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Abstract

Aversive stimuli have a powerful impact on behavior and are considered to be the opposite
valence of pleasure. Recent studies have determined some populations of VTA dopaminergic
neurons are activated by several types of aversive stimuli while other distinct populations are
either inhibited or unresponsive. However, it is not clear where these aversion responsive neurons
project, and whether alterations in their activity translate into dopamine release in the terminal
field. Here we show unequivocally that the neurochemical and anatomical substrates responsible
for the perception and processing of pleasurable stimuli within the striatum are also activated by
tail pinch, a classical painful and aversive stimulus. Dopamine release is triggered in the dorsal
striatum and nucleus accumbens (NAc) core by tail pinch and is time locked to the duration of the
stimulus, indicating that the dorsal striatum and NAc core are neural substrates, which are
involved in the perception of aversive stimuli. However, dopamine is released in the NAc shell
only when tail pinch is removed, indicating that the alleviation of aversive condition could be
perceived as a rewarding event.
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Dopamine signaling in the nucleus accumbens (NAc) is involved in the integration of
sensory information and the initiation of the subsequent behavioral responses to diverse
stimuli (Leknes and Tracey, 2008). The perception and behavioral consequences of
rewarding and aversive stimuli are extremely different, and the underlying neural substrates
mediating these opposing phenomena are unclear. Increased subsecond dopamine release in
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this brain region has been demonstrated with the presentation, seeking and anticipation of
reward (Phillips et al., 2003; Day et al., 2007; Roitman et al., 2008) as well as learning of
reward-related information (Day et al., 2007; Owesson-White et al., 2008; Roitman et al.,
2008). According to the reward coding hypothesis (Schultz, 1998; Montague et al., 20043;
Ungless, 2004; Ungless et al., 2004) mesolimbic dopamine neurons are inhibited or
unresponsive to aversive stimuli, and increased dopamine release only occurs with reward-
related stimuli. For example, the inhibition of dopamine release in rat NAc was observed
during a 4 s intra-oral exposure to quinine in a taste aversion model (Roitman et al., 2008).
Others have suggested an alternative hypothesis in which increases in phasic dopamine
activity can be initiated by any salient stimuli regardless of valence, including aversive
stimuli (Redgrave et al., 1999; Redgrave et al., 2008; Anstrom et al., 2009). In support of
this claim, it has been shown that significant increases in subsecond dopamine transmission
occur in the NAc of rats under the aversive condition of social defeat stress (Anstrom et al.,
2009).

Recently, an electrophysiology study discovered regional differences in dopamine neuronal
firing within the VTA of anesthetized rats exposed to brief (4 s) footshock (Brischoux et al.,
2009). They found that footshock inhibited dopamine neurons in the dorsal VTA, while
those in the ventral VTA were phasically excited. The study, performed on behaving mice
showed that the majority of the VTA dopamine neurons exhibit decreased activity, while a
small group of dopaminergic-like neurons can be activated by fearful events (Wang and
Tsien, 2011). Another study in mice reported nearly equivalent proportions of dopamine
neurons activated, inhibited or unaltered by 5 s tail pinch (Zweifel et al., 2011). Therefore,
electrophysiological studies clearly demonstrate that the activity of a subset of dopamine
neurons in the VTA and substantia nigra can increase in response to aversive stimuli
(Zweifel et al., 2011; Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Wang and
Tsien, 2011). However, it is still not known how prevalent these aversion-excitable
dopaminergic neurons are, and whether their increased activity translates into dopamine
release in the terminal fields. Notably, changes in the activity of dopaminergic neurons in
the VTA does not necessarily produce a proportional response in dopamine release in the
terminal regions, since terminal mechanisms and conditions may also shape the temporal
profile of extracellular dopamine (Montague et al., 2004b; Wightman et al., 2007; Lammel
et al., 2008). To address the fundamental question of whether and how dopamine
neurotransmission within the NAc encodes aversive stimuli, we have assessed dopamine
dynamics in real-time in response to the classical aversive stimulus, a 3 s tail pinch.

EXPERIMENTAL PROCEDURES

Fast-scan cyclic voltammetry (FSCV)

Naive male Sprague-Dawley rats weighing approximately 350 g were housed with ad
libitum food and water in a 12/12 hr light/dark cycle. All procedures were approved by the
Wake Forest University and University of North Carolina Animal Care and Use
Committees. Experiments were performed on anesthetized animals. Naive rats were
anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame. A carbon fiber
electrode (50-100 um exposed tip length, 7 um diameter, Goodfellow, Oakdale, PA, USA)
was positioned in the NAc core (AP +1.3, L+1.3, V —6.3 — —7.2 mm from bregma) or NAc
shell (AP +1.8, L +0.9, V —6.8 — —7.2 mm) or dorsal striatum (AP +1.3, L +1.3,V —4.5 -
—5.0 mm) (3 separate groups of rats, n=5-6 per group). An Ag/AgCl reference electrode
was inserted in the contralateral hemisphere. The reference and carbon fiber electrodes were
connected to a voltammetric amplifier and voltammetric recordings were made at the carbon
fiber electrode by applying a triangular waveform (—0.4 to +1.3 V versus Ag/AgCl, 400 V/

S).
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To avoid tissue damage and electrical noise artifacts during voltammetric recordings, the tail
pinch was performed with soft rubber gloves. The tail of the rat was placed between the
thumb and the index finger and pinched for a period of 3 s. The pinch was administered 1
cm from posterior tip of tail with maximal pressure (P) of 3.12 + 0.62 MPa. P was calculated
by measuring the contact area between the fingers and the tail, and by a measurement of the
applied force using a Pasco C1-6537 Force Sensor. This test was repeated 4 times with
intervals of 2—-3 minutes between each pinch. No reactions such as ear or whisker twitches
were observed during this procedure. At the end of experiment, GBR 12909 (15 mg/kg, i.p.),
a selective dopamine transporter inhibitor, was injected for the pharmacological
confirmation of the pinch-induced electrochemical signal.

Data were digitized and stored on a computer. Carbon fiber electrodes were calibrated in
vitro with known concentrations of dopamine (0.2, 0.5 and 1.0 uM). Calibrations were done
in duplicate and the average value for the current at the peak oxidation potential was used to
normalize in vivo signals to dopamine concentration. When the carbon fiber electrode was
used to lesion the brain for placement verification, an averaged post calibration was
employed to calculate dopamine concentration (Park et al., 2010).

Chemicals and Drugs

All chemicals and drugs were reagent-quality and used without additional purification.
Drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA). In vitro dopamine
calibration of microelectrodes was performed in a tris buffer solution at pH 7.4 containing
15 mM Tris, 140 mM NacCl, 3.25 mM KCI, 1.2 mM CaCly, 1.25 mM NaH,POy4, 1.2 mM
MgCl, and 2.0 mM NaySOy in double distilled water (Mega Pure System, Corning
Glasswork, Corning, NY, USA). GBR 12909-HCI was dissolved in a small volume of
distilled water and diluted with saline. Injected volumes were 1 mL/kg and were given i.p.

Histological Verification of Electrode Placement

Electrode placements were verified stereotaxically as described previously (Anstrom et al.,
2009; Park et al., 2010). A lesion was made at the recording site by applying constant
current (20 pA for 10 s) to the tungsten or carbon fiber electrodes. Brains were removed
from the skulls and stored in 10% formaldehyde for at least 3 days, then they were coronally
sectioned into 40-50 pum thick slices with a cryostat. The sections mounted on slides were
stained with 0.2% thionine, and coverslipped before viewing under a light microscope.
Figure 5 demonstrates anatomical distribution of carbon fiber electrode placements in the
NAc shell, NAc core and dorsal striatum. Coronal diagrams show electrode tip locations for
18 rats. Coordinates were taken from a stereotaxic atlas.

Statistical Analysis

RESULTS

Data were analyzed in GraphPad Prism (GraphPad Software, San Diego, CA). Paired t-test
and one- and two-way ANOVAs with a Bonferroni post tests were used to determine
statistical significance. The data are presented as mean £ SEM and the criterion of
significance was set at p < 0.05.

A tail pinch induced a significant increase in extracellular dopamine concentration in the rat
striatum (Fig. 1). However, significant differences in tail pinch-evoked dopamine release
were revealed between striatal subregions (one-way ANOVA; F[2,15]=10.75, P<0.005).
Specifically, dopamine release in the dorsal striatum was significantly less than in the NAc
core and shell (Bonferroni’s Multiple Comparison Test, P < 0.01, n = 6 per group, Fig. 2A).
No difference was observed between subregions of NAc (P > 0.05). Importantly, there was a

Neuroscience. Author manuscript; available in PMC 2013 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

BUDYGIN et al.

Page 4

significant difference in the onset of pinch-induced dopamine release between NAc core and
shell (one-way ANOVA,; F[2,15]=66.89, P<0.0001). Dopamine release in the NAc shell
was notably delayed in comparison with that in the dorsal striatum and NAc core
(Bonferroni’s Multiple Comparison Test, P < 0.001, n = 6 per group). At the same time,
dopamine release in the NAc core and dorsal striatum was closely coupled to the stimulus
(Fig. 2B). Importantly, tail pinch induced a stable response in all tested striatal subregions
(Fig. 3). There was no significant difference in the amplitude of dopamine efflux after four
sequential tail pinches (two-way ANOVA; F[3,48]=0.1909, P>0.05, n=5 per group).
Dopamine responses, which were detected in the dorsal striatum, NA core and shell
following the first pinch were 21.3 + 2.7, 36.4 £ 10.1 and 48.9 = 12.3 nM, respectively (Fig.
3). We also assessed dopamine release changes in the NAc core in response to a foot pinch.
The amplitude of dopamine efflux, which was reached during the 3 s stimuli, did not
significantly differ between foot and tail pinches (32.4 + 4.2 nM versus 42.4 + 4.5 nM,
respectively; Bonferroni’s Multiple Comparison Test, P >0.05, n =5 per group). Pinch-
induced dopamine release in the same region was also compared with the release evoked by
3 selectrical (30 Hz, 300 pA) stimulation of VTA (one-way ANOVA,; F[2,12]=27.64,
P<0.0001). The increase in accumbal dopamine following an electrical stimulation was
approximately 20 times higher compared to that induced by foot and tail pinches
(Bonferroni’s Multiple Comparison Test, P < 0.001, n =5 per group).

Figure 4 shows tail pinch-induced dopamine changes detected by FSCV in the rat NAc shell
before (left) and 30 min after (right) administration of GBR 12909, a selective dopamine
transporter inhibitor. Representative background-subtracted voltammograms obtained at the
end of the stimulus showed oxidation and reduction peak potentials (~ +0.6 V and ~ —0.2 V,
respectively) that are consistent with dopamine characteristics. Representative
concentration-time plots of stimulus evoked signals exhibit marked decline in the uptake of
detected catecholamine following GBR 12909 administration (the return of signal to
baseline is dramatically slowed). Similar GBR 12909-induced dopamine uptake changes
were observed in electrically-evoked dopamine efflux (Budygin et al., 1999; Budygin et al.,
2000). Norepinephrine is the only other analyte known to closely approximate the chemical
signature of dopamine in the NAc. However, the fact that the pinch-evoked catecholamine
signal is markedly prolonged by the dopamine transporter blockade pharmacologically
verifies the identity of dopamine (norepinephrine efflux is insensitive to dopamine uptake
inhibition). Moreover, a recent study from our laboratory showed that norepinephrine
signaling is restricted to caudal portions of the NAc shell but not rostral (Park et al., 2010)
which was targeted in the present study. Therefore, the possibility that norepinephrine
contributes to the measured signals in the tested brain regions in response to painful stimuli
is unlikely in the current study.

DISCUSSION

Our data clearly demonstrate that a tail pinch triggers an increase in striatal dopamine
release. This increase is subregion-dependent and time locked with the stimulus in the dorsal
striatum and NAc core. In contrast, there was a substantial delay in the initiation of
dopamine release in the NAc shell in response to a tail pinch. Specifically, NAc shell
dopamine release was triggered at the offset of the tail pinch. This is the first demonstration
of real-time dopamine release changes within striatum in response to brief (3 s) aversive
episodes.

Different neurochemical approaches have been used in an attempt to explore the effects of
aversive and stressful stimuli on dopamine neurotransmission in rat brain (Marcangione et
al.; Pei et al., 1990; Klitenick et al., 1996; Rouge-Pont et al., 1998; Di Chiara et al., 1999;
Giorgi et al., 2003; Stevenson et al., 2003; Amato et al., 2011). Several microdialysis studies
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assessed striatal dopamine alterations in response to a tail pinch in freely moving animals
(Pei et al., 1990; Klitenick et al., 1996; Rouge-Pont et al., 1998; Di Chiara et al., 1999;
Giorgi et al., 2003; Amato et al., 2011). However, these studies applied a long lasting tail
pinch (from 5 to 40 min) and collected dialysate samples every 10-20 minutes thereafter. An
exposure to acute stress caused by unexpected tail pinch induced continuous (~20-60 min)
changes in extracellular dopamine, including increases in the dorsal striatum, NAc core and
NAc shell (Klitenick et al., 1996; Rouge-Pont et al., 1998; Giorgi et al., 2003; Amato et al.,
2011) in some studies, while others demonstrated that dopamine levels did not change
(Giorgi et al., 2003) or decreased (Di Chiara et al., 1999) in the NAc shell. Several factors
may account for the contrasting results in the shell region, including the selected rat strains,
and the intensity and duration of the tail pinch used by different groups. Importantly, these
microdialysis studies evaluated stress-associated changes in tonic dopamine activity that
were provoked by the protracted noxious stimuli. While microdialysis is a suitable technique
to evaluate dopamine fluctuations on a time scale of minutes, for questions concerning
phasic release in response to a brief (2—4 s) painful stimulus, such as a tail pinch, faster
sampling techniques are required.

FSCV is a technique that allows measurements of brief (seconds) dopamine effluxes (phasic
dopamine release), therefore it is possible to make real associations between a briefly
applied stimulus and prompt dopamine changes (Phillips et al., 2003; Wightman et al., 2007;
Owesson-White et al., 2008; Roitman et al., 2008). In sharp contrast to the extensive
research on reward-associated activity, only a few studies have attempted to explore changes
in phasic dopamine activity in NAc following an aversive stimulus using FSCV (Roitman et
al., 2008; Anstrom et al., 2009). One of these studies revealed significant increases in
subsecond dopamine transmission in the NAc core of rats under the aversive condition of
social defeat stress, in which an animal is exposed to an aggressive resident (Anstrom et al.,
2009). However, social defeat is a complex condition in which an animal detects and
responds to multiple stimuli of various origins. Therefore, it is unclear whether this increase
in dopamine was produced by aversive stimuli (onset versus offset) or an ancillary stimulus
or behavior. A second study explored causality between stimuli with opposing valences and
dopamine responses in the NAc shell using aversive and appetitive tastants (i.e. 4 s intra-oral
infusions of quinine and sucrose, respectively). These data are consistent with the hypothesis
that the direction of phasic dopamine activity encodes the valence of the stimuli in the NAc,
in that the aversive taste produced a decrease in dopamine release while the appetitive taste
induced an increase (Roitman et al., 2008). Although the two studies seem to contradict one
another, taste aversion and social defeat undoubtedly engage different sensory mechanisms
and neural processes. Furthermore, the social defeat study examined the NAc core while the
taste aversion data were collected from the shell of the NAc, perhaps indicating regional
differences within the NAc in processing anhedonic stimuli.

Pain, which is certainly an important component of a tail pinch, is a complicated sensation
which produces a specific emotional reaction and also activates multiple mechanisms, some
of which are aimed at blunting the unpleasantness of the stimulus (Leknes and Tracey,
2008). Moreover, even a brief pain episode can generate a mild form of stress and induce
motor activation. These responses can also be associated with dopamine increases in striatal
subregions (Budygin et al., 2000; Garris et al., 2003; Anstrom et al., 2009). To rule out
emotional and motor responses in the triggering of dopamine release, the current study was
performed on anesthetized rats. In fact, the responsiveness of single dopamine neurons to
aversive stimuli in anesthetized rats has been well documented by electrophysiological
studies (Ungless et al., 2004; Brischoux et al., 2009).

Our observation of instant increase in subsecond dopamine release observed in two striatal
regions (dorsal striatum and NAc core) during a tail pinch may be an attempt of the reward
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circuit to dampen the noxious sensation, perhaps in a manner similar to endorphin release
during pain. The notion that dopamine has a role in endogenous antinociception is not new
(Wood, 2006). Indeed, analgesia induced by pleasurable stimuli, including sexual behavior
(Gear et al., 1999), pleasant food (Reboucas et al., 2005) and even pleasurable music (Roy et
al., 2008), has been reported and importantly most of these stimuli have been associated
with increased subsecond dopamine release in the NAc. Since dopamine responses in the
dorsal striatum and NAc core can be triggered by aversive states in the same fashion as
rewarding stimuli, another intriguing speculation is that the phasic dopamine in these brain
regions encodes saliency. This assumption is in line with the earlier proposed “switching”
hypothesis which states that dopamine neurons are activated by all salient stimuli (Redgrave
etal., 1999).

The demonstration of dopamine release in the NAc shell, which is the most prominent
region implicated in the perception of reward, occurring at the offset but not during exposure
to noxious stimuli may indicate that the termination of acute pain has a strong rewarding
component. Our findings are consistent with a recent human imaging study which
demonstrated that a painful (thermal) stimulus increased the fMRI BOLD signal in the
ventral striatum both at the onset and in the falling phase of pain (Baliki et al., 2010). This
imaging technique does not have the ability to distinguish the subregions of the NAc, and
the pattern of activation likely reflects an efflux of dopamine first in the core and then the
shell of the accumbens. Our findings of subregional differences in dopamine responses to
noxious stimuli are also in line with recent electrophysiological results, which were obtained
in anesthetized rats (Brischoux et al., 2009) and freely moving mice (Zweifel et al., 2011,
Wang and Tsien, 2011). According to these data, some putative dopamine neurons in the
VTA exhibit significant activation in response to a noxious stimulus or fearful experiences,
while some dopamine cells exhibit suppression or no changes and offset-rebound excitation.
Therefore, an increase in phasic dopamine activity in terminals should be expected at both
the onset of an aversive stimulus as well as its termination. However, this point remains
speculative, since it is still unclear how release from terminals, which is the measurement of
our study, are linked with the neuronal populations recorded in electrophysiological studies.
Further experiments, which will combine simultaneously voltammetric and
electrophysiological recordings in the same animal, are required to address this issue.
Nevertheless, our neurochemical results reveal the differential subsecond dopamine
response to aversive stimulation in two accumbal subregions, core and shell, highlighting
the critical role of dopamine transmission in the shell for encoding the valence of stimuli.
Taken together, our data also suggest the existence of some overlap in the neurochemistry of
pain and pleasure processing in the striatum. Therefore, the increase in accumbal dopamine
release in response to aversive stimuli is not contradictory to the accepted central role of fast
dopamine signaling in reward processing. Moreover, our neurochemical findings may
further bridge controversial hypotheses of information coding through dopamine signaling,
which were originally based on electrophysiological results ( Schultz, 1998; Redgrave et al.,
1999; Montague et al., 2004a; Ungless, 2004; Ungless et al., 2004; Redgrave et al., 2008;
Brischoux et al., 2009; Lammel et al., 2011).
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Fig. 1.

Dopamine changes detected by FSCV in the dorsal striatum, NAc core and NAc shell of
anesthetized rats in response to tail pinch. (A) Representative concentration-time plots of
stimulus (red line) evoked dopamine release measured in rat brain in real time. (B) Standard
two dimensional color plots which topographically depict the voltammetric data with time
on the x-axis, applied scan potential on the y-axis and background-subtracted faradaic
current shown in the z-axis in pseudo-color. (C) Representative background-subtracted
voltammograms obtained at the end of the stimulus showing characteristic oxidation and
reduction peak potentials (~ +0.6 VV and ~ —0.2 V, respectively) that identify dopamine.
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Fig. 2.

Extracellular dopamine changes detected in the dorsal striatum, NAc core and shell of
anesthetized rats in response to tail pinch. (A) Maximal dopamine concentrations observed
after tail pinch. The time between detected dopamine release and onset of the tail pinch in
each region is also presented. Data are means = SEM of 6 rats per group. (B) Representative
dopamine efflux detected in the dorsal striatum (upper), NAc core (middle) and shell
(bottom) from individual animals. The black bar denotes the application of the tail pinch.
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Fig. 3.

Effects of repetitive tail pinch administration on dopamine release in striatal subregions.
Data are means + S.E.M. of five rats per group, expressed as the percent of dopamine
response to the first tail pinch. Pinches were performed with 2-3 minutes intervals.
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Fig. 4.

Pharmacological confirmation of pinch-evoked dopamine signal in the NAc shell. Upper
panel: Representative background-subtracted voltammograms recorded at peak
response before (dotted line) and after administration of GBR 12909 (15 mg/kg, i.p.)
(solid line). Lower panel: A marked decrease in the reuptake of catecholamine after
dopamine uptake inhibition induced by GBR 12909 in comparison with predrug signal
confirms that the detected substance is dopamine. The bar denotes the duration of the
tail pinch.
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Fig. 5.

Anatomical distribution of carbon fiber electrode placements in the NAc shell (upper panel)
and NAc core and dorsal striatum (lower panel) for all subjects. Numbers to the right

indicate anteroposterior coordinates to bregma.
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