoflurane on a monkey chair. A stainless
steel needle or tungsten electrode (FHC, Bowdin, ME, USA) was used to penetrate vertically,
aiming at the medial edge of subthalamic nucleus (STN). The electrode was placed at the posi-
tion of the thick bundle of tyrosine-hydroxylase-positive axons observed histologically at the
medio-dorsal edge of the STN (Fig 1D), and electrical stimulation was delivered. For electrical
stimulation, the dorso-ventral placement of the stimulating electrode was adjusted to obtain
the maximal dopamine response. Biphasic constant current pulses were delivered to the MFB
(30–60 Hz; biphasic 100–200 μA constant current, 24 pulses, 2 ms each) through the stimulat-
ing electrodes with an isolated stimulator (SS-202J connected to SEN-7203, Nihon-Koden, Co.,
Tokyo, Japan). The carbon fiber microelectrode was placed in the striatum, and the electro-
chemical response to the stimulation was recorded.

2–4. Electrochemical procedures
FSCV with a triangular waveform from -0.4 to 1.3V was mainly applied for electrochemical
recordings in this study. In a part of sessions, rectangular-pulse voltammetry (RPV) was per-
formed as described previously [22]. For simultaneous voltammetric recording at multiple
locations, a counter electrode grounded type three-channel potentiostat was used (HECS-9139,
Huso Electrochemical Systems, Kawasaki, Japan). Because simple potentiostat circuits set the
working electrode potential at the ground level, they are not suitable for simultaneous multiple
voltammetric recordings. Data acquisition was performed by a commercial control/recording
system (TH-1; ESA Biosciences Inc., MA, USA) with two multifunction boards (NI-PCI-6221,
National Instruments, TX, USA) implemented on a Windows PC (Epson, Endeavor). The
simultaneous 4-channel recording was made as channel 0: ventral striatum; channel 1: puta-
men; channel 2: timing signal of CS and juice onset and channel 3: IR sensor of lip movement.
Typically, the gain of the amplifier was 500 nA/V for FSCV and 50 nA/V for RPV. The time
constant of the low-pass filter was 0.2 ms for FSCV and 2.0 ms for rectangular pulses. Voltage
pulses were applied at 10 Hz. For in vitro evaluation of the current responses of chemicals, car-
bon fiber microelectrodes were placed in a flow of PBS, and the flow was switched to the test
solutions [1, 22].

For FSCV, a triangle waveform lasting for 8.5 ms was applied. The potential was ramped
from -0.4 V to 1.3 V vs. the Ag/AgCl reference and back from 1.3 V to -0.4 V at 400 V/s. This
triangle-positive wave gives the oxidation peak of dopamine at 2.5 ms from the beginning of
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the positive slope (appearing at the 600 mV position). For RPV, the potential was stepped from
0.0 V to 0.2 V for 30 ms. Dopamine detection was represented by averaged current value of 5
to 25 ms from the pulse onset (t5-25). The electrode was held at 0.0 V between the pulses.
When a new waveform started for each method, the waveforms were applied for at least 3 min
at 10Hz (1800 cycles) before starting the next measurement.

2–5. Behavioral tasks
2-5-1. Apparatus. The animals were seated in a primate chair and well-habituated to the

task in advance, with their heads held by the head holder. A tube was placed in front of the
mouth for juice delivery (0.6 ml/0.6 s), which was electrically connected to ground at the same
potential with the counter electrode of the animal. A 23-inch computer screen was placed 90
cm from the animal to deliver visual conditioning stimuli (CS). During the recordings, their
behavior was videotaped. Trials were excluded from further analysis when the animal did not
stay calm (described in detail below). Trials were delivered at randomized intervals of 10–20 s.
The monkeys received 50 juice deliveries per day for 2–3 days per week, and voltammetric
recording was performed once or twice a week. Water was restricted to 150 ml/day for two
days before the recording and available ad libitum on the other days.

2-5-2. Pavlovian procedure. The Pavlovian procedure was basically the same as that pub-
lished by Matsumoto and Hikosaka in 2009 [17] (Fig 3A). At first, three conditioned stimuli
(CS; red circle, green cross and blue square) were associated with a liquid reward (diluted
orange juice) with 100%, 50% and 0% probability, respectively. The green cross with a 50%
probability of reward was omitted for the last session of monkey S and all of monkey C. The
liquid reward was delivered through a spout positioned in front of the monkey’s mouth. For all

Fig 3. Liquid reward task and behavioral responses. (A) Pavlovian cue-reward task. A timing cue (white
dot, -2.5 to -1.5 s) and CS+ (red circle, -1.5 to 0 s to liquid reward delivery) were presented on the screen in
front of the monkeys. The blue square was not followed by a juice reward in ordinary sessions. Free juice was
delivered without these visual cues. (B) Recording positions indicated on the MRI image. (C) Licking
movement associated with the task. A representative example of experiment S8. Infra-red (IR) motion sensor
output placed beside the mouth of the monkey. Only calm trials (97 out from 111 trials) without movements
during the baseline (-5.4 to -2.5s) are averaged in this figure. Free (no CS): black dots, CS-: blue, CS+: red
with circle. The abscissa indicates the time from juice onset/CS offset. Average of 25 to 49 trials in experiment
S8.

doi:10.1371/journal.pone.0130443.g003
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figures, the timings are presented with the juice onset as time 0. Each trial started after the pre-
sentation of a white dot as a timing cue (-2.5 s). After 1 s (-1.5 s), the timing cue disappeared,
and one of the three conditioned stimuli was presented pseudo-randomly. The CS disappeared
after 1.5 s (at 0 s), and the juice reward was delivered. In addition to the cued trials, un-cued tri-
als were included in which a reward alone (free reward) was delivered. All trials were presented
with a random inter-trial interval that averaged 15 s. One block consisted of 2 to 4 recording
units of 5 min with fixed proportions of trial types (For trial blocks S1-6, free:blue:red:green-:
green+ was 1:1:1:1:1, the probability of a juice reward 2.5 s after the white dot was 2/4; For S7
and C1-7, free:blue:red was 1:1:2, the probability of reward 2.5 s after white dot was 2/3). To
monitor the monkeys’ licking behavior, we attached an infra-red sensor to the reward spout
and measured the rapid IR change resulting from their licking [14]. The results of liquid reward
trials were relatively consistent in our second animal (monkey C).

2-5-3. Food trials. Small 0.5 g biscuits (Tamago-boro, Iwamoto Seika Co., Ltd., Aichi,
Japan) were given to the animals restricted in the monkey-chair. The examiner (K.Y.) sat in
front of the monkey face to face and took the pellets one by one from the backside table,
approximately every 20 s. The delivery motion (look back, pick one biscuit, put it in front of
the mouth of the monkey and activate a foot pedal timing-switch) occurred within 2 seconds.
The body of the examiner was electrically connected to the common ground of the potentio-
stat. The food reward trials were effective to detect significant responses in our first animal
(monkey S), instead of the typical Pavlovian liquid reward task.

2–6. Chemicals
Chemical reagents, including dopamine HCl (DA), serotonin HCl (5-HT), and adenosine were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Isoflurane was purchased from Abbott.
The other special-grade reagents were purchased fromWAKO (Tokyo, Japan).

2–7. Immunohistochemistry
A formaldehyde-fixed Japanese monkey brain was sliced into 40 μm coronal sections in a cryo-
stat, and the sections were immunostained with an anti-TH rabbit antibody (Calbiochem) and
visualized using the elite-ABC kit (Vector) and DAB as described previously [23].

2–8. Statistical analysis
2-8-1. Selective detection of dopamine signal. The FSCV recording data were subjected

to principal component regression analysis (PCR) [24]. The FSCV data were analyzed for each
10–20 min block of trials. First, using the timing file (channel 2), each trial was extracted as an
8-s time window (-5.5 to 2.5 s from the juice onset, time 0). The background waveform, averag-
ing -5.5 to -2.5 s, was defined for each trial to prepare background-subtracted waveform data.
Principal component regression was performed using an in-vivo dopamine-like and pH-like
teaching template pooled from the MFB stimulation responses (Fig 4).

It is essential to exclude large current fluxes that can be induced by occasional frustrated
struggling behavior of the animals. The extreme current “jump” caused by such behavior was
prone to be induced when the electrodes and the manipulators were not fixed on the grid
tightly. With the aid of physical tightening with epoxy-glue (High-speed Epo, Konishi, Osaka
Japan) and also the innate robustness of FSCV recording, such current jump was rare com-
pared to our previous study using constant-potential amperometry on diamond microelec-
trodes [1]. A cut off criteria of 5 nA was determined empirically to exclude all of the jump
trials. The current at the dopamine oxidation peak (2.4 ms from the waveform onset) was
extracted, and then the difference between the highest and lowest current during the 8-second
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Fig 4. Representative example of juice reward task (Exp C4, putamen). (A) Color plot indicating the averaged differential voltammogram of free (left), CS
+ (middle) and CS- (right) trials. Abscissa indicates time from juice delivery/CS offset. The ordinate indicates the time from the triangular pulse onset, from the
bottom to the top. Note onset of positive response after the juice delivery in free trials (left). Similar response started at -1.5s in the CS+ and CS- trials (middle
and right). (B) The current change at the dopamine oxidation peak potential (2.4 ms from the pulse onset). Free (black), CS+ (red with circle) and CS- (blue)
trials. Average of 19 to 36 trials are shown with vertical bars indicating s.e.m. Inset on the right shows voltammogram 0.5 s after the free juice onset from
averaged differential current (A left). (C) Dopamine-like component extracted by PCR analysis of the same data. (D) In-vivo template waveforms of dopamine
and pH extracted from the MFB stimulation experiments as shown in Fig 2. (E) Same as C, but in-vitro template was used instead of in-vivo template. (F)
Dopamine and pH waveforms obtained in-vitro, used for the analysis in E. Note the result value (ordinate) from in vivo template (D) is originally given as peak
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window was calculated (max-min value) for each trial, and the trials with a max-min value
exceeding 5nA were excluded (S2 Fig). The 5nA criteria seemed to be appropriate, although
the criteria could be between 3 to 5 nA in our condition. A total of 10 trials were omitted from
the further analysis in this study (S1 Table). Because the exclusion procedure was made on
each electrode, the number of trials excluded may differ between the recording locations of the
same block.

In most cases, the background of FSCV data is temporally sloped, which makes the analysis
of temporal change difficult. This is derived from a continuous gradual maturation of the car-
bon fiber, which is most evident soon after starting to apply the waveform. More than 10 min
of maturation period was taken before the first recordings of the day. After the background
subtraction, exclusion of extreme data and PCR, the slope was adjusted so that the linear
regression of the averaged pre-event background (-5.5 to -2.5 s) of the adjacent 40–80 trials in
the session became temporally flat.

2-8-2. Analysis of signal change over time. For the ANOVA analysis of the temporal
changes (Table 2), data from the trials was divided into separate time windows containing each
event (CS or juice reward) to analyze the dopamine component over the course of a trial. The
calculated dopamine-like component was aligned to the CS offset, which is also the onset of
juice delivery (Figs 3, 4 and 5). The timing cue appeared at -2.5 to -1.5 s and the discriminative
CS appeared at -1.5 to 0.0 s. Since voltammetric recording can only estimate the change from
some time point, some benchmark level has to be appropriately defined. An average of 5 time
points (0.5s) just before the event was subtracted as the benchmark. Analysis of the response to
the CS included the -2.9 to 0.0 s time window, and the average of -2.9 to -2.5 s was subtracted
as the benchmark. For the analysis of juice (US) responses, -0.4 to +2.5s was used and the aver-
age of -0.4 to 0.0s was regarded as the benchmark. For the food trials, the recording was aligned
to the time of food contact to the mouth, and the time window of -2.9 to +3.0s was analyzed
(Fig 6). The SPSS Ver17.0 software was used for ANOVA for repeated measure and the p value
was determined after applying the Greenhouse-Geisser correction. The PCR value of dopa-
mine-like component by in vivo teaching template was originally given as current (nA), and
the dopamine concentration change (nM) was calculated using in vitro post-calibration result
of the recovered carbon fiber electrode at 1000 nM dopamine (nM/nA).

Results

3–1. Evoked dopamine release by electrical stimulation (Fig 2)
To validate the dopamine detection in the monkey brain, the evoked dopamine release in the
striatum was recorded for monkeys U and S. First, to identify the location of the dopamine
fiber bundle, frozen sections of Japanese monkey brain were immunostained with tyrosine
hydroxylase (TH). The TH-positive medial forebrain bundle (MFB) was found at the medial
border of the subthalamic nucleus (Fig 1D). Electrical stimulation of the MFB evoked dopa-
mine-like responses in the striatum (Fig 2A). The response was enhanced by the administra-
tion of a dopamine uptake inhibitor (nomifensine, 1.0 mg/kg, s.c., Fig 2B). Evoked dopamine
release was recorded from two monkeys. The optimal stimulation point for the caudate and
putamen were determined (Fig 2C). A set of teaching template waveforms of in vivo dopamine
release in the monkey striatum was prepared from these recordings. pH-like waveforms were
also extracted 10–15 s after the stimulations.

current (C, nA), while concentration (nM) value is directly given (E) from in vitro template (F). Vertical lines in B, C and E indicate onset of timing cue (-2.5s)
and onset of CS (-1.5s)

doi:10.1371/journal.pone.0130443.g004
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Fig 5. Reversed CS trial (Exp C6, ventral striatum). Additional example of FSCV recording from the ventral striatum. (A and B) Ordinary CS condition as
shown in Fig 3. (B) Average of PCR result of 18 to 37 trials are shown with vertical bars indicating s.e.m. Inset on the right shows voltammogram 0.9 s after
the free juice onset from averaged differential current (A left). (C and D) Reversed session in which juice was delivered following the ordinary CS- (blue
square), instead of the ordinary CS+ (red circle). Average of 10 to 11 trials. Note that during the reversed session (C and D), a large response to juice delivery
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3–2. Striatal dopamine release during reward tasks
The principal procedure was the CS-juice task with FSCV recording, which is summarized in
this manuscript (Tables 1 and 2). The experiments were discarded if dopamine detection was
not confirmed post-calibration of the carbon fiber recovered from the brain (S1, S4, C3),
although this finding does not necessarily mean a lack of sensitivity during behavioral tasks.
Noisy recordings due to poor connections of the wires were also discarded from the analysis
(S2 and later part of S5 putamen).

We started with a typical Pavlovian task of liquid reward, following the previous studies
[11, 14, 17]. As is the nature of this type of trial and error for technical development, the task
schedule was modified continuously and was thus partially inconsistent between experimental
days, particularly for the first monkey, S. The licking responses, detected by an infra-red
motion sensor beside the juice spout revealed clearly differentiated licking responses between
CS+ and CS- trials in monkey C, but not in monkey S (Table 1). We confirmed differentiated
behavior of Monkeys S at the beginning of this study, but the differentiated behavior was lost
after experiment S2. The 50% probability CS trials (green cross), which was not shown in the
daily training but introduced only in the recording sessions of monkey S, potentially confused
monkey S so these trials were omitted from S7 and from all sessions with monkey C. The food
trial was introduced from experiment S5. CS reversal was also tried in some of the experiments,
but the technique was tried only four times to avoid the establishment of new reversed
learning.

During the 15 recording days with behavioral tasks included in this article (February-Octo-
ber 2014), 33 elongated carbon fibers were used, 8 were snapped (4 above the guide-cannula), 4
were not sensitive to dopamine after recovery from the brain, and 3 were noisy for connection
problems. One carbon fiber that half-snapped in the ventral striatum of C4 was included in the
data for high remaining sensitivity to dopamine. In total, recordings by 19 electrodes in two
female monkeys were analyzed, as shown below (Table 2).

followed the ordinary CS-. Inset on the right in D shows voltammogram 0.8 s after the juice onset following CS- from averaged differential current (C right). A
positive dopamine-like response was also induced by the timing cue (-2.5 to -1.5 s). (E) The direct comparison between actual juice delivery following ordinal
CS+ and CS- (*: p <0.01, by t-test (two-tailed)). Vertical lines in B, D and E indicate onset of timing cue (-2.5s) and onset of CS (-1.5s)

doi:10.1371/journal.pone.0130443.g005

Fig 6. Summary of all paired recordings of monkey C. The average of all simultaneous recording pairs to compare the results from the ventral striatum
and the putamen. The average of ventral striatum (orange with circle) and putamen (green solid line) are compared for free (A), CS+ (B) and CS- (C) trials.
Five paired-recordings were subjected to ANOVA. No interaction with location was detected for the responses to a prediction cue or juice. Prediction cue (B
and C, -2.9 to 0.0s): time F(29,464) = 18.40, p < 0.001, interaction time with location was NS and the interaction of time and CS was NS. Juice after CS (B and
C, -0.4 to +2.5s): The interaction between time and CS was significant F(29,464) = 6.72 p = 0.002, but interaction of time with location was NS (F(29,464) = 1.56).
Free juice (A): the effect of time was significant F(29,232) = 14.05 p < 0.001, the interaction of time with location was NS (F(29,232) = 1.76)

doi:10.1371/journal.pone.0130443.g006
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3–3. Chemical identity of responses to free liquid reward
During the juice-reward sessions, juice delivery without a prediction cue (free juice) induced
marked responses in many of the successful electrodes (12/19; Table 2). On the representative
electrodes placed in the putamen (Fig 4) and ventral striatum (Fig 5), marked increase in dopa-
mine-like signal is evident after the free juice delivery. The color plot of averaged differential
waveforms of 10 to 36 trials of each trial type (Figs 4A and 5A) revealed positive current
response similar to the response to MFB stimulation (Fig 2A). The current at the dopamine
oxidation potential (2.4 ms from the onset of triangular waveform) shows a clear increase after
the juice delivery (Fig 4A left).

In addition to the visual impression on the color plot, there are four good reasons support-
ing chemical identity of dopamine. First, the cyclic voltammograms at the juice response was
roughly similar to dopamine (Figs 4B and 5B right inset). Second, PCR estimation of dopa-
mine-component (Fig 4C), calculated using teaching templates prepared in vivo, was consis-
tent to the peak current value at the dopamine peak potential (Fig 4B). Third, the result was
consistent when the teaching template was replaced by pure dopamine and pH waveforms pre-
pared in vitro (Fig 4E and 4F). These results indicate the validity and consistency of the voltam-
metric signals obtained in vivo during the tasks. Additionally, we used RPV in a few sessions
(four sessions for S and three sessions for C). The successful example of RPV showed a similar
pattern of results compared to FSCV (S4 Fig), although significant responses were observed
less frequently than with FSCV, most likely due to a lower sensitivity.

Taking advantage of in vitro training sets, the data was further analyzed with in vitro tem-
plates of four pure chemicals, dopamine, pH, adenosine and serotonin (S3 Fig). The estimated
change in serotonin-like component was temporally similar to dopamine, but the change was
sustained longer. In the averaged color plot of CS+ responses (Fig 4A), positive current
response at the peak of triangular applied potential (4.25 ms from the pulse onset) was
observed. We have previously observed adenosine response at the peak of 1.3V triangular
waveform [22]. Unique adenosine-like response was detected following CS+ (S3 Fig).

3–4. Responses to liquid reward in cue-reward tasks
The result of ANOVA analysis is summarized in Table 2. To compare the response to the
actual juice reward delivery (US) with or without the prediction cue (CS), cue and reward
responses were analyzed in separated time windows, as in the preceding electrophysiological
studies [11, 14, 17]. The response to the juice delivery after the prediction cue was much less
than the same juice delivery without a cue (Figs 4 and 5).

To verify the prediction dependency of the dopamine response clearly, reversed sessions
were introduced in a few experiments (Fig 5). The difference between positive and negative
juice delivery was modest when they followed after the ordinary CS (Fig 5B middle). However,
when the CS was reversed transiently (Fig 5C and 5D), the response to the juice delivery after
ordinary CS- (blue square) became equivalent to the free reward. Direct comparison of
responses (Fig 5E) to the juice delivery following ordinary CS+ (red circle) and ordinary CS-
(blue square) showed significant interaction of time and CS (F(29,1305) = 9.88 p<0.001). Com-
parison at each time point revealed differences (p<0.01 with t-test) from 0.7 to 1.0s after juice
onset (Fig 5E). Reverse trials during FSCV recordings were tried in four sessions (once in S,
three times in C) and identical intense responses were observed after ordinary CS- in all of
these sessions.
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3–5. Responses to the prediction cue
The response to the prediction cue was detected in 11/19 recordings (Table 2). The difference
between positive (red) and negative (blue) CS was detected only in 2/19 recordings (Table 2).

3–6. Local differences in juice reward responses
All of the successful results of liquid-reward trials are summarized in Table 2, and the results of
successful simultaneous recordings at ventral striatum and putamen (5 from monkey C) were
pooled (Fig 6). The interaction of time and recording location was not detected. The amplitude
of responses in the putamen may be larger than ventral striatum, but not statistically significant
(p = 0.06 for CS+). The responses are generally similar between ventral striatum and putamen.
However, after CS- some recordings in the putamen showed positive responses while signal in
the ventral striatum consistently decreased.

3–7. Response to food delivery
A clear increase in the dopamine-like component was observed just before receiving the biscuit
and a sharp drop after the retrievals (Fig 7). This result seems to reflect dopamine release asso-
ciated with the expectation of food delivery. This reward-prediction response prior to the

Fig 7. Examples of handed food reward responses in twomonkeys (S and C). Simultaneous recording in ventral striatum (top) and putamen (bottom).
The recorded positions are indicated on the MRI images. A small soft biscuit (Tamago-boro) was manually delivered by the examiner. The motion of the
examiner turning back and picking up a biscuit from a table and putting it to the mouth of the monkey, occurred within 2 s. The data were aligned to the
moment the biscuit touched the mouth. Note there is no physical/ingestional event before time 0, but only social observation. Vertical lines indicate s.e.m. S6
n = 24–25, C4 n = 46

doi:10.1371/journal.pone.0130443.g007
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delivery was significant in 5/11 successful recordings (Table 2). In experiment S7, only a sharp
drop after the acquisition of the food was observed (Table 2).

Discussion

4–1. Detection of reward-induced dopamine release in the primate
striatum
Dopamine release induced by electrical stimulation and reward signals was detected in the
monkey striatum by FSCV on carbon fibers. Our technique is still preliminary and has occa-
sional recording failures, but it detected event-related responses in more than half of the elec-
trodes. Event-related temporal changes were detected on 19 carbon fibers in the striata of
behaving monkeys. The simultaneous recordings in the ventral striatum and the putamen were
successful in 8 experimental sessions in 2 monkeys. Positive responses to unexpected free
reward and changes after a sudden reversal of positive and negative cues were evident, which
indicate responses consistent with reward-prediction error. Smaller positive dopamine-like
responses were detected at the timing cue signal and after juice delivery following a prediction
cue. The dopamine release seems to be uniform between the striatal areas comparing to the
result from rodents [4].

Potential difference between ventral striatum and putamen were observed at the juice tim-
ing after CS- (blue square). The reward omission consistently induced a negative response of
dopamine-like component at the ventral striatum while it was occasionally positive in a part of
the recordings in the putamen. This contrast might be consistent with the positive spike
response to the aversive event of dorso-lateral nigral dopamine neurons [17], since putamen
receives more projections from them.

Differential responses to the positive and negative cues were not detected in most cases.
There are two possible reasons for these ambiguous cue responses. First, the response can be
changed by training [25, 26 and 27] and our training may not have been sufficient for mature
conditioned responses. Clear CS-induced midbrain dopamine responses need relatively
extended training sessions, whereas the responses to a fixation cue can be observed early in
training. The consistent response to the timing cue and poor CS responses in our results seem
to be consistent with this observation of the early-to-middle stage of training [26]. On the
other hand, the clear effect of CS reversal indicates some degree of discrimination learning
between CS+ and CS-.

An evident effect of reward omission might be expected in the putamen after CS+ during
the reversal session [17], but the number of reversed sessions in our present study was too
small for further statistical analysis. However, a sharp drop in the dopamine-like component
was observed after the juice and food delivery. Recently, we have shown that the optogenetic
suppression of dopamine release can cause a quick drop in the dopamine signal in mice [20].
The drop appears to be a reasonable response to a brief pause of dopaminergic activity.

4–2. Progress from the previous studies
For large experimental animals, there have been at least four voltammetric studies using carbon
fiber. The pioneering work by Gerhardt [28] succeeded in detecting dopamine release by RPV
(chronoamperometry) in anesthetized macaques by local KCl injection in Parkinsonian mon-
keys. Shon [29] and Gale [30] detected electrically evoked dopamine release in anesthetized pig
and monkey brains, respectively. Ariansen (2012) [2] attempted to detect reward responses in
the striatum of awake macaque monkeys using FSCV on carbon fibers but reward-induced
dopamine responses were found only occasionally and marked pH responses were observed
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instead. Schulter (2014) [3] carefully studied the stimulation positions for evoked dopamine
release in macaque monkeys and showed an example of a trial with reward response but did
not perform statistical analyses of the behavioral effect.

Three technical reasons can be noted for our success in the detection of reward responses in
the monkey brains: 1. statistical analysis, 2. animal dependency, 3. electrode sensitivity. First,
since the electrochemical signals were small, statistical averaging is essential. We found that
analysis of each individual noisy data was not very reliable, either by examination of the color
plot matrix or PCR analysis. Therefore, we first applied PCR to individual recordings from the
same trial type and averaged the dopamine-like components for further comparison between
trial types (i.e. CS+ vs CS- cued trials). A similar result would also be available through averag-
ing background-subtracted current first (Figs 4A, 5A and 5C) and then applying PCR to the
averaged color plot. The latter procedure is preferable for reliable PCR analysis, but it makes an
n = 1 which is not suitable for conventional ANOVA.

Second, in primate behavioral studies it is not unusual that the result can depend highly on
the individual animal and their behavioral training. This may have contributed to the patterns
of dopamine signal during juice reward task of monkey S that differed from expected out-
comes. Therefore, we took steps in our behavioral procedures to further ensure the dopaminer-
gic nature of the detected signal. First, free reward (no CS), regularly used in finding reward-
responding nigral neurons in unit recording studies, and was effective to induce the response
in dopamine-like component. Similarly, reversal of CS+ and CS- was also effective in enhanc-
ing the reward response.

It is repeatedly reported that dopamine responses are enhanced due to novel stimuli, in
both unit recording [25, 26] and voltammetry [27]. This was the reason we did not train 50%
reward trials in advance, but the sudden introduction of 50% trials probably confused the con-
ditioned behavior of monkey S (Table 1). In our study, it was hard to detect liquid reward
responses in monkey S, but the animal responded to the food reward clearly. If a similar animal
was used and only liquid reward task was applied, it would greatly lower the confidence in the
detection of the dopamine responses. Therefore, we recommend introducing qualitatively dif-
ferent rewards in cases where reliable signals are scarce in the original task.

Finally, we used relatively long carbon fiber tips for high sensitivity, although the fibers are
prone to snap as this length. In spite of initial high sensitivity, the sensitivity of some carbon
fibers deteriorated in the monkey brain. In our early detection of MFB responses, accumulation
of tissue debris at the blunt tip of the silica tube (Fig 1A left) was noticed. Carbon fibers covered
with tissue debris showed low dopamine sensitivity while pH sensitivity was unchanged. The
carbon fibers supported by tapered glass capillary (Fig 1A right) seem to have less tissue adhe-
sion, although the deterioration was not perfectly avoided. Compared to our experience in
mice [19, 20, 22], sensitivity loss occurred more often in the monkey brain. We suspect that tis-
sue debris at the tip of the guide cannula is most likely the cause of tissue adhesion and sensitiv-
ity loss. The sensitivity loss occurred often in our early sessions in monkey S, but it became rare
later, as we developed techniques for gentle handling of guide cannula and carbon fibers.

4–3. Further technical improvements for future studies
Although our study made some advancement, additional technical improvements will be
needed for the next study. It will be important to determine whether the observed atypical
results derived from true unknown type of dopamine responses or a technical failure (behav-
ioral or electrochemical). Although we performed the customary analysis for validation of
dopamine-derived signals, it remains possible that insufficient dopamine identification by PCR
is the reason for these atypical responses. Validation of the dopamine template on each
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experiment by inserting a stimulation electrode for every experiment or implanting a chronic
stimulation electrode would improve the reliability of the teaching template.

It is possible that the temporal delay of FSCV recording made it prone to overlook sharp
responses similar to the known midbrain firing activity [11,14,17,25 and 26]. Voltammetric
procedures with less temporal delay, such as RPV [22], would help address this issue (S4 Fig).
In vitro data have clearly shown the difference in temporal profile between voltammetric tech-
niques [1, 22 and 31]. Our previous approach using constant-potential amperometry [1] was
one good solution to avoid the deterioration of temporal delay in head-restricted preparations.

For recordings outside the striatum, the discrimination between monoamines should be
verified. Enhancement of the evoked response by dopamine uptake inhibitor [32] (nomifen-
sine, Fig 2) supports that the signal was mainly derived from catecholamine, but nomifensine is
also known as norepinephrine uptake inhibitor. However, the monoamine tissue concentration
in the rostral caudate of intact macaque monkey was reported that 7869 ng/g tissue for dopa-
mine, 31 ng/g for norepinephrine, and 232 ng/g for serotonin, whereas the dopamine concen-
tration of cerebral cortex was less than 100 ng/mg [33]. The extremely high concentration of
dopamine in the monkey caudate suggests that dopamine is most likely to contribute to the
major part of the response in this study.

Although the oxidation peak for serotonin in differential FSCV voltammograms (CV curve)
is identical to dopamine, the reduction peak is different (S3 Fig), so the discrimination of sero-
tonin and dopamine is possible by PCR analysis, only if both serotonin and dopamine template
CV were available [24]. On the other hand, the discrimination of norepinephrine and dopa-
mine seems to be more challenging because their CVs are identical. Unlike in vivo, there is no
limitation in collection of various teaching template CV curves in vitro. Our estimation of
dopamine changes using in-vivo and in-vitro teaching templates are roughly consistent (Fig 4),
and changes in serotonin component showed similar but more sustained temporal changes to
dopamine (S3 Fig). Additional templates of adenosine and serotonin influenced the PCR result
and the estimated dopamine concentration was lower when four templates were applied
instead of two (Figs 4E and S3A). Amplitude of serotonin was similar to dopamine in S3, but
the serotonin result varied between recordings. The possibility of cross interference between
dopamine and serotonin signals remains at present. Pharmacological and electrochemical con-
firmation is awaited for further segregation of serotonin and dopamine. In vitro template also
allows estimation of electrochemically active molecules like adenosine [34] (S3 Fig). Our color
plot (Fig 4A) and additional PCR analysis (S3C Fig) suggested changes in adenosine after CS+,
but the reliability of such analysis has not been established yet. Constant-potential amperome-
try and RPV (S4 Fig) would be useful for the clear differentiation of dopamine signal from
serotonin or adenosine [1, 22].

Overall, dopamine release in response to behavioral reward events was successfully detected
at multiple locations in the striatum of behaving monkeys. Voltammetric dopamine signals can
reflect midbrain neuronal activity, local projection and presynaptic modifications. Further, the
application of FSCV in the human brain has recently been attempted [35]. We believe that our
result would be informative for such clinical trials. Continued development and variations of
the approach we report here will be useful for advancement toward firmer conclusions on the
behavioral correlates of the primate dopamine system.
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S1 Fig. Toys for environmental enrichment in the home cage. Biting wood, plumber’s mate-
rials and kitchen tools are placed in the home cage as toys.
(TIF)

S2 Fig. Excluded data. Two examples of excluded trial data during the juice-reward sessions
are presented. Adjacent trials, two previous and two following, are also shown for comparison.
(TIF)

S3 Fig. PCR with multiple chemical templates. The same data shown in Fig 4 was further
applied for PCR analysis with four in vitro templates, dopamine, pH, adenosine and serotonin
(5-HT). The result of dopamine (A), pH (B), adenosine (C) and serotonin (D). The waveforms
of in vitro templates are indicated on the right.
(TIF)

S4 Fig. Examples of RPV recording. RPV recording at putamen (A and B) was switched to
FSCV (C and D) during C4. Responses to the CS trials (A and C) and free juice (B and D). The
absolute current was lower in RPV, but sharp responses to timing cue (A) and free juice deliv-
ery (B) were observed. N = 9 to 19. Vertical lines in B and D show s.e.m.
(TIF)

S1 Table. Excluded data. As shown in S2 Fig, trials with large current jump were omitted from
further analysis. Total number of trials within a session was 54 to 113 for juice reward task, 33
to 37 for reversed task, and 20 to 48 for food reward task. The trial was omitted if the current
change during the time window (-5.4 to +2.5s from juice onset/ CS offset) exceeded 5nA.
(DOC)
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