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ABSTRACT

Background: Traumatic brain injury is associated with substantial alterations in
reward processing, but underlying mechanisms are controversial.

Objective: A better understanding of alterations in dopamine (DA) release
patterns from the dorsal striatum and nucleus accumbens shell (NAc) may provide
insights into posttraumatic reward pathology.

Materials and Methods: The patterns of DA release with or without exposure to
nicotine in brain slices with striatum and NAc, isolated from Sprague-Dawley rats with
6 psi fluid percussion (FPI) or sham injury were analysis by using fast-scan cyclic
voltammetry. Tonic and phasic DA releases were assessed using single pulse and 10
pulses at 25 Hz, respectively. DA release relative to stimulation intensity, frequency,
number of pulses, and paired-pulse facilitation was evaluated to determine release
probability and response to bursting.

Results: There was a profound suppression in tonic DA release after nicotine
desensitization after FPI, and the input/output curve for the DA release based on
stimulation intensity was shifted to the right. FPI was associated with a significant
decrease in frequency-dependent DA release augmentation, DA release induced
by high frequency stimulation trains, and DA release in response to paired-pulse
facilitation. The effect of nicotine desensitization was similar in FPI and sham-injured
animals, although significantly smaller after FPI. Nicotine desensitization-induced
differences between phasic and tonic release concentrations that contrasted with the
reward-related signals then became less prominent in NAc after FPI.

Conclusions: TBI blunts DA release from mesolimbic reward centers, and more
intense stimuli are required to produce context-dependent DA release sufficient to
have a physiological effect.

Implications: The nicotine desensitization-related suppression in tonic DA release
was profound with right-ward shift of the input/output curve for DA release after
FPI. FPI was associated with a significant decrease in frequency-dependent DA
release augmentation, DA release induced by high frequency stimulation trains, and
DA release in response to paired-pulse facilitation. Nicotine desensitization-induced
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differences between phasic and tonic release concentrations that contrasted with the
reward-related signals then became less prominent in NAc after FPI. TBI thus blunts
DA release from mesolimbic reward centers, and more intense stimuli are required
to produce context-dependent DA release sufficient to have a physiological effect.

INTRODUCTION

Traumatic brain injury is associated with alterations
in physiological reward processing that may explain
behavioral changes and substance abuse often seen in this
population [1, 2]. 1. Head injury patients without mental
illness or substance abuse-related service utilization
prior to injury showed increased rates of substance
use dependence (SUD) and depression compared with
community controls [3, 4]. These patients have a 4.5
odds ratio of substance abuse within the first year post-
injury, dropping to 1.4 at 25-36 months post-injury [5].
Moreover, soldiers with mild TBI were 2.6 times and
those with a moderate TBI were 5.4 times more likely to
be discharged for alcoholism or drug use [6, 7].

The striatal dopamine (DA) system is crucial for
habit formation [8, 9], and the mesocorticolimbic system
is strongly linked to reward behavior [10]. Thus, analysis
of DA release from different systems after exposure to
addictive agents has clarified the mechanism of the reward
behavior process [11]. Investigation of DA release may
provide an explanation for substance abuse formation
among certain patient groups, such as patients with
traumatic brain injury (TBI) [12] or stroke [13, 14].

Several mechanisms induced by TBI that
affect neurotransmission especially dopamine (DA)
transmission were elucidated, involving the systemic and
microenvironmental effects of neuroinflammation induced
after the initial insult in TBI [15, 16] and playing a crucial
role in secondary neurodegeneration [15]. TBI induces time-
dependent upregulation of apoptosis-related genes during
the 3-48 h post-injury period that include inflammatory
cytokines such as interleukin 1 (IL-1), and tumor necrosis
factor (TNF) as well as prostaglandin (PG) synthases and
cyclooxygenase (COX) 1 and 2. These may contribute to
inflammation in the brain [17]. Thus, the neurodegenerative
changes in expression of apoptosis-related genes after
TBI may be associated with inflammatory responses
[18]. Moreover, significant decreases of TH-positive
expression in the surviving dopaminergic neurons of
the SN pars compacta (SNpc) and increased a-synuclein
accumulation in inflammation-infiltrated SN of rats exposed
to chronic TBI were shown [16]. These phenomena may
be a pathological link between chronic effects of TBI and
PD symptoms and may be one of critical mechanisms of
dopamine transmission impairment after TBI [15].

Previous studies have demonstrated that low-frequency
stimulation evokes DA release suppression and that higher
frequency enhancement is caused by nicotine desensitization

and blockade through the 042 receptor in the striatum [19—
21]; furthermore, frequency-dependent augmentation was
found in the nucleus accumbens (NAc) shell [22, 23].

There are two different patterns of DA release in
vivo that have distinct physiological effects: tonic low-
frequency release (5-10 Hz), which represents baseline DA
neuron firing, and phasic burst-like release (20—100 Hz),
typically associated with reinforcers or reward predictors
[24]. Paired-pulse stimulation to determine the interaction
between firing frequency and dynamic release probabilities
at varying interpulse intervals can provide insight into
efficacy of reinforcement [25]. Paired-pulse facilitation
in the presence of nicotine and a nicotine inhibitor (Mec)
has been observed in both the striatum and NAc shell with
intervals of less than 80 ms (>12.5 Hz), which suggests
that nicotine acts as a switch of the frequency filter [24].
By enhancing the contrast in DA release when DA neuron
activity switches from tonic to phasic firing in response to
salient primary rewards or conditioned reward predictions
[26], nicotine might enhance the reinforcement efficacy of
any reward-related stimuli [24].

Application of different stimulation frequencies can
be used to mimic tonic and phasic DA release from slices
in vitro [27], and this can provide insight into the effect
of fluid-percussion injury on these processes, especially
the effect of nicotine on dynamic DA release probability
and comparison of tonic and phasic reinforcing efficacy
of the reward-stimuli response [28]. In this study, we used
fast-scan cyclic voltammetry (FSCV) study to determine
DA release patterns in brain slices with fluid percussion
injury (FPI) to detect DA tonic release, frequency-
dependent responses, the reaction to increments in high-
frequency stimulation (HFS) trains, and paired-pulse ratios
in different paired-pulse intervals in response to nicotine
desensitization to determine the effect on impairment of
reward behavior after head injury. By using paired pulses
at different stimulation intervals (from 10 to 80 usec), the
paired-pulse release ratios (p2/p1) could be measured to
determine the interaction between firing frequency and
dynamic release probability.

RESULTS

Tonic DA release suppression related to nicotine
desensitization and blockade was exacerbated
after FPI (Figure 1)

The baseline DA release concentration was lower
in the FPI rats than in the control rats, and nicotine
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desensitization—related suppression of tonic DA release
(single pulse/25 Hz evoked) was exacerbated in brain
slices (Figure 1A and 1B). In the NAc shell, FPI suppressed
tonic DA release to a greater degree relative to baseline
and further attenuated suppression of DA release related to
nicotine desensitization (Figure 1B and 1D). Furthermore,
in both striatum and NAc shell slices, a similar suppression
pattern of tonic DA release was observed after nicotine
desensitization and blockade (Figure 1C and 1D). The
suppression proportion (percentage) was calculated
and plotted, revealing low suppression in the striatum
(Figure 1E) and profound suppression in the NAc shell
(Figure 1F). DA release was further suppressed by FPI.
The dose-dependent effect of nicotine desensitization
on DA release was diminished after FPI to the striatum
(Figure 1G). A similar result was observed in the NAc
shell (Figure 1H). Nicotine desensitization and blockade
markedly suppressed tonic DA release in injured brain
slices; however, the concentration difference between the
baseline and desensitization conditions was small because
of the low overall suppression of DA release after FPI
in the striatum (Figure 1E and 1G) but more profound
suppression in the NAc shell and Figure 1F and 1H).

The I/O curve for the dopamine release pattern
related to nicotine desensitization was shifted
right after FPI (Figure 2)

The I/0O curve represents DA release evoked
at various stimulation intensities (from 1 V to 10 V).
Nicotine desensitization suppressed tonic release (Figure
2A; FPI: red triangle vs. FPI + nicotine: open triangle);
but enhanced phasic release in striatal slices could still be
found after FPI with the curve shifting to the right due to
the evoked signal being diminished by FPI (Figure 2B).
The difference between tonic and phasic DA release in
the striatum was decreased after FPI. In contrast, either
tonic release or phasic release was suppressed by nicotine
desensitization in the NAc shell (Figure 2C and 2D), and
the both tonic and phasic I/O curves were shifted to the
right because of the weak signal after FPI. In summary,
although the DA signals were weak after FPI, suppression
of tonic release (Figure 2A) and enhancement of phasic
release (Figure 2B) may have enhanced the DA response
because salient stimuli that cause burst firing remained in
the striatum. However, both tonic or phasic release in the
NAc shell was significantly suppressed after FPI (Figure
2C and 2D).

Frequency-dependent augmentation was affected
by FPI (Figure 3)

DA release was enhanced using bursting frequencies
(more than 10 Hz) under nicotine infusion in the normal
striatum, but this phenomenon was suppressed after FPI
(Figure 3A). In the NAc shell, frequency-dependent

augmentation facilitated DA release in both the control and
nicotine infusion slices; this augmentation was diminished
by FPI because it generally suppressed DA release (Figure
3B). The difference in concentration between single-pulse
(tonic) and bursting-stimulation (phasic) release was
plotted versus stimulation frequency (in log units) in the
striatum and NAc shell portions (Figure 3C and 3D). The
slope of the equation of concentration difference, used
for calculating the DA release probability, was compared
among groups (Figure 3E and 3F) [29]. The slope for
striatal slices infused with nicotine decreased after FPI
(Figure 3E), and a similar result was observed for NAc
shell portion (Figure 3F). These data indicate that the
enhancement of DA release through frequency-dependent
augmentation in striatal slices infused with nicotine was
diminished overall after FPI, and the enhancements
became undistinguishable after FPI in the NAc shell
portion.

DA release increment induced by multiple HFS
trains was suppressed overall by FPI (Figure 4)

DA release was enhanced with increments in
HFS trains in striatal slices infused with nicotine, but
this incremental DA release was diminished after FPI
because it profoundly suppressed DA release (Figure 4A).
Increasing DA release was observed in both the control
and nicotine desensitization conditions in the NAc shell
portion, and generalized suppression was observed after
FPI (Figure 4B; FPI only: gray solid square; FPI with
nicotine infusion: gray open square). We calculated the
difference in concentrations between multiple trains of
HEFS (Figure 4C and 4D) and a single train of HFS by using
linear regression to assess the slope for release probability
(Figure 4E and 4F) [29]. Augmentation occurred only
with nicotine infusion, and further suppression (indicated
by the shallowness of the slope) was observed in the
slices infused with nicotine after FPI (Figure 4C). In
the shell portion, the augmentation effect of HFS trains
was prominent under nicotine infusion. However, this
augmentation effect resulted from incremental changes
of HFS trains, and it was indistinguishable for control
and nicotine-infused slices after FPI (Figure 4D). We
plotted the slope of the linear regression for the difference
in concentrations evoked by different HFS trains in the
striatum (Figure 4E). Under the nicotine desensitization
conditions, HFS trains induced an augmentation effect,
which was attenuated after FPI in the striatum and became
virtually absent in the NAc shell after FPI (Figure 4F).

Nicotine desensitization-related paired-pulse
facilitation at high frequencies was suppressed
by FPI (Figure 5)

Paired-pulse facilitation declined with frequency in
both striatum and NAc shell slices infused with nicotine,
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Figure 1: Nicotine desensitization and blockade-related DA release suppression is exacerbated after FPI. (A) The
nicotine desensitization—related suppression of tonic DA (single pulse/25 Hz evoked) was observed in brain slices (gray open circle). (B)
DA tonic release was suppressed after FPI, and FPI further suppressed nicotine desensitization—related DA release in the shell portion. The
suppression proportion was calculated using the normalized concentration of DA (Y axis [DA], (normalized to control P1): evoked signal in
the striatum or shell/P1 in control striatum or shell; P1: mean control concentration evoked using 1 pulse). Similar DA release suppression
was observed after nicotine blockade, and further suppression was noted after FPI in the (C) striatum and (D) NAc shell. The percentage
expresses a change in a variable. It represents the change between a baseline value and a subsequent one. Value = (subsequent — baseline)/
baseline x 100%. (E) The DA release concentration was lower in the FPI rats than in the control rats in the striatum. (F) In the NAc shell,
suppression related to nicotine desensitization was more profound compared with that in the control group (particularly at 0.5 uM p < 0.01,
one-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons, Control + Nicotine vs. FPI + Nicotine: P < 0.05", P <
0.01""; Saline vs. other groups: p < 0.001%* at Control and FPI groups; 0.5uM Nicotine vs. 1uM Nicotine: P < 0.01%, P <0.001%% at Control
and FPI groups). The dose-dependent effect of nicotine desensitization on DA suppression became less apparent after FPI in the striatum
(G), and similar results were observed in the NAc shell (H).
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as documented previously [30]. This phenomenon was
suppressed by FPI (Figure 5A and 5B; control with
nicotine infusion: red open circle, FPI with nicotine
infusion: gray open square). The slope revealed that
facilitation related to nicotine desensitization declined
with stimulation interval prolongation in the striatum and
that this short-term facilitation was diminished after FPI
(Figure 5C); a similar result was observed in the NAc shell
portion (Figure 5D).

DISCUSSION
Habit formation is thought to be related to striatal

activity [8, 31], whereas activation of the mesolimbic DA
system is central to associative learning, reinforcement,

A Str (1P/25Hz)

and drug addiction [30, 32, 33]. There is evidence that drug
addiction involves multiple functional areas, including the
mesolimbic dopaminergic pathway [33], which processes
reward-related stimuli; the amygdala [34], which generates
emotions; the hippocampus, which facilitates learning and
memory creation [35]; and the prefrontal cortex, which
underlies executive action [36]. Furthermore, all these
process are governed by the corticolimbic network [37].
In chronic smokers, the upregulation of nAChR
subtypes may be induced after long-term exposure to
nicotine [38, 39], which indicates that the number of high-
affinity nicotine binding sites in multiple regions of the
brain has increased [40—42]. Furthermore, higher nicotine
exposure may cause rapid nAChR desensitization, which
induces receptor function loss. Subsequently, after long-
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Figure 2: DA release evoked by different stimulation intensities (from 1 to 10 V) was plotted in an I/O curve. (A) The
tonic release of DA in the striatum decreased significantly after FPI, and nicotine desensitization-related tonic release suppression was still
observed after FPI (FPI: red triangle vs. FPI + nicotine: open triangle). (B) Although the phasic release concentration was generally lower
after FPI, the nicotine desensitization—induced phasic release enhancement in the striatum was still observed after FPI. (C) Tonic release
in the NAc shell was low and flat after FPI, and the concentration was further suppressed by nicotine desensitization in the FPI brain slices
(FPI + nicotine: open triangle). (D) Phasic release substantially increased under control and nicotine desensitization conditions, but after
FPI, all of the change in phasic release was severely attenuated in the NAc shell portion. Nicotine desensitization further suppressed phasic
release in the shell sections (black open triangle). Two-way ANOVA was followed by a Bonferroni test with 10V, Control + Nicotine vs.

FPI + Nicotine, P < 0.001***; Control vs. other groups, p < 0.01%,

p <0.001%,
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Figure 3: Frequency-dependent augmentation was affected by FPI. (A) DA release was enhanced by bursting frequencies
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Frequency-dependent augmentation was found in both the control and nicotine infusion slices, and was suppressed after FPI. (C) The
difference in concentrations between single-pulse (tonic) and bursting-stimulation (phasic) release is plotted versus stimulation frequency
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decreased after FPI. (F) The slopes for the shell portion were compared, indicating that the release probabilities were reduced by FPI, and
further suppression was observed in the FPI slices under nicotine infusion. (DA concentration normalization: one-way ANOVA followed
by a Bonferroni post hoc test for multiple comparisons, Control + Nicotine vs. FPI + Nicotine, P < 0.001™"; Control vs. Control + Nicotine,
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term desensitization, upregulation may be promoted to
compensate for the weakening signal from the inactivated
receptors [43, 44]. These changes may induce higher
sensitivity to nicotine and are related to nicotine addiction
[45]. A previous study indicated that DA transmission was
affected after a head injury, and our previous data indicate
that FPI suppressed DA release in both the striatum and
NAc region [46—49].

A nationwide population-based cohort study
revealed that TBI increases the risk of developing a
substance-related disorder (SRD) [50, 51]. Addiction
has been linked to dysfunctions in the DA system [52,
53], and chronic drug exposure was reported to suppress
tonic DA levels, increase phasic DA release, and promote
peculiar stimulus-reinforcer associations, all leading
to the development of addiction [54]. The nature of the
relationship between TBI and a substance-related disorder
or addiction, particularly smoking, is controversial, and
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the role of nicotine desensitization in this behavioral
process has yet to be determined.

In this study, we determined that DA release
was suppressed in the FPI rat brain slices, and that
the proportion of suppression related to nicotine
desensitization remained after FPI. The I/O curve shifted
to the right, with a weaker response signal evoked in the
DA system after FPI, but nicotine desensitization and a
reinforcing signal remained. This indicates that brain
injury suppressed DA release, and a response to reward
required a significantly stronger stimulus. Moreover,
nicotine-related DA release patterns were altered in
different ways. We determined that striatal DA release was
suppressed by FPI, but significant frequency augmentation
and concentration differences existed between tonic and
phasic release related to nicotine infusion. By contrast, DA
release in the NAc shell portion was reduced after FPI,
and further suppression related to nicotine desensitization
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facilitation declined with stimulation interval prolongation in the striatum, and this short-term facilitation was diminished after FPL. (D) A
similar result was found in the NAc shell portion. (DA concentration: one-way ANOVA followed by a Bonferroni post hoc test for multiple
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was observed. The differences between tonic and phasic
release related to nicotine infusion were predominant in
the NAc shell but were diminished after FPI.

Although the role of phasic DA release in drug
abuse has been emphasized [54, 55], we believe that the
difference between tonic and phasic release may be critical
in increasing the “signal-to-noise ratio” of DA signaling.
Enhancements in DA signal contrast have been interpreted
as an enhancement of motivation in drug cravings [56]
and potentiation of drug-related stimuli [57]. Moreover,
they provide a “prediction-error teaching” signal that
reinforces addictive behaviors [58]. Thus, a difference was
observed between tonic and phasic DA release (Figure 4),
which may be another means through which the signal-
to-noise ratio is enhanced in order to facilitate addiction.
DA release related to nicotine desensitization and the
differences between tonic and phasic release remained
after PFI (Figures 1 and 4).

Although DA release was suppressed after head
injury, reward behavior is difficult to initiate, and a higher
dosage of the substance has been necessary to maintain
the behavior [59, 60]. Subsequently, once the reward
behaviors are initiated and maintained using the higher
dosage, significant withdrawal and abstinence symptoms
may result. Cravings and aberrant behaviors related to
cue—stimuli associations may be initiated and promoted
because of the enhanced signal-to-noise ratio in DA
release after a chronic drug experience [54] Augmenting
phasic DA release after a drug experience not only
reinforces the stimulus associations already made [59, 61]
but is also associated with learning procedures [60, 62,
63]. Therefore, the phenomena could be explained of why
patients who are previous smokers and substance abusers
are more likely to continue smoking and substance abuse.

In summary, because of the suppression of DA release
by FPI and nicotine desensitization, DA release was observed
to be lowered by FPI in this study, and stronger stimulation
was required to induce phasic DA release. The enhanced
deviation between tonic and phasic DA release augments the
signal-to-noise phenomenon that might enhance reinforcing
information under the exposure of stimuli, which in turn may
explain why patients with head injury may require more
powerful stimuli. The induction of higher phasic DA release
and the difference between tonic and phasic DA release may
be the reason why an epidemiologic report indicated that TBI
increases the risk of SRDs [50].

MATERIALS AND METHODS

Animals and fluid percussion injury

Sprague Dawley rats (6 weeks old) weighting 200—
250 g were randomly subjected to either sham injury (n =
36) or fluid percussion injury (6 £ 0.2 psi, n = 36). Animals
were provided food and water ad libitum and were housed
in a 12 h light-dark cycle room. The fluid percussion

injury was performed while rats were anesthetized with
Tiletamine-Zolazepam (50 mg/kg, i.p.; Zoletil, Vibac,
France) and xylazine (10 mg/kg, Rompun, Bayer,
Germany). A fluid percussion device (model HPD-1700,
Dragonfly R&D) was used to produce TBI. The injury
was induced by striking a piston with a weighted metal
pendulum released from a pre-determined angle (mild TBI
16°, more severe TBI 43°). Using a pressure transducer
coupled to a digital real-time oscilloscope (TDS210, Sony
Tektronix Corp., Osaka, Japan), the pressure pulses were
recorded and measured extra-cranially, and then analyzed
by WaveStar software (Sony Tektronix Corp.) in order to
convert injury intensity to pounds per square inch (psi) of
overpressure based on prior instrument calibration. The
fluid percussion device delivered transient pressure fluid
pulses with constant waveform and duration (17-21 ms).
Sham- injured animals underwent surgical preparation and
connection to the machine without administration of FPI.

NAc and striatal brain slice preparation

Brain slices were prepared as described previously
[64, 65], after the rats were decapitated. Specifically, the
brains were placed into a beaker filled with oxygenated
(95% 0,/5% CO,) cold cutting solution containing 194
mM sucrose, 30 mM NaCl, 4.5 mM KCI, 1 mM MgCl,,
1.2 mM NaH,PO,, 10 mM glucose, and 26 mM NaHCO,.
The tissue blocks containing the NAc and striatum were
cut into coronal section slices (280 pm) within a chamber
filled with cold cutting solution by using a tissue slicer
(VT 100, Leica). These tissue slices were then transferred
to a holding chamber filled with oxygenated artificial
CSF solution (aCSF; 126 mM NaCl, 3 mM KCI, 1.5 mM
MgCl,, 2.4 mM CaCl,, 1.2 mM NaH,PO,, 11 mM glucose,
and 26 mM NaHCO,) at 31°C for 20-30 min.

FSCYV recording for dopamine release
assessment and nicotine infusion

FSCV recording was performed as described
previously [28, 46]. After slices were transferred into
the chamber (at 31-33°C) filled with aCSF at a 2
mL-min perfusion rate, a custom-made carbon fiber (7
pm in diameter; Goodfellow Corp., Oakdale, PA, USA)
was lowered to a depth of 100 um into the NAc under
stereoscopy. To stabilize the background current, the
potential of the carbon fiber was increased from —0.4 V
to 1.0 V and then reduced to —0.4 V using a triangular
waveform (400 V/s, 7 ms in duration) applied every
100 ms. A 5-s (50-scan) control period was applied to
the carbon fiber. The DA peak oxidation currents were
then digitally subtracted from those obtained during the
peak of the response following electrical stimulation,
and all signals used in the statistical analyses matched
the expected voltammetric profile for DA [66]. The
current signals were then converted to DA concentrations
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using a calibration performed for each electrode using
a 1-uM DA standard solution. To assess the capacity
of axon terminals for releasing DA during stimulation,
two types of voltammetric signals were obtained at each
recording site by using a single pulse (for tonic) and 10
pulses (for phasic) delivered at 25 Hz under different
stimulation intensities (from 1 V to 10 V). After tonic
and phasic DA signals were obtained with different
stimulation intensities at each site, the values were
summed, averaged, and plotted in an input/output (I/O)
curve. For the nicotine desensitization experiments, the
nicotine tartrate (N5260, Sigma Aldrich, St. Louis, MO)
1uM was infused for twenty minutes after the dopamine
signal were stabilized.

Statistical analyses

Data in the text and figures are expressed as means
+ standard errors of the mean (SEMs). Statistical analyses
of data for curves of DA release I/O, stimulated bursting
frequencies, multiple HFS trains, and the paired-pulse
ratio were performed using two-way analysis of variance
(ANOVA) followed by a Bonferroni post hoc test for
multiple comparisons. One-way ANOVA and a Bonferroni
post hoc test were used to determine DA release through
the change in nicotine and the slope bar chart. All
statistical tests were two tailed and were performed using
GraphPad Prism 5.02 (GraphPad Scientific, San Diego,
CA, USA); p < 0.05 was considered significant for all
analyses. The statistical details for all Figures 1-5 are
included below after the Figure Legends.

CONCLUSIONS

DA release in the striatum and NAc shell is
significantly suppressed after FPI, and nicotine
desensitization—related DA tonic release suppression,
frequency-dependent augmentation, and HFS-related
gating release in both the striatum and NAc shell are
present but attenuated after FPI. Furthermore, nicotine
desensitization—induced differences between phasic
and tonic release for reward-related signals become less
prominent in the shell portion after FPI. Therefore, FPI
adversely affects DA release from the NAc and dorsal
striatum, although reward-related signals can still be
produced if higher DA concentration differences are
induced using more intense stimuli.

Abbreviations

aCSF: artificial cerebrospinal fluid; ANOVA:
analysis of variance; Ctx: Cortex; DA: dopamine; FPI: fluid
percussion injury; FSCV: fast-scan cyclic voltammetry;
HFS: high-frequency stimulation; I/O curve: input/output
curve; Mec: mecamylamine; NAc: nucleus accumbens;
nAChR: nicotine receptor; Psi: pound per square inch;

SEMs: standard errors of the mean; SRDs: Substance-
related disorders; Str: Striatum; TBI: traumatic brain injury.

Author contributions

Main Author and Corresponding Author: Yuan-
Hao Chen, Contribution: Designed research, Performed
research, Contributed analytic tools, Analyzed data,
Wrote the paper. Co-Author Tung-Tai Kuo, Contribution:
Performed research, Analyzed data. Co-Author Eagle Yi-
Kung Huang, Contribution: Designed research, Analyzed
data, Wrote the paper. Co-Author Yu-Ching Chou,
Contribution: Contributed analytic tools and analyzed data.
Co-Author Yung-Hsiao Chiang, Contribution: Designed
research, Analyzed data, Co-Authors Barry J Hoffer and
Jonathan Miller, Contribution: Contributed analytic tools
and analyzed data, and helped write the paper.

CONFLICTS OF INTEREST

The authors have no conflicts of interests to declare.

FUNDING

This work was supported by the National Science
Council of Taiwan under grant MOST105-2314-B-016-
001-MY3, and by Medical Research Project grants;
TSGH-C106-066 and TSGH-C106-065 from the Tri-
Service General Hospital of Taiwan and MAB-106-035
from National Defense Medical Center. This project was
also supported in part by philanthropic support from the
George R. and Constance P. Lincoln family.

REFERENCES

1. Merkel SF, Andrews AM, Lutton EM, Razmpour R,
Cannella LA, Ramirez SH. Dexamethasone Attenuates
the Enhanced Rewarding Effects of Cocaine Following
Experimental Traumatic Brain Injury. Cell Transplant. 2017
26:1178-92. https://doi.org/10.3727/096368916X694175.

2. Weil ZM, Corrigan JD, Karelina K. Alcohol abuse after
traumatic brain injury: Experimental and clinical evidence.
Neurosci Biobehav Rev. 2016; 62:89-99. https://doi.
org/10.1016/j.neubiorev.2016.01.005.

3. Hibbard MR, Uysal S, Kepler K, Bogdany J, Silver J. Axis I
psychopathology in individuals with traumatic brain injury.
J Head Trauma Rehabil. 1998; 13:24-39.

4. Silver JM, Kramer R, Greenwald S, Weissman M. The
association between head injuries and psychiatric disorders:
findings from the New Haven NIMH Epidemiologic
Catchment Area Study. Brain Inj. 2001; 15:935-45. https:/
doi.org/10.1080/02699050110065295.

5. Fann JR, Burington B, Leonetti A, Jaffe K, Katon WJ,
Thompson RS. Psychiatric illness following traumatic
brain injury in an adult health maintenance organization

www.impactjournals.com/oncotarget

10025

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

population. Arch Gen Psychiatry. 2004; 61:53—61. https://
doi.org/10.1001/archpsyc.61.1.53.

Bjork JM, Grant SJ. Does traumatic brain injury increase
risk for substance abuse? J Neurotrauma. 2009; 26:1077-82.
https://doi.org/10.1089/neu.2008-084910.1089/neu.2008.0849.

Ommaya AK, Salazar AM, Dannenberg AL, Ommaya AK,
Chervinsky AB, Schwab K. Outcome after traumatic brain
injury in the U.S. military medical system. J Trauma. 1996;
41:972-5.

Lovinger DM. Neurotransmitter roles in synaptic
modulation, plasticity and learning in the dorsal striatum.
Neuropharmacology. 2010; 58:951-61. https://doi.

org/10.1016/j.neuropharm.2010.01.008.

Wickens JR, Budd CS, Hyland BI, Arbuthnott GW. Striatal
contributions to reward and decision making: making sense
of regional variations in a reiterated processing matrix. Ann
N Y Acad Sci. 2007; 1104:192-212. https://doi.org/10.1196/
annals.1390.016.

Naranjo CA, Tremblay LK, Busto UE. The role of the brain
reward system in depression. Prog Neuropsychopharmacol
Biol Psychiatry. 2001; 25:781-823.

Phillips AG, Vacca G, Ahn S. A top-down perspective on
dopamine, motivation and memory. Pharmacol Biochem
Behav. 2008; 90:236-49. https://doi.org/10.1016/].
pbb.2007.10.014.

Chen YH, Huang EY, Kuo TT, Hoffer BJ, Miller J,
Chou YC, Chiang YH. Dopamine release in the nucleus
accumbens is altered following traumatic brain injury.
Neuroscience. 2017; 348:180-90. https://doi.org/10.1016/j.
neuroscience.2017.02.001.

Kronenberg G, Balkaya M, Prinz V, Gertz K, Ji S, Kirste I,
Heuser I, Kampmann B, Hellmann-Regen J, Gass P, Sohr
R, Hellweg R, Waeber C, et al. Exofocal dopaminergic
degeneration as antidepressant target in mouse model of
poststroke depression. Biol Psychiatry. 2012; 72:273-81.
https://doi.org/10.1016/j.biopsych.2012.02.026.

Cognat E, Lagarde J, Decaix C, Hainque E, Azizi L,
Gaura-Schmidt V, Mesnage V, Levy R. “Habit” gambling
behaviour caused by ischemic lesions affecting the
cognitive territories of the basal ganglia. J Neurol. 2010;
257:1628-32. https://doi.org/10.1007/s00415-010-5579-3.

Lozano D, Gonzales-Portillo GS, Acosta S, de la Pena I,
Tajiri N, Kaneko Y, Borlongan CV. Neuroinflammatory
responses to traumatic brain injury: etiology, clinical
consequences, and therapeutic opportunities.
Neuropsychiatr Dis Treat. 2015; 11:97-106. https://doi.
org/10.2147/NDT.S65815.

Acosta SA, Tajiri N, de la Pena I, Bastawrous M, Sanberg
PR, Kaneko Y, Borlongan CV. Alpha-synuclein as a
pathological link between chronic traumatic brain injury
and Parkinson’s disease. J Cell Physiol. 2015; 230:1024-32.
https://doi.org/10.1002/jcp.24830.

Shojo H, Borlongan CV, Mabuchi T. Genetic and
Histological Alterations Reveal Key Role of Prostaglandin

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Synthase and Cyclooxygenase 1 and 2 in Traumatic
Brain Injury-Induced Neuroinflammation in the Cerebral
Cortex of Rats Exposed to Moderate Fluid Percussion
Injury. Cell Transplant. 2017; 26:1301-13. https://doi.
org/10.1177/0963689717715169.

Shojo H, Kaneko Y, Mabuchi T, Kibayashi K, Adachi N,
Borlongan CV. Genetic and histologic evidence implicates
role of inflammation in traumatic brain injury-induced
apoptosis in the rat cerebral cortex following moderate
fluid percussion injury. Neuroscience. 2010; 171:1273-82.
https://doi.org/10.1016/j.neuroscience.2010.10.018.

Wageman CR, Marks MJ, Grady SR. Effectiveness
of nicotinic agonists as desensitizers at presynaptic
alpha4beta2- and alpha4alphaSbeta2-nicotinic acetylcholine
receptors. Nicotine Tob Res. 2014; 16:297-305. https://doi.
org/10.1093/ntr/ntt146.

Bordia T, Campos C, McIntosh JM, Quik M. Nicotinic
L-DOPA-induced
dyskinesias may occur via desensitization. J Pharmacol
Exp Ther. 2010; 333:929-38. https://doi.org/10.1124/
jpet.109.162396.

Matsubayashi H, Inoue A, Amano T, Seki T, Nakata Y,
Sasa M, Sakai N. Involvement of alpha7- and alpha4beta2-
type postsynaptic nicotinic acetylcholine receptors in
nicotine-induced excitation of dopaminergic neurons in
the substantia nigra: a patch clamp and single-cell PCR
study using acutely dissociated nigral neurons. Brain Res
Mol Brain Res. 2004; 129:1-7. https://doi.org/10.1016/].
molbrainres.2004.06.040.

Schilaty ND, Hedges DM, Jang EY, Folsom RJ, Yorgason
JT, Mclntosh JM, Steffensen SC. Acute ethanol inhibits
dopamine release in the nucleus accumbens via alpha6

receptor-mediated  reduction  in

nicotinic acetylcholine receptors. J Pharmacol Exp Ther.
2014; 349:559-67. https://doi.org/10.1124/jpet.113.211490.
Zhang T, Zhang L, Liang Y, Siapas AG, Zhou FM, Dani
JA. Dopamine signaling differences in the nucleus
accumbens and dorsal striatum exploited by nicotine. J
Neurosci. 2009; 29:4035-43. https://doi.org/10.1523/
JNEUROSCI.0261-09.2009.

Rice ME, Cragg SJ. Nicotine amplifies reward-related
dopamine signals in striatum. Nat Neurosci. 2004; 7:583—4.
https://doi.org/10.1038/nn1244.

Regehr WG. Short-term presynaptic plasticity. Cold
Spring Harb Perspect Biol. 2012; 4:a005702. https://doi.
org/10.1101/cshperspect.a005702.

Schultz W. Responses of midbrain dopamine neurons to
behavioral trigger stimuli in the monkey. J Neurophysiol.
1986; 56:1439-61.

Yorgason JT, Ferris MJ, Steffensen SC, Jones SR.
Frequency-dependent effects of ethanol on dopamine
release in the nucleus accumbens. Alcohol Clin Exp Res.
2014; 38:438—47. https://doi.org/10.1111/acer.12287.
Chen YH, Huang EY, Kuo TT, Hoffer BJ, Miller J,
Chou YC, Chiang YH. Dopamine release in the nucleus

WWW

.impactjournals.com/oncotarget

10026

Oncotarget



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

accumbens is altered following traumatic brain injury.
Neuroscience. 2017; 348:180-90. https://doi.org/10.1016/j.
neuroscience.2017.02.001.

Good CH, Hoffman AF, Hoffer BJ, Chefer VI, Shippenberg
TS, Backman CM, Larsson NG, Olson L, Gellhaar S, Galter
D, Lupica CR. Impaired nigrostriatal function precedes
behavioral deficits in a genetic mitochondrial model of
Parkinson’s disease. FASEB J. 2011; 25:1333-44. https:/
doi.org/10.1096/1j.10-173625.

Zhang H, Sulzer D. Frequency-dependent modulation of
dopamine release by nicotine. Nat Neurosci. 2004; 7:581-2.
https://doi.org/10.1038/nn1243.

Gerdeman GL, Partridge JG, Lupica CR, Lovinger DM. It
could be habit forming: drugs of abuse and striatal synaptic
plasticity. Trends Neurosci. 2003; 26:184-92. https://doi.
org/10.1016/S0166-2236(03)00065-1.

Kiyatkin EA, Stein EA. Biphasic changes in mesolimbic
dopamine signal during cocaine self-administration.
Neuroreport. 1994; 5:1005-8.

Ito R, Dalley JW, Howes SR, Robbins TW, Everitt BJ.
Dissociation in conditioned dopamine release in the nucleus
accumbens core and shell in response to cocaine cues and during
cocaine-seeking behavior in rats. J Neurosci. 2000; 20:7489-95.

Everitt BJ, Parkinson JA, Olmstead MC, Arroyo M,
Robledo P, Robbins TW. Associative processes in
addiction and reward. The role of amygdala-ventral striatal
subsystems. Ann N 'Y Acad Sci. 1999; 877:412-38.

Canales JJ. Deficient plasticity in the hippocampus and
the spiral of addiction: focus on adult neurogenesis. Curr
Top Behav Neurosci. 2013; 15:293-312. https://doi.
org/10.1007/7854_2012_230.

LaLumiere RT, Smith KC, Kalivas PW. Neural circuit
competition in cocaine-seeking: roles of the infralimbic cortex
and nucleus accumbens shell. Eur J Neurosci. 2012; 35:614—
22. https://doi.org/10.1111/j.1460-9568.2012.07991 .x.

Feduccia AA, Chatterjee S, Bartlett SE. Neuronal nicotinic
acetylcholine receptors: neuroplastic changes underlying
alcohol and nicotine addictions. Front Mol Neurosci. 2012;
5:83. https://doi.org/10.3389/fnmol.2012.00083.

Kassiou M, Eberl S, Meikle SR, Birrell A, Constable C,
Fulham MJ, Wong DF, Musachio JL. /n vivo imaging
of nicotinic receptor upregulation following chronic
(-)-nicotine treatment in baboon using SPECT. Nucl Med
Biol. 2001; 28:165-75.

Ortells MO, Barrantes GE. Tobacco addiction: a
biochemical model of nicotine dependence. Med
Hypotheses. 2010; 74:884-94. https://doi.org/10.1016/j.
mehy.2009.11.004.

Perry DC, Davila-Garcia MI, Stockmeier CA, Kellar KJ.
Increased nicotinic receptors in brains from smokers:
membrane binding and autoradiography
Pharmacol Exp Ther. 1999; 289:1545-52.
Gentry CL, Lukas RJ. Regulation of nicotinic acetylcholine
receptor numbers and function by chronic nicotine

studies. J

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

exposure. Curr Drug Targets CNS Neurol Disord. 2002;
1:359-85.

Flores CM, Rogers SW, Pabreza LA, Wolfe BB, Kellar KJ.
A subtype of nicotinic cholinergic receptor in rat brain is
composed of alpha 4 and beta 2 subunits and is up-regulated
by chronic nicotine treatment. Mol Pharmacol. 1992;
41:31-7.

Fenster CP, Hicks JH, Beckman ML, Covernton PJ, Quick
MW, Lester RA. Desensitization of nicotinic receptors
in the central nervous system. Ann N Y Acad Sci. 1999;
868:620-3.

Fenster CP, Whitworth TL, Sheffield EB, Quick MW,
Lester RA. Upregulation of surface alpha4beta2 nicotinic
receptors is initiated by receptor desensitization after
chronic exposure to nicotine. J Neurosci. 1999; 19:4804—14.
Govind AP, Vezina P, Green WN. Nicotine-induced
of
mechanisms and relevance to nicotine addiction. Biochem
Pharmacol. 2009; 78:756—65. https://doi.org/10.1016/].
bcp.2009.06.011.

Chen YH, Huang EY, Kuo TT, Ma HI, Hoffer BJ, Tsui
PF, Tsai JJ, Chou YC, Chiang YH. Dopamine Release
Impairment in Striatum After Different Levels of Cerebral
Cortical Fluid Percussion Injury. Cell Transplant. 2015;
24:2113-28. https://doi.org/10.3727/096368914X683584.

Huang EY, Tsai TH, Kuo TT, Tsai JJ, Tsui PF, Chou YC,
Ma HI, Chiang YH, Chen YH. Remote effects on the striatal
dopamine system after fluid percussion injury. Behav
Brain Res. 2014; 267:156—72. https://doi.org/10.1016/].
bbr.2014.03.033.

Wagner AK, Sokoloski JE, Ren D, Chen X, Khan AS,
Zafonte RD, Michael AC, Dixon CE. Controlled cortical
impact injury affects dopaminergic transmission in the
rat striatum. J Neurochem. 2005; 95:457—65. https://doi.
org/10.1111/j.1471-4159.2005.03382.x.

Hutson CB, Lazo CR, Mortazavi F, Giza CC, Hovda
D, Chesselet MF. Traumatic brain injury in adult rats
causes progressive nigrostriatal dopaminergic cell loss
and enhanced vulnerability to the pesticide paraquat. J
Neurotrauma. 2011; 28:1783-801. https://doi.org/10.1089/
neu.2010.1723.

Wu CH, Tsai TH, Su YF, Zhang ZH, Liu W, Wu MK, Chang
CH, Kuo KL, Lu YY, Lin CL. Traumatic Brain Injury and
Substance Related Disorder: A 10-Year Nationwide Cohort
Study in Taiwan. Neural Plast. 2016; 2016:8030676. https://
doi.org/10.1155/2016/8030676.

Ilie G, Mann RE, Hamilton H, Adlaf EM, Boak A, Asbridge
M, Rehm J, Cusimano MD. Substance Use and Related
Harms Among Adolescents With and Without Traumatic
Brain Injury. J Head Trauma Rehabil. 2015; 30:293-301.
https://doi.org/10.1097/HTR.0000000000000101.

Koob GF, Le Moal M. Addiction and the brain antireward
system. Annu Rev Psychol. 2008; 59:29-53. https://doi.
org/10.1146/annurev.psych.59.103006.093548.

upregulation nicotinic  receptors:  underlying

WWW

.impactjournals.com/oncotarget

10027

Oncotarget



53.

54.

55.

56.

57.

58.

59.

60.

Hyman SE. Addiction: a disease of learning and memory.
Am J Psychiatry. 2005; 162:1414-22. https://doi.
org/10.1176/appi.ajp.162.8.1414.
Wanat MJ, Willuhn I, Clark JJ, Phillips PE. Phasic dopamine
release in appetitive behaviors and drug addiction. Curr
Drug Abuse Rev. 2009; 2:195-213.
Grace AA. The tonic/phasic model of dopamine system
regulation and its implications for understanding alcohol
and psychostimulant craving. Addiction. 2000; 95:S119-28.
of
the
behavioral functions of nucleus accumbens dopamine.
Behav Brain Res. 2002; 137:3-25.
Berridge KC. The debate over dopamine’s role in reward: the
case for incentive salience. Psychopharmacology (Berl). 2007;
191:391-431. https://doi.org/10.1007/s00213-006-0578-x.
Schultz W. Dopamine neurons and their role in reward
mechanisms. Curr Opin Neurobiol. 1997; 7:191-7.

Redgrave P, Gurney K. The short-latency dopamine signal:

Salamone JD, Correa M. Motivational views

reinforcement: implications for understanding

a role in discovering novel actions? Nat Rev Neurosci.
2006; 7:967-75. https://doi.org/10.1038/nrn2022.

Owesson-White CA, Cheer JF, Beyene M, Carelli RM,
Wightman RM. Dynamic changes in accumbens dopamine
correlate with learning during intracranial self-stimulation.
Proc Natl Acad Sci U S A. 2008; 105:11957-62. https://doi.
org/10.1073/pnas.0803896105.

61.

62.

63.

64.

65.

66.

Wise RA. Dopamine, learning and motivation. Nat Rev
Neurosci. 2004; 5:483-94. https://doi.org/10.1038/nrn1406.

Stuber GD, Klanker M, de Ridder B, Bowers MS,
Joosten RN, Feenstra MG, Bonci A. Reward-predictive
cues enhance excitatory synaptic strength onto midbrain
dopamine neurons. Science. 2008; 321:1690-2. https://doi.
org/10.1126/science.1160873.

Morita K, Morishima M, Sakai K, Kawaguchi Y.
Dopaminergic control of motivation and reinforcement
learning: a closed-circuit account for reward-oriented
behavior. J Neurosci. 2013; 33:8866-90. https://doi.
org/10.1523/INEUROSCI.4614-12.2013.

Chen YH, Harvey BK, Hoffman AF, Wang Y, Chiang
YH, Lupica CR. MPTP-induced deficits in striatal
synaptic plasticity are prevented by glial cell line-derived
neurotrophic factor expressed via an adeno-associated viral
vector. FASEB J. 2008; 22:261-75. https://doi.org/10.1096/
1j.07-8797com.

Good CH, Wang H, Chen YH, Mejias-Aponte CA, Hoffman
AF, Lupica CR. Dopamine D4 receptor excitation of lateral
habenula neurons via multiple cellular mechanisms. J
Neurosci. 2013; 33:16853-64. https://doi.org/10.1523/
JNEUROSCI.1844-13.2013.

Kawagoe KT, Zimmerman JB, Wightman RM. Principles of

voltammetry and microelectrode surface states. J Neurosci
Methods. 1993; 48:225-40.

www.impactjournals.com/oncotarget

10028

Oncotarget



