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The Acquisition of Goal-Directed Actions Generates
Opposing Plasticity in Direct and Indirect Pathways in
Dorsomedial Striatum
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A cortical-basal ganglia network involving, particularly, the posterior region of dorsomedial striatum (DMS) has been implicated in the
acquisition of goal-directed actions; however, no direct evidence of learning-related plasticity in this striatal region has been reported,
nor is it known whether, or which, specific cell types are involved in this learning process. The striatum is primarily composed of two
classes of spiny projection neurons (SPNs): the striatonigral and striatopallidal SPNs, which express dopamine D1 and D2 receptors,
respectively. Here we establish that, in mice, the acquisition of goal-directed actions induced plasticity in both D1- and D2-SPNs specif-
ically in the DMS and, importantly, that these changes were in opposing directions; after learning, AMPA/NMDA ratios were increased in
D1-SPNs and reduced in the D2-SPNs in the DMS. Such opposing plasticity could provide the basis for rapidly rebiasing the control of
task-specific actions, and its dysregulation could underlie disorders associated with striatal function.
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Introduction
Disorders of the basal ganglia, although commonly related to
problems with motor control, have long been known to produce
cognitive symptoms, including a deficit in the control of voli-
tional action (Gotham et al., 1988; Albin et al., 1989). These def-
icits suggest a role for aspects of basal ganglia function in complex
reward-related behavior; indeed, recent evidence has implicated
the striatum in the learning process that underlies the acquisition
of goal-directed actions (Lauwereyns et al., 2002; Balleine et al.,
2007; Hikosaka, 2007). Such actions are mediated both by their
causal relationship to and the value of their consequences, infor-
mation that is encoded through the formation of specific action–
outcome associations (Rescorla, 1991; Dickinson, 1994). This
capacity for goal-directed action is fundamental to our ability to
control the environment in the service of our basic needs and
desires. As an executive function, it is usually regarded as involv-
ing the frontal lobe (Stuss and Alexander, 2000); however, recent
evidence suggests that cortical processes play only a transitory
role in goal-directed learning (Ostlund and Balleine, 2005; Tran-
Tu-Yen et al., 2009) and that their acquisition depends primarily

on plasticity in its striatal targets particularly, in rodents, a region
of posterior dorsomedial striatum (pDMS) (Balleine et al., 2007;
Balleine and O’Doherty, 2010). Previous studies found that le-
sion, inactivation, or blockade of plasticity in the pDMS abol-
ished the acquisition of the goal-directed action (Yin et al., 2005;
Shiflett et al., 2010); however, to date, no direct evidence of plas-
ticity in the pDMS related to this learning has been reported.

As with other regions of striatum, the projection neurons in
the pDMS are medium spiny projection neurons (SPNs), which
constitute 95% of the striatal neuronal population and fall into
two classes based on gene expression and their efferent projec-
tions: one expressing dopamine D1 receptors and projecting to
the substantia nigra pars reticulata and a second expressing D2
receptors and projecting to the external globus pallidus (Gerfen
and Surmeier, 2011). Both D1R- and D2R-expressing SPNs re-
ceive excitatory glutamatergic inputs from cortex and modula-
tory dopaminergic inputs from the midbrain, but as D1R and
D2R are coupled with the excitatory Gs/olf and inhibitory Gi/o
proteins, respectively, dopamine exerts opposing effects on their
activity (Tritsch and Sabatini, 2012); and these cell types have
been linked to the activation and inhibition of the behavioral
functions of striatum, respectively (Kravitz et al., 2010).

Here we assessed goal-directed, learning-related plasticity in
these two distinct populations of neurons by measuring phos-
phorylation of extracellular signal-regulated kinase (pERK) using
immunohistochemical staining and the AMPA/NMDA EPSC ra-
tio using ex-vivo patch-clamp electrophysiological recording.
Two transgenic mouse lines that express GFP either in drd1-
expressing SPNs (D1-GFP mice) or in the drd2-expressing SPNs
(D2-GFP mice) (Gong et al., 2003) were used to distinguish these
two neuronal populations.
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Materials and Methods
Animals. Male, 7– 8 weeks old, C57BL/6J–Swiss Webster hybrid trans-
genic mice expressing the enhanced green fluorescent protein under the
control of the promoter for either the D1 or the D2 dopamine receptor
(D1-GFP or D2-GFP mice) (Gong et al., 2003) were used. The D1-GFP
and D2-GFP transgenes are hemizygous. The mice were housed in a 12 h
light/12 h dark cycle in a temperature-controlled (21°C) and humidity-
controlled (50%) environment. All experiments were conducted accord-
ing to the ethical guidelines approved by the University of Sydney Animal
Care and Ethics Committee.

Instrumental conditioning. Med Associates operant chambers were
used for instrumental conditioning. Food supply was controlled to main-
tain the weight of each mouse at 80%–90% of its ad libitum level for the
duration of instrumental conditioning. Two sessions of magazine-entry
training were given, during each of which 30 grain pellets (20 mg each)
were delivered on a random time 60 s schedule. There followed four
instrumental training sessions in which mice had to press a lever to
receive a grain pellet. Each session lasted until either 30 grain pellets were
delivered or 1 h of time had passed. In the first sessions, the pellets were
delivered on a continuous reinforcement schedule (CRF), whereas in
sessions 2, 3, and 4 they were delivered on a random interval (RI) 15, 30,
and 30 s, respectively. Each trained mouse had a yoked control mouse
treated in the same way except that, during instrumental conditioning,
the delivery of the pellet was determined by the mouse to which it was
yoked rather than the lever.

Previous work in our laboratory has established that this minimal
training paradigm generates goal-directed, instrumental conditioning.
To confirm this, a mixed group of D1- and D2-GFP mice (n � 16) were
trained and given a specific satiety devaluation test the day after the
fourth training session. Half of the mice (pellet condition) were given 1 h
free access to grain pellets (devalued condition), which they normally
earned during the training sessions, whereas the remainder (chow con-
dition) were given free access to the chow that they received in their home
cages, for the same duration as a control for the effects of general satiety
(nondevalued condition). The devaluation effect was tested in a 5 min
extinction test conducted immediately after the satiety treatment. No
pellets were delivered during the test. A second devaluation test was
conducted the day after the first devaluation test for which the satiety
(pellet or chow) conditions were reversed. As there was no significant
difference between D1- and D2-GFP mice in their behavioral perfor-
mance ( p � 0.05), data from both days for both mouse lines were pooled
for analysis.

Electrophysiological recording. One day after the last instrumental con-
ditioning session, mice were killed for ex vivo striatal slice recording.
Mice were anesthetized using a ketamine and xylazine mixture (210 and
14 mg/kg body weight, respectively, i.p.) and decapitated. Parahorizontal
striatal slices, including surrounding cortical regions (380 �m thick-
ness), were cut on a vibratome in an ice-cold dissection solution contain-
ing the following (in mM): 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.2 NaH2PO4, 26
NaHCO3, 10 glucose, and 200 sucrose (saturated with 95% O2/5% CO2,
osmolarity 295–305 mOsm). Slices were recovered for at least 1 h in an
ACSF solution containing the following (in mM): 126 NaCl, 2.5 KCl, 2
CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 26 NaHCO3, 10 glucose (saturated with
95% O2/5% CO2, osmolarity 310 –320 mOsm).

During recording, slices were perfused continuously with ACSF (1–2
ml/min) at 31°C-32°C. Picrotoxin (100 �M) was added to the ACSF
solution to suppress any GABAergic inhibitory response. Whole-cell
voltage-clamp recordings were performed on the D1R- and D2R-
expressing SPNs. SPNs were identified by their medium size and lack of
spontaneous firing. D1R- and D2R- expressing SPNs were distinguished
from each other by the absence or presence of GFP fluorescence, respec-
tively. Recording pipettes (2.5– 4 M�) were filled with an internal solu-
tion containing the following (in mM): 120 CsMeSO3, 15 CsCl, 8 NaCl, 10
HEPES, 0.4 EGTA, 3 QX-314, 2 Mg2ATP, and 0.33 Na3GTP (pH 7.3 and
osmolarity 280 –290 mOsm). For both DMS and dorsolateral striatum
(DLS) recordings, a bipolar stimulation electrode was placed in the white
matter between the dorsal striatum and the cortex (see Fig. 2D) and used
to evoke EPSC at a frequency of 0.05 Hz. Stimulation intensity was

set to induce EPSCs with amplitude 50 –200 pA. Neurons were voltage-
clamped either at �70 mV or at 40 mV. The ratio, AMPA/NMDA, was
calculated by dividing the peak amplitude of the EPSC recorded at �70
mV (AMPA) by the averaged magnitude, 50 – 60 ms after the stimulation
artifact, of the EPSC recorded at 40 mV (NMDA).

Immunofluorescence imaging. Immediately after the last training ses-
sion, the mice were anesthetized with lethabarb (300 mg/kg; i.p. injec-
tion) and transcardially perfused with 4% PFA in 0.1 M sodium
phosphate buffer, pH 7.4. The brains were removed and postfixed over-
night in the same solution at 4°C. The brains were then cut into 30-�m-
thick coronal sections using a vibratome (VT1000, Leica Microsystems)
and stored at �30°C in a cryoprotectant solution (30% ethylene glycol,
30% glycerol, and 0.1 M sodium phosphate buffer) until they were further
processed for immunofluorescence detection. Three sections were se-
lected from each mouse in each of two ranges of bregma coordinates (0 to
�0.3 mm, and 0.4 to 0.7 mm) and used for immunofluorescence detec-
tion of the pDMS and DLS, respectively.

Free-floating sections were rinsed in TBS containing NaF (0.25 M Tris,
0.5 M NaCl, 0.1 mM NaF, pH 7.6) three times for 10 min each and then
treated in 3% H2O2 for 5 min. For the D1-GFP mice, sections were
permeabilized and blocked using 0.5% Triton X-100 and 10% normal
goat serum in TBS for 30 min, probed with rabbit anti-phospho-p44/42
MAPK (ERK1/2) (1:1000; Cell Signaling Technology) and chicken anti-
GFP (1:1000; Aves Laboratories) for 48 h at 4°C, and labeled with Cy3-
conjugated donkey anti-rabbit secondary antibody (1:1000, Invitrogen)
and FITC-conjugated goat anti-chicken secondary antibody (1:1000,
Jackson ImmunoResearch Laboratories) for 4 h at room temperature.

Because the GFP fluorescence signal in D2-GFP mice can be readily
detected by microscope, immunostaining of the GFP was skipped in the
D2-GFP mice. Sections from the D2-GFP mice were permeabilized and
blocked using 0.5% Triton X-100 and 10% normal horse serum in TBS
for 30 min, probed with rabbit anti-phospho-p44/42 MAPK (ERK1/2)
(1:1000; Cell Signaling Technology) for 48 h at 4°C, and labeled with
AlexaFluor-546-conjugated goat anti-rabbit IgG secondary antibody (1:
1000, Invitrogen) for 4 h at room temperature.

Sections were finally mounted in ProLong Gold (Invitrogen) medium
and incubated at 4°C for at least 12 h before imaging. Images of the pDMS
and the DLS were obtained using confocal laser scanning microscopy
(Olympus Fluoview FV300, BX61WI microscope) using a 20� objective
(numerical aperture 0.75). Sequential laser scanning (step size: 1.16 �m,
15–19 layers) was applied to obtain a stack of 635.90 �m 2 optical sections
in each hemisphere of each brain section. All stacks were processed and
quantified using ImageJ. Each stack was transformed into a Z-projection
with maximum projection, and the numbers of FITC- and Cy3-fluorescent
cells in the D1-GFP group, and GFP- and AlexaFluor-546-fluorescent
cells in the D2-GFP group, were counted by an experimenter blind to
training condition.

Results
Goal-directed learning increases activity in D1R-expressing
SPNs in dorsomedial striatum
For each mouse line, we established two groups: one trained with
action and outcome delivery paired and a second serving as a
control group given yoked exposure to the reward outcome and
for which lever pressing and reward delivery were unpaired (Fig.
1B). As expected, lever pressing in the trained group increased
over the 4 d relative to the yoked group (Fig. 1B). Both the D1-
and D2-GFP mice behaved similarly to their wild-type littermates
or C57B6 mice. Indeed, a separate group composed of both D1-
and D2-GFP mice were given paired training and then tested in
extinction after devaluation of the outcome by specific satiety or
after satiety on their maintenance diet. These mice demonstrated
sensitivity to outcome devaluation, indicating that their perfor-
mance was goal-directed (Fig. 1C). Analysis of the immunohis-
tochemistry in the initial two groups found that pERK was
significantly elevated in the D1R-expressing SPNs (GFP-positive
cells in D1-GFP mice) in the pDMS (Fig. 1D–F) of the trained
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mice. In contrast, the percentage of pERK-positive neurons in
D2R-expressing SPNs (GFP-positive cells in D2-GFP mice) in the
pDMS did not differ between the yoked and the trained mice (Fig.
1D,E). These effects were specific to the pDMS; in the DLS, the
percentage of pERK-positive D1R-expressing and D2R-expressing
SPNs did not differ between groups (Fig. 1D,E). These results con-
firm the involvement of a D1 receptor-related process in goal-
directed learning in the pDMS and suggest that D1 and D2 SPNs play
distinct roles in this process.

One concern over the interpretation of the data in this exper-
iment is that the changes in pERK might reflect higher activity in
the trained mice. However, this was not the case. We used mag-
azine entry as a means of comparing activity in the two groups,
which, indeed, was actually numerically higher early in training
in the yoked group than in the trained group, although this dif-
ference diminished with training (Fig. 1A); indeed, there was a
main effect of magazine entry during training (Fig. 1).

Opposing synaptic plasticity in the D1R- and D2R-expressing
SPNs in dorsal striatum is induced by goal-directed learning
Although the results of the immunohistochemistry were clear, it
is possible that levels of pERK detected shortly after training re-
flected a temporary change in neuronal activity associated with
performance rather than learning (Obrietan et al., 1998; Kelleher
et al., 2004; Thomas and Huganir, 2004; Eckel-Mahan et al.,
2008). To overcome this limitation, we used ex vivo electrophys-
iology to record long-term changes in the plasticity of D1R- and

D2R-expressing SPNs in the pDMS and DLS in striatal slices
prepared the day after the final training session (Fig. 2). As GFP
fluorescence in the D2-GFP mice can be detected directly without
any signal amplification, we performed electrophysiological re-
cording on this mouse line. As the large majority of the GFP-
negative cells are D1R-expressing SPNs, we recorded from both
the GFP-negative and GFP-positive neurons to sample both the
D1R- and D2R-expressing SPNs, respectively. We again used two
groups: a trained group and a yoked control group (Fig. 2A–C).
Synaptic plasticity is manifest in the trafficking and modulation
of glutamate receptors (Kerchner and Nicoll, 2008), which pro-
duces a change in the ratio of AMPA- to NMDA-induced cur-
rents (AMPA/NMDA ratio). To test whether any synaptic
plasticity occurred in the striatum on formation of the action–
outcome association, we measured the AMPA/NMDA ratio of
D1R- and D2R-expressing SPNs in the pDMS and DLS, on the
day after the fourth training session (Fig. 2D).

We found that the D1R-expressing SPNs in the pDMS dem-
onstrated a higher AMPA/NMDA ratio in the trained group than
in both the yoked or naive groups (Fig. 2E,F). In contrast, the
D2R-expressing SPNs demonstrated a lower AMPA/NMDA ra-
tio in the trained group than in the yoked or naive group (Fig.
2E,F). We also measured the AMPA/NMDA ratios in the trained
and yoked groups in the D1R- and D2R-expressing SPNs in the
DLS, a region of striatum known not to be necessary for goal
direct learning (Yin et al., 2008; Balleine and O’Doherty, 2010).
In sharp contrast to the pDMS, no significant change was found

Figure 1. D1R- and D2R-expressing SPN involvement in pERK-related activity associated with action– outcome encoding. A, B, Groups of D1- and D2-GFP mice (n � 4 – 6) were either trained
to lever press for food pellets (trained) or received the food pellet delivery unpaired with lever pressing (yoked). Rate of magazine entries (two-way repeated-measures ANOVA, F(1,48) � 6.8, p �
0.05; post hoc test, p � 0.05) and rate of lever presses (two-way repeated-measures ANOVA, F(1,48) � 101, p � 0.01; post hoc test, **p � 0.01) were recorded and compared between the yoked
and the trained mice. C, This training schedule induced a goal-directed outcome association, as a separate group of D1- and D2-GFP mice (n � 9 and 7, respectively) that were trained using the same
schedule, demonstrated sensitivity toward outcome devaluation (one-way ANOVA, F(1,30) � 10.4). *p � 0.01. D, The pERK-positive neurons in the pDMS (top) and DLS (bottom) were counted in
the indicated regions of coronal sections (dashed line). E, The pERK-positive neurons in the pDMS (top) and DLS (bottom) were expressed as the percentage of D1R-expressing SPNs (GFP-positive cells
in D1-GFP mice) and the D2R-expressing SPNs (GFP-positive cells in D2-GFP mice). The percentage of pERK-positive neurons among the D1R-expressing SPNs in the pDMS was significantly increased
(F(1,9) � 6.32). *p � 0.05, trained versus yoked in D1 group of the pDMS. Other comparisons in the top and bottom were not significant (all F values �1). F, Representative samples from D1-GFP
mice illustrating the proportion of pERK-positive neurons in the pDMS in the yoked and trained groups.
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Figure 2. Ex vivo electrophysiological assessment of plasticity in D1R- and D2R-expressing SPNs in the pDMS after action– outcome learning. A–C, D2-GFP mice were given training
sessions in which reward delivery was either paired with lever pressing (trained) or unpaired with lever pressing (yoked). Rate of magazine entries (two-way repeated-measures ANOVA,
F(1,117) � 0.5, p � 0.05; n � 22 and 19 for trained and yoked mice, respectively) and rate of lever presses (two-way repeated-measures ANOVA, F(1,117) � 50.5, p � 0.01; post hoc test,
**p � 0.01) were recorded and compared between the yoked and the trained mice. D, Parahorizontal striatal slices were prepared, and the stimulation electrode was placed at the white
matter between the cortex and the dorsal striatum, and either GFP-positive or GFP-negative neurons in the pDMS or the DLS were recorded. E–H, In the trained and yoked groups, the
induction of action– outcome learning had a clear effect on plasticity with the D1R-expressing SPNs in the pDMS demonstrating a higher AMPA/NMDA ratio in the trained group than in
the yoked or naive groups. Conversely, the D2R-expressing SPNs in the pDMS demonstrated a lower AMPA/NMDA ratio in the trained group than in the yoked or naive groups (E, F ),
indicating opposing changes in plasticity in the D1- and D2-expressing neurons. For D1 neurons in the pDMS, one-way ANOVA revealed no difference between naive versus yoked groups
(F � 1), but a significant difference between the trained group and both the naive and yoked groups (F(1,46) � 10.9, p � 0.01; post hoc test, **p � 0.01). n � 13–22. For the D2 neurons
in the pDMS, the naive and yoked groups again did not differ (F � 1). However, the trained group differed from both the naive and yoked groups (F(1,41) � 5.70). *p � 0.05. n � 13–15.
Furthermore, these effects were only found in the pDMS and did not extend to the DLS: the AMPA/NMDA ratio of the D1R- and D2R-expressing SPNs in the DLS was not significantly
different between the trained and yoked or naive groups (G, H: ANOVA, p � 0.05, n � 12–19).
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between the trained and the yoked or naive groups for both types
of SPNs in this area (Fig. 2G,H). Finally, to eliminate the possi-
bility that the changes in synaptic strength reflected the higher
activity of the trained mice, we again recorded the rate of maga-
zine entries. Again, numerically more magazine entries were ob-
served in the yoked than in the trained group early in training;
and again, this difference reduced as training progressed (Fig.
2B). Statistical analysis found, however, no significant differences
between groups in this experiment (Fig. 2).

Changes in synaptic plasticity in SPNs are often accompanied
by selective trafficking of AMPA and NMDA receptors (Conrad
et al., 2008) that may be reflected in synaptic current decay times.
For example, a reduced decay time constant (�) may indicate
increased contribution of Ca 2�-permeable GluR2 subunits to the
synaptic AMPA current (Thiagarajan et al., 2005). With training,
however, we found no significant differences in � for either
AMPA or NMDA receptor currents in pDMs or DLS. There was
a small trend for a reduced � of AMPAR currents in pDMS D1
neurons (4.86 	 0.26 ms, n � 22) versus naive (5.52 	 0.35 ms,
n � 13), but the yoked group was also reduced (4.83 	 0.34 ms,
n � 13). Conversely, a small increase in � of AMPAR currents in
pDMS D2 neurons (4.70 	 0.32 ms, n � 15) versus naive (3.87 	
0.36 ms, n � 14) and yoked (4.10 	 0.32 ms, n � 15) groups was
not significant. These results suggest that the subunit composi-
tion of AMPARs and NMDARs was not substantially altered dur-
ing training. Because decay of macroscopic synaptic currents
might not be sensitive enough to detect altered subunit compo-
sition, it will be important to confirm this in future by examining
� of quantal synaptic currents and rectification index.

Discussion
The current results provide evidence of a functionally important,
localized, bidirectional change in plasticity in both direct and
indirect pathway neurons associated with encoding the action–
outcome associations that enable goal-directed action. Our data
suggest that, during the course of acquiring goal-directed actions,
activation, which is indicated by calcium rise, in both D1- and
D2-expressing SPNs (Cui et al., 2013), induces opposing synaptic
plasticity at both populations of neurons, and the fact these
changes persisted at least 24 h after training suggests that they
likely reflect LTP- and LTD-like plasticity in D1R- and D2R-
expressing SPNs, respectively. Mechanically, this is possible: the
formation of both LTP and LTD requires synaptic activation and
an increase in intracellular calcium (Akopian et al., 2000; Kim et
al., 2013).

These results also suggest that direct and indirect pathways of
the striatum are not only structurally but also functionally heter-
ogeneous. Models of the basal ganglia emphasize the importance
of the interaction between direct and indirect pathways for spe-
cific functional effects (Alexander and Crutcher, 1990; Gerfen
and Surmeier, 2011). It is important from this perspective, there-
fore, that we found differences in the AMPA/NMDA ratio in the
D1 and D2 SPNs of naive animals in the pDMS, suggesting that
the balance of activity in these circuits may be weighted toward
the indirect pathway and so toward the inhibition of functional
output from this region in untrained animals. As this region has
been most directly linked with the acquisition and deployment of
goal-directed actions (i.e., actions that are highly flexible, rapidly
acquired, and under cognitive control), this finding implies that
the basal ganglia is biased against allowing cognitive states rapidly
to elicit action. Indeed, the current results suggest that, in order
for cognitive processes reliably to elicit actions, plasticity affect-
ing both direct and indirect pathway neurons may be required;

the acquisition and deployment of goal-directed action depend
on an increase in the synaptic plasticity of direct, and a reduction
in the activity of indirect, pathway neurons.

It is also interesting to note that this is not true for other
regions of the striatum, most notably, as others have found and
we report here (see also Yin et al., 2009), the DLS, which has been
related to skilled or reflexive motor movements that depend on
the occurrence of specific eliciting stimuli for their deployment
(Graybiel, 2008). Indeed, evidence suggests that the striatum
plays a pivotal role in executing responses of many types depen-
dent on rewarding, reinforcing, and punishing feedback as well as
skilled movements and conditioned reflexes (Yin et al., 2009;
Kravitz et al., 2012; Tai et al., 2012). As these functions are known
to depend on distinct learning rules and distinct regions of the
striatum, these data suggest that they may also depend on differ-
ent relative changes in the plasticity in direct and indirect path-
way neurons (Reynolds et al., 2001; Lovinger, 2010). Hence,
establishing the necessary plasticity in the striatum subserving
specific behavioral functions will require comparisons of striatal
subregions as well as the different cell types within those regions.

Such differences also have clear implications for disorders as-
sociated with striatal function; these disorders often induce
region-specific changes in activity in the striatum (Dichter et al.,
2012), and the possibility that distinct functions and plasticity
processes are mediated by those regions suggests that both behav-
ioral and plasticity-related measures may be usefully applied to
enhance diagnostic acuity and tailor treatment options.
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