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Saccade kinematics are affected by reward 
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Saccade velocity is affected by repetition 
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Saccade velocity is affected by reward 
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Effort: Decision Making 

•  Effort	
  discounts	
  reward	
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  et	
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  2001	
  
rates of gain per time unit and energy gained per unit of
expenditure), we established that net rate of energy gain is the
only currency that accounts for the choice between foraging
modes, and that it does so in a precise and quantitatively accurate

manner. Although the predictions do depend on the assumptions
made to parameterize the models, the advantage of net rate over
its competitors does not.

The predictive superiority of net rate over gross rate and
efficiency is not surprising, but its accurate quantitative fit is. It
is hard to conceive that natural selection would favor a currency
that entirely ignores energy expenditure or one that entirely
ignores time (5). However, from a biological point of view, net
rate could also be questioned because it assigns no cost to a high
metabolism (provided it leads to higher gains). Net rate has also
been found to be a better predictor than its alternatives in the
case of delivery loads and patch residence times when starlings
are feeding young (4) and when exploiting depleting patches in
the laboratory (22). Given that it is a simple, state-independent
currency (although it does take into account mass costs), this
performance is remarkable. When factors such as predation risk
(23), nutrition (24), incomplete information (25, 26), or envi-
ronmental stochasticity (27) also differ among modes, static
energetic models that do not include these factors must neces-
sarily be insufficient, but even then, they should still be useful as
the baseline models. Dynamic, state-dependent models such as
those extensively investigated by Houston and McNamara (28,
29) incorporate these extra dimensions, but their quantitative
testing requires knowledge of ecological parameters, such as
mortality rates during foraging modes, which are not measurable
under experimental laboratory conditions.

There is an important issue that deserves discussion in relation
to our results. While net rate maximization gave a precise
account of the choice between foraging modes, it failed to
predict the choice between foraging and resting. The birds spent
only a small proportion of the day working, even when they were
losing body mass at the harder working regimes (see also ref. 7).
Incomplete compensation of increasing price of food has been
also described in rats working in closed economies (for instance,
see ref. 30). Because the net gain during foraging was positive
even under the harsher treatment, overall net energy gain would

Fig. 4. Observed (solid circles, mean ! SD) and predicted (lines) number of walks per cycle (all birds plot shows mean ! SE). Net rate (middle lines) was the best
predictor. Efficiency (top lines) overestimated rw and gross intake (bottom lines) underestimated it.

Fig. 5. Sensitivity analysis. Effect on predictions after modifying the ener-
getic parameters to 75%, 100%, and 125% of the best estimates. We calcu-
lated all scores of relative deviation (100 " [(predicted # observed)!
observed]) per bird and treatment. These values were averaged and the means
are shown as lines. Shaded areas show one standard deviation of the mean
difference.
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placed next to each perch guided the birds through the schedule.
We refer to a perch as being ‘‘primed’’ when its light is on and the
computer program sets it as an active input and ‘‘unprimed’’ when
neither condition applies. When the bird landed on a primed perch,
it became immediately unprimed and the schedule advanced, either
by delivering a reward or by indicating with other lights which perch
or perches were now primed.

We use the term cycle to describe the events required to
obtain a reward (7). There were ‘‘forced’’ and ‘‘free’’ cycles. In
forced cycles, only one of the foraging perches was active so
that the animal could not choose whether to walk or f ly. A
forced cycle started when the bird first landed on the primed
central perch after consuming the previous reward. At this
point, the central perch was unprimed and one of the two
foraging perches was primed. When the bird landed on the
primed foraging perch, this perch was unprimed and the
central perch was primed again. After a preset number of
repetitions, a light next to the feeder beside that foraging perch
switched on for 5 s while the food dispenser delivered the
reward. In a free cycle, the central place was primed in the
same way after a reward, but once the bird landed on it, both
foraging perches were primed. The first visit to one of the
foraging perches expressed the subject’s choice, and from then
on the cycle continued as it did in forced cycles.

Each trial consisted of four consecutive cycles. The first two
cycles of each trial were forced (one walking and one f lying,
in random order) and served to expose the bird to the current
values of the schedule, while the third and fourth cycles were
free. The number of walks per reward (rw) was modified by an
approximation to 10% between trials, depending on whether
in the two free cycles the bird chose to walk (new rw ! Integer
(1.10 " old rw # 0.5)), to f ly (new rw ! Integer (0.90 " old
rw # 0.5)), or one of each, respectively (new rw ! old rw).

Treatments. We manipulated the number of flights required per
food item in 11 different treatments, from 1 flight per reward to
11 flights per reward. All birds experienced the treatments in the
same order (i.e., 6, 10, 2, 9, 3, 7, 11, 4, 1, 8, and 5 flights per
reward) and for the same duration. Change between treatments

occurred when visual inspection of the data indicated that rw was
stable for most birds. The predictions were computed once the
whole experiment was over.

The last 40 trials before stopping were used to assess the
equilibrium rw. Pilot analyses showed that all conclusions were
robust with respect to this choice of sample size. Treatments
lasted between 4 and 7 days (see details below).

To examine the total daily economy as a function of treatment,
we focused on three theoretical possibilities. As effort per reward
varied, the subjects could have defended (i) total daily intake
(reaching the same number of trials and hence flying and walking
in direct relation to the programmed manipulations), (ii) total
net gain (increasing the number of trials as effort per reward
increased, because greater expenditure is then required per
reward), or (iii) total expenditure (decreasing the number of
trials as effort per reward increased).

We recorded the number of daily trials, rw in each trial and the
duration of flights, walks, and perching events to the nearest
centisecond.

Energy Parameters. Flight metabolism. Our estimates of flight costs
takes into account two effects of body mass: the change in BMR
(basal metabolic rate) and the change in power required during
flight itself. Metabolic intensity during flight for distances of less
than 6 m in starlings was estimated by Westerterp and Drent (16)
as being approximately 39 $ 20.7 BMR (mean $ 95% c.i.). For
BMR we used earlier respirometry measurements (7). We corrected
for each treatment the flight cost (cf, rate of energy expenditure
flying), incorporating the cost of carrying different body mass:

cf ! !Wi

W! "
7#6

!39BMR, [1]

where Wi is the body weight for the last day of treatment i
(i ! 1–11), and W! is the body weight average across treatments
for the same bird (17).

Walking metabolism. The cost of walking (cw, rate of energy
expenditure walking) was calculated with the equation

cw ! 5.6Wi
%0.246 " 11.4Wi

%0.285!v, [2]

where v is the walking speed (m#s) and cw is expressed in J#s
(18, 19).

Perching metabolism. The perching cost (cp, rate of energy
expenditure perching) was calculated with the Aschoff and Pohl
equation (20) for the activity phase as

cp ! 6.83Wi
0.704. [3]

Body mass used in Eqs. 1–3 was 5% less than that measured at dusk
each day because the foraging activity was performed when birds
were lighter than they were at the end of the foraging period and
because body mass varies approximately 10% during a day (7).

Energy content of rewards. The caloric value of the food used
is 19.47 kJ#g (7). The assimilation efficiency for this kind of food
approximates 74.4% (21). Therefore, effective food energy
density was taken to be 14.49 kJ#g, and the value of one 0.09 g
reward (vp) was estimated as 1.30 kJ.

Foraging Currencies. All three currencies were computed per
foraging cycle walking and per foraging cycle flying. We use
throughout the suffix ‘‘x’’ in symbols that are valid for either
foraging mode, and then we replace it with either ‘‘w’’ or ‘‘f’’
when we refer to walking or flying, respectively.

Gross rate.

bx !
vp

tcx
, [4]

Fig. 1. Indifference between foraging modes with different rates of expen-
diture (walking and flying) according to three currencies. The slopes of the
dashed lines cf and cw represent energy expenditure rates during flying and
walking, respectively. Reward size (R) is assumed to be fixed. Point F shows the
energy expenditure and travel time flying to obtain one reward. In the
experiments, F was fixed but the subjects’ choices determined the travel time
walking at the point of indifference. To equalize gross rate (G), time walking
[wt (G)] should equal time flying, (line g). To equalize net rate (line n), time and
energy walking correspond to point N. Finally, to equalize efficiency, energy
expenditure walking and flying are equal (E, line e).

1090 $ www.pnas.org Bautista et al.



Effort: Decision Making (monkeys) 
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Figure 1. Experimental Apparatus

(A) Both tamarins and marmosets traveled to receive their rewards in a plexiglas enclosure.
(B) The food rewards were lined up in an array on a ledge in the box, each piece w1 cm apart.
(C) Food boxes were placed at one of seven distances (35–245 cm) from the front of the enclosure. A wall was placed behind the far box.

distance (increment seven). The distance to the large
reward significantly affected the subject’s probability of
choosing the large reward (repeated-measures ANOVA:
F5,32 = 5.35, p < 0.01). Subjects reduced their prefer-
ences for the large reward when placed farther away
from them. However, a species difference appears to
drive this distance effect. The two species tended to
differ in their overall preference for the large reward,
although this difference did not reach statistical signifi-
cance (F1,6 = 4.42, p = 0.08). There was, however, a
significant interaction between species and distance
(F5,33 = 3.43, p = 0.01). Marmosets selected the larger
reward less at the farthest distances (increments six
and seven) relative to the closest distance (increment

one), but tamarins were equally likely to choose the
larger reward at all distances (Bonferroni posthoc tests,
p < 0.05). Thus, marmosets selected the larger reward
less frequently as a function of increasing distance,
whereas tamarins maintained their preferences for the
large reward independently of distance (Figure 2). Fur-
ther analyses and a follow-up experiment suggest that
neither satiation nor visual discrimination differences
can account for this pattern (see the Supplemental
Data available with this article online).

The marmosets’ relative preference for near con-
trasts with their ability to wait longer than tamarins for
the large reward in the temporal discounting task [5].
This reversal could occur because tamarins travel

Spatial Discounting in Monkeys
1857

Figure 2. Effect of Species and Distance on
Choice

Tamarins maintained their preference for the
large reward across all distances, whereas
marmosets reduced their preference for the
large reward as the distance to large in-
creased. Error bars represent standard error
of the mean.

faster than marmosets, therefore requiring less time to
receive the large reward. To investigate this possibility,
we measured the time required to travel to the closest
and farthest rewards in follow-up sessions (see Supple-
mental Data). Overall, tamarins ran to the boxes in less
time than the marmosets (F1,6 = 10.38, p = 0.02), and
this difference depended on distance (F1,6 = 15.93, p <
0.01): tamarins traveled to the farthest rewards faster
than the marmosets (planned comparison, F1,6 = 15.15,
p < 0.01; Figure 3). Although marmosets did take longer
than tamarins to reach the farthest reward, their travel
times were nonetheless much shorter than the intervals
that marmosets waited in the temporal discounting
task. For temporal discounting, tamarins waited an
average of 7.9 s for six food pellets whereas marmosets
waited an average of 14.4 s [5]. To more quantitatively
assess whether temporal discounting can account for
the species difference in preferences, we used the hy-
perbolic discounting equation

V =
A

1 + kt

(where V = subjective value of a reward, A = reward
amount, k = discount factor, and t = time delay to re-
ceiving the reward [33]) to estimate a discounting factor
for each species with the data from the temporal dis-
counting experiment (see Supplemental Data). When
we analyzed these discounting factors along with the
travel times in the spatial discounting experiment, we
found that these temporal discounting factors pre-
dicted complete preference for the more distant re-
ward. Thus, we conclude that factors beyond those im-
posed by temporal discounting influenced the spatial
discounting of marmosets. Though the marmoset re-
sults are inconsistent with temporal discounting alone,
we cannot rule out an exclusive effect of temporal dis-

Figure 3. Effect of Species and Distance on Running Time

Tamarins and marmosets took the same amount of time to travel
to the short distance (increment one, 35 cm). Tamarins, however,
traveled to the farthest distance (increment seven, 245 cm) signifi-
cantly faster than marmosets. Error bars represent standard error
of the mean.

counting on tamarins’ preferences. Further data are
needed to clarify the role of time in tamarin spatial pref-
erences.

To determine whether reward magnitude influences
tamarin and marmoset discounting, we compared ses-
sions in which subjects chose between one and three
pellets to those in which they chose between two and
six pellets. Subjects showed no significant difference

Stevens	
  et	
  al.	
  2005	
  



Effort: Decision Making (rodents) 

•  T-­‐maze	
  task	
  

Salamone	
  et	
  al.	
  1994;	
  Walton	
  et	
  al.	
  2006	
  

222 ,f .D. S a l a m u n e  et al. ' Behav~oura] Brain Research  65 1994 2 2 1 - 2 2 9  

[7-9,50]. One procedure that has been used for cost~ 
benefit analyses is a concurrent lever pressing/feeding task, 
in which rats can select between lever pressing for a more 
preferred food or approaching and consuming a less pre- 
ferred lab chow that is concurrently available in the op- 
erant chamber. Typically, untreated rats pressed the lever 
to receive the preferred food, and ate little of the lab chow. 
Systemic administration of 0.1 mg/kg haloperidol (HAL), 
intra-accumbens injections of HAL, and nucleus accum- 
bens DA depletions produced a dramatic shift in behav- 
ior such that lever pressing was reduced but chow con- 
sumption increased [7-9,50]. These effects were not 
related to a general loss of food motivation, as it was 
shown that 0.1 mg/kg HAL did not affect food preference, 
and also that the effects of HAL and accumbens DA 
depletion differed from the effects of pre-feeding to reduce 
food motivation [50]. 

In the studies described above [7-9,50] it is possible 
that lever pressing was decreased and chow consumption 
increased because haloperidol selectively affected the 
'instrumental'  behavior of lever pressing, and had little 
effect upon chow consumption because it is a 
'consummatory '  behavior. Of  course, it is true that chow 
consumption also relies upon simple instrumental re- 
sponses such as locomotion to the food location, and 
remaining in proximity to the food. Nevertheless, it ~s 
critical to evaluate cost/benefit procedures under condi- 
tions in which explicit instrumental responses are being 
compared. Thus, the present experiments employed a 
T-maze procedure in which one arm contained a high 
reinforcement density (HD arm; 4 x 45 mg Bioserve pel- 
lets) and the other arm contained a low reinforcement 
density (LD arm; 2 x 45 mg pellets). Response costs or 
constraints were controlled by having one group of rats 
trained with a barrier in the H D  arm, while the other group 
had no barrier present. The first experiment assessed the 
effects of 0.1 mg/kg HAL on T-maze performance. This 
low dose of HAL was used because higher doses are 
known to produce motor impairments, and studies of the 
putative 'anhedonic'  effects of DA antagonists typically 
involve low doses that are thought to have selective ac- 
tions that do not involve general motor impairments [62]. 
In order to determine the behavioral effects of nucleus 
accumbens DA depletions, the second experiment studied 
the effects of intra-accumbens injections of the neurotoxic 
agent 6-hydroxydopamine (6-OHDA) on the performance 
of the T-maze task. 

2, Methods 

Subjects. Male Sprague-Dawley rats (Harlan Sprague-  
Dawley) were used for these experiments. The rats were 

obtained weighing 300-325 g, and were group housed m 
a colony with 12 h light dark cycle qlights on: 08.001. 

Behavioral procedure. The tats were food-deprived to 
85% of body weight, and were initially exposed to Bio- 
serve pellets ( Frenchtown. NJ ) m the T-maze bx placing 
a small number of pellets in both arms. The next phase of 
training involved placing the rats in the start arm o1" the 
T-maze (see Fig. l) and allowing them to explore both 
arms of the maze. The high density (HD) arm contained 
four Bioserve pellets in a small glass dish placed m the far 
corner of the arm. and the loa density, (LD) arm had txvo 
pellets placed in the food dish For half the rats the l iD 
arm was to the right, while haft the rats had the It D arm 
to the left. All rats were tested with this procedure for 
several weeks. For Experimems I and 2. rats thep, were 
randomly asstgned to two groups. One group received 
continued training with no barrier present, while the other 
group was tested with a wire barrier (44 cm t placed in the 
H D  arm halfway between the door of the start zwm and 
the food dish. Both groups of rats had a total of six weeks 
of training with these procedures. For the training and test 
days, 30 trials per day were used in which the ra) ~as  
placed back in the start arm for the initiation of each trial. 

DA depletion by injection o[ 6-OHDA. In Expt. 2, deple- 
tions of DA were obtained by bilateral injection of 
6 -OHDA with the rats under pentobarbital anesthesia. 
Solutions of 6 -OHDA were injected into the nucleus ac- 
cumbens tAP + 2 .8mm. ML ~ 1.4mm. V --7.8 ram" nose 
bar 5.0 mm above the interaurai line). A total of t2.5 ug 
of the free base of 6 -OHDA dissolved in 0.1" ascorbic 
acid was injected per side (2.5 ~,l of5.0 ILg/t~l 6-OHDAL 

TOP VIEW 

1 
N 

Fig. 1 T o p  view of  the T - m a z e  appa ra tus  used  in the present  study. The  
start  a rm of  the m a z e  was  an enclosed th,~x 29 × 21 ~ 21 crn. The  tcst a rm 
area  was  a box 99 x 32 x 59 cm. and this area  was  cons t ruc ted  o f  wooden  
walls and  a wire m e s h  floor, The  connect ion  between the start  a rm and 
the tesl a r m s  was  a sliding metal  doc¢ The  barrier  _shown here in the 
left tesl a rm)  was  44 cm high, and wa~ m a d e  f rom an Iron g raung  with 
parallel bars  2.5 cm apart .  

1304 M.E. Walton et al. / Neural Networks 19 (2006) 1302–1314

Fig. 1. Performance of rats on a T-maze cost-benefit task choosing between high cost/high reward (HR) and low cost/low reward (LR) alternatives (adapted from
Walton et al. (2005). (A) In Test A, there was a 30 cm barrier in the HR arm while the LR arm was unoccupied; in Test B, an identical 30 cm barrier was present in
both goal arms; in Test C, the LR arm was again vacant but the HR now contained a 40 cm barrier. In all three tests, there were 4 food pellets in the HR and 2 in the
LR. (B) In each condition, rats chose between climbing a 30 cm barrier in the HR or selecting the unoccupied LR arm. However, the reward in the HR arm varied
across tests, with the ratio between the HR and LR decreasing from 6:2, to 3:2 and finally to 2:2.

difficulty and obtaining quantitative data is to run comparable
experiments in operant boxes. In this situation, instead of
having to choose whether to climb over a barrier, animals
now have to decide between two options which differ in the
numbers of lever presses required to earn reward. While such
a response by necessity introduces a time component into the
choices, there are several reasons to believe that this type of
work-based decision making is still dissociable from delay-
based tests of impulsive choice (Bradshaw & Szabadi, 1992;
Cardinal, Robbins, & Everitt, 2000; Mazur, 1987; Rawlins,
Feldon, & Butt, 1985; Richards, Mitchell, de Wit, & Seiden,
1997). First, behavioral studies have demonstrated that patterns
of choices fail to correlate across the two types of decisions.
Common marmosets, for example, discount temporal delays
less steeply than cotton-top tamarins, and hence choose to
wait longer for a large reward, but also appear less willing to
travel large distances; marmosets are, therefore, more inclined
than tamarins to select the option taking more time to reach
a large reward, but only if it does not require increased
energetic expenditure (Stevens et al., 2005). Moreover, there is
preliminary evidence for dissociations between both the neural
structures and neurotransmitters involved in assessing both
types of cost (see Sections 3.1 and 3.2) (Cardinal, Pennicott,
Sugathapala, Robbins, & Everitt, 2001; Denk et al., 2005;
Walton, Bannerman, Alterescu, & Rushworth, 2003).

2.2.1. Methods
As in the T-maze paradigm, one lever was designated the HR

option and led to 4 food pellets, and the other the LR option
resulting in 2 food pellets. Initially, both the HR and LR levers
were set as having a fixed ratio schedule of four presses (FR4).
In each session, 10 rats received 48 trials that included both
choice trials (with both levers available) and forced trials (only
one of the two levers extended), with there being 2 forced trials

(1 to each lever) for every 4 choice one. This compelled animals
to sample each option on at least 1/6 of trials and allowed
for comparison of reaction times when they were required to
select a particular option. In order to minimize the effects of
switching between responses and of uncertainty about the FR
requirement on either lever, the work required to gain the HR
was kept stationary during a set of 3 testing sessions and was
only increased across sets (FR8, FR12, and FR20). The LR
remained permanently fixed as FR4.

A schematic of the operant paradigm is shown in Fig. 2A.
The start of a trial was signaled by the illumination of the
house and tray lights. In order to activate the levers, rats were
required to make a nose-poke in the central food tray within
10 s of the lights turning on. On choice trials, selection of one
lever caused the other lever immediately to retract, meaning
that all decisions were categorical and could not be changed
midway through a course of action. Failure to respond within
10 s of either the start of the trial with a nose-poke response
or of the levers being extended resulted in a time-out period
of 60 s during which all lights were extinguished and levers
retracted. Once a single response was made, the lever remained
extended until completion of the FR requirement, whereupon
the selected lever retracted and food was delivered to the central
food tray, which was illuminated for a period of 6 s. At no point
during training or subsequent testing did a rat fail to finish an
FR requirement. The intertrial interval (ITI) was 60 s minus the
amount of time it took rats to complete the selected FR schedule
(with the minimum ITI being 30 s), so that the rate of trials was
not influenced by the animals’ choices.

2.2.2. Results and discussion
As with the previous T-maze paradigm, animals switched

their preferences away from the HR lever as the work required
to gain the reward increased [F(3, 27) = 25.37, p < 0.01]
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(Cousins et al. 1993). Ventrolateral neostriatal DA deple-
tions impaired movement but did not shift behavior from
lever pressing to chow intake instead decreasing both
behaviors (Cousins et al. 1993). In fact, the accumbens is
the DA terminal region at which interference with DA
transmission mimics the effects of low doses of systemic
DA antagonists. Accumbens DA depletions and local intra-
accumbens injections of D1 or D2 antagonists decrease
lever pressing and increase chow intake (Salamone et al.
1991; Cousins et al. 1993; Cousins and Salamone 1994;
Sokolowski and Salamone 1998; Nowend et al. 2001; Koch
et al. 2000). The accumbens is divided into distinct
subregions (Meredith et al. 1992; Zahm and Brog 1992;
Zahm 2000), and the shift from lever pressing to chow
intake on the concurrent choice task has been shown to
occur if injections of a D1 or D2 family antagonist are
given into the medial core, lateral core, or dorsal shell
subregions of the accumbens (Nowend et al. 2001;
Salamone et al. 1991). In contrast to the effects shown
with rats that have impaired DA transmission, recent
evidence indicates that DA transporter knockout mice,
which have enhanced DA transmission, show increased
selection of lever pressing relative to chow intake with this
task (Cagniard et al. 2006).

A T-maze procedure also has been developed to assess
the effects of DA manipulations on effort-related choice
(Salamone et al. 1994). With this procedure, two arms of
the maze can have different reinforcement densities (e.g.,
four vs two food pellets or four vs zero), and under some
conditions, a 44-cm barrier can be placed in the arm with
the higher reward density to vary task difficulty. Under
conditions in which no barrier was present in the arm with
the high reinforcement density, untreated rats preferred that
arm, and neither haloperidol nor accumbens DA depletion
altered arm preference (Salamone et al. 1994). When the
arm with the barrier contained four pellets but the other arm
contained no pellets (that is, the only way to get food was
to climb the barrier), rats with accumbens DA depletions
were very slow but still chose the high density arm, climb
the barrier, and consume the pellets (Cousins et al. 1996).
Yet, accumbens DA depletions dramatically altered choice
behavior when the high-density arm (four pellets) had the
barrier in place and the arm without the barrier contained an
alternative food source (2 pellets). Under these conditions,
DA depleted rats showed decreased choice of the high-
density arm, and increased choice of the low-density arm
(Cousins et al. 1996; Salamone et al. 1994). Studies
employing the T-maze choice task support the hypothesis

Fig. 2 These panels depict the conditions seen during the concurrent
lever pressing/chow intake procedure used to assess effort-related
decisions based upon cost/benefit analyses (Salamone et al. 1991,
1996; Salamone and Correa 2002). Top left The operant chamber
allows for a high palatability food (high carbohydrate operant pellets)
to be accessible through lever pressing. A less preferred food
(laboratory chow) is concurrently available in the chamber. Top right

The animal has a choice between pressing the lever and feeding on the
concurrently available chow. Bottom left If the ratio requirement is low
enough (e.g., FR5), untreated rats get most of their food from lever
pressing and eat little of the chow. Bottom right Rats treated with low
doses of DA antagonists, or with accumbens DA depletions, shift their
choice behavior away from lever pressing and increase consumption
of the alternative food source (i.e., chow)
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Fig. 2. (A) Schematic of the operant work-based decision making paradigm. (B) Average percentage of HR lever choices as a function of the FR schedule assigned
to the HR (each averaged across three sessions at each FR). The LR was fixed as being FR4 for 2 rewards. (C) Latency to make an initial response on a forced trial,
when only one of the two levers was presented, as a function of the LR schedule on the HR lever. (D) Correlation between the percentage of HR lever choices on
each FR schedule and the difference between RTs on forced HR and LR trials for each individual animal. Each rat is represented by an individual symbol at each
FR schedule.

(Fig. 2B). There was a near linear, monotonic relationship
between the FR requirement on the HR lever and percentage
of trials on which it was chosen, with the point of indifference
(where the rats as a group choose the HR and LR on 50% of
the trials) being at approximately FR13 on the HR lever when
extrapolated from the available data.

Interestingly, this pattern of choices was also closely
mirrored by response latencies on forced trials even though
in the latter case only a single option was available; reaction
times (RTs) on HR forced trials were faster than those on
LR forced trials in blocks when the HR was preferred on the
majority of choice trials and the converse was true when the
LR was selected on choice trials (Fig. 2C). This relationship
between the two measures was also borne out by the choice
performance and response latencies of individual animals
(Pearson correlation coefficient: r = 0.85, 0.93, and 0.74
for HR = FR8, FR12, & FR20 respectively, all p < 0.05)
(Fig. 2D). This indicates that the response to a particular

situation is not influenced merely by the immediate available
alternatives (which, on forced trials, are nonexistent), but also
on the context of options presented on previous trials.

2.3. Operant studies in monkeys

The behavioral choice in the cost-benefit task used with rats
is restricted, consisting of two possible actions (high or low
effort) and two known outcomes (high or low reward). While
this simplicity is advantageous in constraining the problem, it
fails to provide a complete sense of how animals weigh up
costs and benefits. Primates can learn and retain with relative
ease multiple pieces of information, meaning that it is possible
to test them on a range of different choices by systematically
varying the amount of effort and the size of the reward. To the
best of our knowledge, there have been few studies to date that
have systematically investigated the effect of different amounts
of work and reward sizes on choice behavior in non-human
primates.
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(Cousins et al. 1993). Ventrolateral neostriatal DA deple-
tions impaired movement but did not shift behavior from
lever pressing to chow intake instead decreasing both
behaviors (Cousins et al. 1993). In fact, the accumbens is
the DA terminal region at which interference with DA
transmission mimics the effects of low doses of systemic
DA antagonists. Accumbens DA depletions and local intra-
accumbens injections of D1 or D2 antagonists decrease
lever pressing and increase chow intake (Salamone et al.
1991; Cousins et al. 1993; Cousins and Salamone 1994;
Sokolowski and Salamone 1998; Nowend et al. 2001; Koch
et al. 2000). The accumbens is divided into distinct
subregions (Meredith et al. 1992; Zahm and Brog 1992;
Zahm 2000), and the shift from lever pressing to chow
intake on the concurrent choice task has been shown to
occur if injections of a D1 or D2 family antagonist are
given into the medial core, lateral core, or dorsal shell
subregions of the accumbens (Nowend et al. 2001;
Salamone et al. 1991). In contrast to the effects shown
with rats that have impaired DA transmission, recent
evidence indicates that DA transporter knockout mice,
which have enhanced DA transmission, show increased
selection of lever pressing relative to chow intake with this
task (Cagniard et al. 2006).

A T-maze procedure also has been developed to assess
the effects of DA manipulations on effort-related choice
(Salamone et al. 1994). With this procedure, two arms of
the maze can have different reinforcement densities (e.g.,
four vs two food pellets or four vs zero), and under some
conditions, a 44-cm barrier can be placed in the arm with
the higher reward density to vary task difficulty. Under
conditions in which no barrier was present in the arm with
the high reinforcement density, untreated rats preferred that
arm, and neither haloperidol nor accumbens DA depletion
altered arm preference (Salamone et al. 1994). When the
arm with the barrier contained four pellets but the other arm
contained no pellets (that is, the only way to get food was
to climb the barrier), rats with accumbens DA depletions
were very slow but still chose the high density arm, climb
the barrier, and consume the pellets (Cousins et al. 1996).
Yet, accumbens DA depletions dramatically altered choice
behavior when the high-density arm (four pellets) had the
barrier in place and the arm without the barrier contained an
alternative food source (2 pellets). Under these conditions,
DA depleted rats showed decreased choice of the high-
density arm, and increased choice of the low-density arm
(Cousins et al. 1996; Salamone et al. 1994). Studies
employing the T-maze choice task support the hypothesis

Fig. 2 These panels depict the conditions seen during the concurrent
lever pressing/chow intake procedure used to assess effort-related
decisions based upon cost/benefit analyses (Salamone et al. 1991,
1996; Salamone and Correa 2002). Top left The operant chamber
allows for a high palatability food (high carbohydrate operant pellets)
to be accessible through lever pressing. A less preferred food
(laboratory chow) is concurrently available in the chamber. Top right

The animal has a choice between pressing the lever and feeding on the
concurrently available chow. Bottom left If the ratio requirement is low
enough (e.g., FR5), untreated rats get most of their food from lever
pressing and eat little of the chow. Bottom right Rats treated with low
doses of DA antagonists, or with accumbens DA depletions, shift their
choice behavior away from lever pressing and increase consumption
of the alternative food source (i.e., chow)
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Fig. 2. (A) Schematic of the operant work-based decision making paradigm. (B) Average percentage of HR lever choices as a function of the FR schedule assigned
to the HR (each averaged across three sessions at each FR). The LR was fixed as being FR4 for 2 rewards. (C) Latency to make an initial response on a forced trial,
when only one of the two levers was presented, as a function of the LR schedule on the HR lever. (D) Correlation between the percentage of HR lever choices on
each FR schedule and the difference between RTs on forced HR and LR trials for each individual animal. Each rat is represented by an individual symbol at each
FR schedule.

(Fig. 2B). There was a near linear, monotonic relationship
between the FR requirement on the HR lever and percentage
of trials on which it was chosen, with the point of indifference
(where the rats as a group choose the HR and LR on 50% of
the trials) being at approximately FR13 on the HR lever when
extrapolated from the available data.

Interestingly, this pattern of choices was also closely
mirrored by response latencies on forced trials even though
in the latter case only a single option was available; reaction
times (RTs) on HR forced trials were faster than those on
LR forced trials in blocks when the HR was preferred on the
majority of choice trials and the converse was true when the
LR was selected on choice trials (Fig. 2C). This relationship
between the two measures was also borne out by the choice
performance and response latencies of individual animals
(Pearson correlation coefficient: r = 0.85, 0.93, and 0.74
for HR = FR8, FR12, & FR20 respectively, all p < 0.05)
(Fig. 2D). This indicates that the response to a particular

situation is not influenced merely by the immediate available
alternatives (which, on forced trials, are nonexistent), but also
on the context of options presented on previous trials.

2.3. Operant studies in monkeys

The behavioral choice in the cost-benefit task used with rats
is restricted, consisting of two possible actions (high or low
effort) and two known outcomes (high or low reward). While
this simplicity is advantageous in constraining the problem, it
fails to provide a complete sense of how animals weigh up
costs and benefits. Primates can learn and retain with relative
ease multiple pieces of information, meaning that it is possible
to test them on a range of different choices by systematically
varying the amount of effort and the size of the reward. To the
best of our knowledge, there have been few studies to date that
have systematically investigated the effect of different amounts
of work and reward sizes on choice behavior in non-human
primates.
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default option, having a minimal cost but leading to viewing the
picture in clear for a “short” time (small reward) (Fig. 1).

We used primary rewards rather than secondary rewards such
as money because monetary rewards neither allow subjects to
experience the reward at the time of delivery inside the scanner
nor allow them to experience the delay period, often ranging from
days to months (McClure et al., 2004; Kable and Glimcher, 2007;
Wittmann et al., 2007; Ballard and Knutson, 2009). Moreover, the
subjective rating of each fuzzy erotic picture was used to compute
subjective values without assuming that subjective value increases
linearly with the objective amount of money (Kable and Glimcher,
2007; Pine et al., 2009).

Materials and Methods
Participants. Eighteen young, healthy, heterosexual men (mean age:
23.1 ! 1.8 years), participated in the study. All the participants were

males because men are generally more respon-
sive to visual sexual stimuli compared with
women, both in terms of behavioral arousal
and brain response (Hamann et al., 2004;
Sescousse et al., 2010), and to avoid potential
influence of the menstrual cycle known to have
an effect on reward processing in women (Dre-
her et al., 2007). Two participants initially en-
rolled were excluded from data analysis because
of inappropriate calibration of the task for the
preferences of these subjects. The study was
approved by the Paris Pitié-Salpêtrière Hos-
pital ethics committee, and written informed
consent was obtained from all subjects. All
participants were right-handed, as assessed
by the Edinburgh Handedness Question-
naire (mean score: 0.83 ! 0.17) and were
screened by a psychiatrist for history of psychi-
atric or neurological illness, as assessed by the
Mini-International Neuropsychiatric Inter-
view and the Hospital Anxiety and Depression
Scale (HAD) (mean HAD score: 3.32 ! 1.46).
None of the subjects showed impulsivity pat-
terns, as assessed by the Barratt impulsiveness
scale (Patton et al., 1995) (mean score: 53.78 !
6.09). Subjects’ sexual orientation was assessed
using the French analysis of sexual behavior
questionnaire (Spira et al., 1993) and sexual
arousability was measured with the Sexual
Arousability Inventory (SAI) (Hoon and
Chambless, 1998) (mean score SAI: 92.76 !
12.34), which ensured that subjects showed a
“standard” sexual arousability. Subjects were
asked to avoid any sexual relationship for 24 h
before the scanning session.

Delay/effort discounting task. Subjects were
first asked to read the instructions of the task.
To ensure that subjects understood the task
and to familiarize them with the hand grip,
they were trained on a practice version outside
the scanner room with fuzzy cues and clear
outcome pictures that were different from
those subsequently used in the scanner (to
avoid any habituation effect). During training
and inside the scanner, subjects’ maximal
strength was measured using a magnetic reso-
nance imaging (MRI)-compatible handgrip
(designed by Eric Featherstone, Wellcome
Trust Centre for Neuroimaging, London, UK).
They were then taken inside the scanner and
were invited to find an optimal body posi-
tion, while lying down with the power grip in

their right hand, the arm resting over the belly. The power grip was
made up of two molded plastic cylinders, which compressed an air tube
when squeezed. The tube led to the control room, where it was connected to
a transducer capable of converting air pressure into voltage. Thus, compres-
sion of the two cylinders by an isometric handgrip resulted in the generation
of a differential voltage signal, linearly proportional to the force exerted. The
signal was fed to the stimuli presentation computer (PC) via a signal
conditioner (CED 1401, Cambridge Electronic Design). The task was
programmed on a PC using the matlab toolbox Cogent 2000
(http://www.vislab.ucl.ac.uk/cogent_2000.php).

There were five sessions (lasting "9 min) composed of 48 trials each,
leading to a total of 240 trials. The behavioral task was composed of the
following two conditions: a delay condition and an effort condition,
which were presented in a random order. Each trial started with the
presentation of a cue (0.5 s) showing an erotic fuzzy picture of a naked
woman. The screen then displayed the instruction “Wait?” or
“Squeeze?,” together with a thermometer indicating a proposed level that

Figure 1. a, b, Delay-discounting (a) and effort-discounting (b) paradigms using primary rewards. On each trial, a fuzzy erotic
picture briefly appeared on a screen and was followed by the instruction “Wait?” or “Squeeze?,” together with a thermometer
indicating one of 6 possible levels of the proposed delay period to wait or effort to invest (ranging from 1.5 to 9 s for the delay, and
from 15 to 90% of subjects’ maximal strength for the effort). Depending on the incentive cue and the proposed level of cost,
subjects chose between the costly option and a default option having a minimal cost (1.5 s of waiting or 15% of maximal strength
to exert). Then, they either waited passively during the delay period or produced the effort, before seeing the erotic picture clearly
for a short time period (small reward) if they rejected the costly option, or a longer period of time (large reward) if they accepted it.
The outcome and the intertrial interval lasted for a total of 4.5 s plus a jitter of !1 s in both options, avoiding that subjects adopted
the strategy of choosing more the default option to see more pictures.
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reward associated with the costly option decreased as the associ-
ated proposed level of delay or effort increased, demonstrating
that delay and effort were effectively perceived as costs. This re-
sult also demonstrates, to the best of our knowledge for the first
time, that the subjective value of a high reward associated with a
larger effort is discounted hyperbolically (see also below, Model
comparison), as previously demonstrated for the subjective value
of delayed reward. Moreover, our experimental design was effec-
tive to have subjects devalue primary rewards in a few seconds.

Finally, we investigated how much time was needed to exert
each of the six levels of effort (Fig. 2g). The time difference be-
tween exerting the largest effort compared with the smallest effort
was shorter than a second, and the time required to exert all the
efforts lasted !2 s, and were all significantly !3 s (i.e., the time
corresponding to the second smallest level of proposed delay)
( p ! 0.001). Thus, the time required to exert the different efforts
should not be considered as an issue in our analysis, showing that
valuation of effort and delay (occurring during the decision
phase) are dissociable in the brain.

Model comparison
The behavioral fits of the probability of choosing the costly
options are shown in supplemental Figures 4 and 5 (available
at www.jneurosci.org as supplemental material) for each sub-
ject. To further ensure that a hyperbolic function was a better
fit to subjects’ behavior, we compared hyperbolic and expo-
nential fits (Schweighofer et al., 2006). The distance " between
the modeled and observed data, estimated by the least-square
method, revealed that the hyperbolic fit was better than the
exponential fit to explain subjects’ behavior ( p ! 0.001).
Moreover, the hyperbolic function fitted equally well subjects’
behavior in the delay and effort conditions because the dis-
tance " between the hyperbolic fit and the behavioral data did
not differ between these two conditions ("delay # 0.1393 $
0.049, "effort # 0.1412 $ 0.063; p # 0.93).

fMRI results
Subjective valuation of delayed/effortful erotic rewards
We used parametric regression analyses to identify the brain re-
gions showing activity correlating with the subjective value of the
reward associated with the costly option in each condition during
the decision-making phase. First, we found that activity in the
ventral striatum and vmPFC increases with higher subjective
value of delayed rewards (Fig. 3a, Table 1). Additional fMRI anal-
yses (see Materials and Methods) confirmed that the activity of
these two brain regions was better accounted by the subjective
value (GLM1) than by the rating of the incentive (GLM2) or the
level of delay (GLM3) taken independently (Fig. 3b, Table 1;

Figure 2. Behavioral results. a, c, Probability of choosing the costly option according to the
proposed level of delay (a) or effort (c). The red/blue lines represent averaged ratios of accept-
ed/rejected trials across subjects, for each level of proposed delay or effort. b, d, Probability of
choosing the costly option according to the rating of the fuzzy cue in the delay (b) and effort (d)
conditions. The red/blue lines represent averaged ratios of accepted/rejected trials across sub-
jects, for each category of incentive value of the cue. e, f, Subjective value of rewards associated
with the two available options according to the proposed level of delay (e) and effort (f ). The
red/blue lines represent the subjective value of the reward associated with the costly/default
option. Error bars represent SEM. g, Time required to exert each level of effort in the effort-
enduring phase averaged for each level of effort across sessions and subjects.

Figure 3. Results from the parametric regression analysis showing areas in which activity is
positively correlated with the subjective value of delayed rewards (random-effects group anal-
ysis: p ! 0.001, uncorrected; p ! 0.05 cluster corrected). a, Activity in the ventral striatum and
ventromedial prefrontal cortex increases as the subjective value of delayed rewards increases
(GLM1). b, Plots of the ! values representing the slope of the linear regression between neural
activity and the subjective value of the delayed reward (light gray, GLM1), the rating of the cue
(red, GLM2), and the proposed level of delay (orange, GLM3) in each ROI. *p ! 0.05, **p !
0.01, one-sample t tests comparing the effect sizes to zero. Note that no statistics were per-
formed in the ROI concerning the plot of the ! estimate of the subjective value of the delayed
reward, because such analysis would not be independent of the whole-brain analysis. The gray
bar plot is simply shown to illustrate the results presented in the regression analysis with
subjective value. c, Plots of the ! values representing the slope derived from the linear regres-
sion between the subjective value of the costly reward and neural activity in each ROI in both the
delay (light gray) and the effort condition (dark gray) (GLM1).
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M E T H O D S

General task description

The choice task was split in choice and execute periods. In choice
periods, participants made a long series of consecutive choices be-
tween an effortful gripping option and a holding option that were
indicated by visual stimuli (grip and hold stimuli; see Fig. 1). We
manipulated levels of effort and reward in effortful gripping, and
presented a fixed minimum reward with zero effort for the holding
option; visually, effort levels were indicated by a vertical line,
whereas reward levels were indicated by a horizontal line. In execute
periods, participants executed a proportion of their selected options
from the preceding choice period, by gripping (or simply holding) a
hand device at the corresponding effort level to receive the corre-
sponding reward amount.

Participants

Eighteen right-handed participants [5 females, age: 27 ! 3 (SD) yr]
were recruited through a university participant database. One partic-
ipant was excluded from the analysis of brain activity due to excess
motion artifact but was included in the behavioral analysis. All
participants were paid £25–30 depending on duration of experiment
they participated in. The study was approved by the University
College London (UCL) ethics committee.

Stimuli and material

We refer to the stimuli potentially requiring effortful gripping as
grip stimuli; and the stimulus requiring noneffortful holding of the
hand-grip device as the hold stimulus. As with the visual stimuli used
in Croxson et al. (2009), grip stimuli comprised red circles with two
black lines (see Fig. 1). Vertical lines indicated effort with two levels
[left is low effort (LE), right is high effort (HE)], while horizontal
lines indicated reward levels [bottom is low reward (LR), top is high
reward (HR)]. To avoid boredom, we varied the effort and reward
level trial by trial by adding a pseudo-random value to base values of
effort (40% maximum force for LE and 85% for HE) and reward (3
pence for LR and 11 pence for HR) of each stimulus. These values

were drawn from a normal distribution with 0 ! 1 SD and ranged
from "5.2 to 5.4% maximum force for effort and "2.6 to 2.7 pence
for reward. The hold stimulus is a red circle with a horizontal line on
the bottom representing a fixed low reward (2 pence) and no vertical
line.

For cue that guides squeezing, we constructed an image of a white
thermometer with a yellow horizontal line indicating the target force
level, set at 85 or 40% of thermometer height according to choice of
high and low effort, respectively, and red “mercury” that moves
vertically as participants squeeze the hand-grip device (Fig. 1). This
thermometer cue was presented after a choice of a grip stimulus.
When participants chose a hold stimulus, on the other hand, a “frozen”
thermometer was presented as participants simply held the hand-grip
device.

Participants executed their choices by squeezing (or holding), with
their right hand, a hand-grip device molded from two plastic cylinders
that compressed an air tube (Pessiglione et al. 2007; Talmi et al. 2008)
connected to a transducer (Honeywell, Morristown, NJ) that con-
verted air pressure into a voltage output. Thus variation in air
compression within the cylinders due to the force applied resulted in
different voltage signals that are linearly proportional to exerted grip
force. The signal was recorded (Spike2, Cambridge Electronic De-
sign) and transmitted to Matlab 6.5 (www.mathworks.com). The force
signal was translated as red mercury level in the thermometer (Fig. 1)
as a veridical, real-time visual feedback for squeezing. All stimuli were
presented using Cogent 2000 (//www.fil.ion.ucl.ac.uk/ and //www.
icn.ucl.ac.uk/) and Cogent Graphics (John Romaya at the Laboratory of
Neurobiology at the Wellcome Trust Centre for Neuroimaging, at UCL).

Procedure

Participants lay on the scanner bed to undergo, successively, force
calibration, training, four experimental blocks and a final structural
scan. Calibration and training blocks were completed as participants
lay on the scanner bed outside the magnet, while experimental blocks
and the structural scan were completed as participants lay inside the
magnet. Participants completed postscan questionnaires outside the
scanner at end of experiment.

FIG. 1. Left top: grip and hold stimuli. Grip stimulus: a horizontal line indicated reward levels (in pence), a vertical line indicated effort levels (in % maximum
grip). We added a random value to effort and reward levels of each grip stimulus; values in brackets show the averages. Hold stimulus: a horizontal line indicated
a fixed reward value in pence. Middle: a schematic of the task. Choice period: in each choice trial, a fixation cross appeared, followed by a grip and a hold
stimulus. Participants had to make a decision to grip or to hold. There were 12 choice trials; each grip stimulus was presented pseudorandomly. At the end of
each choice period, the computer randomly selected 9 of 12 participants’ choices from the preceding choice period to be executed. Execute period: immediately
following the 12th choice trial, execute period comprised 9 trials; either grip or hold trial, is started. In the grip trials, a thermometer with a target level was
displayed to guide squeezing the hand grip. In the hold trials, a frozen thermometer was presented. Each participant carried out 5 sets of choice and execute period
in total. Bottom right: a thermometer stimulus is used to guide squeezing during execute period. The red “mercury” indicates current force level; yellow horizontal
line indicates target level.
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noux 1988) and re-sampled to 3 ! 3 ! 3 mm3 and 1 ! 1 ! 1 mm3

voxels, respectively. Finally, we smoothed all normalized images with
an isotropic 8-mm full-width half-maximum Gaussian kernel to ac-
count for intersubject differences and allow valid statistical inference
according to Gaussian random field theory (Friston et al. 1995a,b).
The time series in each voxel were high-pass filtered at 1/128 Hz to
remove low-frequency confounds and scaled to a grand mean of 100
over voxels and scans within each session.

We performed a random-effect, event-related, statistical analysis.
First, we specified a separate general linear model (GLM) for each
participant by creating separate regressors for each of the four scan-
ning sessions. To highlight activity correlating with anticipated effort
and with the choice to grip or hold, we defined four regressors-of-
interest representing four event types that varied in effort level and
participants’ choice (low effort vs. high effort and grip vs. hold) at
choice onset: grip-low effort (gripLE), grip-high effort (gripHE),
hold-low effort (holdLE), and hold-high effort (holdHE). Further-
more, to assess activity correlating with reward, we entered a trial-
by-trial reward value (3 or 11 pence " a random value) as a
parametric modulator for each of the four regressors. We entered two
regressors-of-no interest from the grip and hold trials in the execute
periods at thermometer onset with 6-s duration; suprathreshold activ-
ity for grip # hold contrast in execute periods is found in left primary
motor cortex (see Additional results in supplemental materials). We
convolved each regressor with a canonical hemodynamic response
function and its temporal derivatives. Motion parameters from pre-
processing were entered into the design matrix.

We computed a set of contrasts for each participant testing the main
effects of choice, effort, and the interaction. Consistency across the
resulting maps of sensitivity for each participant was tested in a series
of one-sample t-test as group analyses. As we found persistence
correlated with behavioral choice (reported in the following text),
we entered persistence score as a covariate at the second level and
ran a whole-brain analysis, thresholded at P $ 0.001 uncorrected,
#5 voxels, to search for areas active in response to choice (grip vs.
hold), effort (low vs. high), choice-effort interaction, and simple
effects of effort at both choices (gripHE vs. gripLE and holdHE vs.
holdLE).

R E S U L T S

We sought to investigate the influence of effort on behav-
ioral measures and brain regions of which activity is involved
in biasing choice from options that involved greater effort.

Behavioral results

CHOICE. Participants chose to grip more often when the ef-
fortful option entailed low effort than high and when the
effortful option offered high reward than low (Fig. 2A). Main
effects of effort and reward were significant, F(1,17) $ 13.07,
P $ 0.002, partial eta squared 43%; F(1,17) $ 105.08, P %
0.0001, partial eta squared 86%, respectively. There was no
significant interaction between them.

SUBJECTIVE RATING. As seen in Fig. 2A (dark shade), partici-
pants rated the hold and low effort-low reward option compa-
rably. We compared the liking for hold (as baseline) and each
of the grip options for each participant and found that the
difference in subjective liking was significantly higher for high
reward than low reward [F(1,17) $ 173.41, P % 0.0001, partial
eta squared 91%] and for low effort than high effort [F(1,17) $
86.61, P % 0.00001, partial eta squared 83%]. The interaction
was not significant. This result suggests that effort and reward
influenced likeability of an option. Based on the group-aver-

aged liking scores, we could then describe the order of sub-
jective liking for these actions, from lowest to highest: high
effort-low reward, low effort-low reward, high effort-high
reward, and low effort-high reward (see Fig. 2B). These find-
ings suggest a fair generalizability to common views on effort-
ful and rewarding actions whereby actions with more effort and
less reward are less liked.

RESPONSE TIMES. Overall, the participants took significantly
longer time in choosing to grip than to hold [t(17) $ 28.95,
P % 0.0001; Fig. 2C]. We ran a separate ANOVA to formally
test the effects of effort and reward on response times (RTs). A
2 ! 2 (effort ! reward) ANOVA revealed that regardless of
choice (grip/ hold), RTs were slower for low (M $ 994 " 25
ms) than high reward (M $ 764 " 60 ms), F(1,17) $ 566.59,
P % .0001, partial eta squared 97%; and for high (M $ 882 "
126 ms) than low effort (M $ 876 " 125 ms), F(1,17) $ 4.61,
P % 0.046, partial eta squared 21%. There was no significant
interaction. Participants represented each option by taking
account of both its effort and reward. We ran a separate
imaging analysis with RTs as a covariate of-no-interest at the
first level analysis, and this analysis did not change our main
findings reported below.

FIG. 2. Behavioral choice, subjective rating, and response times (RTs).
A: proportion of trials where participants chose to grip (dark shade) and their
subjective rating (light shade) for each option. Participants chose to grip more
often when the reward offered was high than when it was low and when the
effort anticipated was low than when it was high. The interaction was
nonsignificant. Liking (light shade) was higher for options with high reward
than for options with low reward, higher for options with low effort than for
options with high effort, and comparable between hold and low effort-low
reward. The interaction was nonsignificant. B: the same liking data to A
showing that on average, the order of rating from lowest to highest is high
effort-low reward, low effort-low reward, high effort-high reward, and low
effort-high reward. C: RTs were slower for choice to hold than for choice to
grip. (mean " SD).
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Effort costs in movement 



Effort: Reaching Tasks 

•  QuadraLc	
  effort	
  costs	
  
predict	
  reach	
  
trajectories.	
  

•  Effort	
  =	
  Rate	
  of	
  torque	
  
development.	
  

95 

a 
IOcm i T4 %-"--.C 

U",t t b 

"4 71 P" j "., 
Y \,, 

0 r ~ 500 mser 
x (time) 

path speed 
A 

C 

.! 

::_-:J i ' 
'50 O reset' 

a 

10cm' T4.,~.;... C ~ 

.... } '  tL_ 
0 X '5(time/00 msec' '500 reset' 

path speed 
B 

Fig. 6A and B. Free movements between two targets (b: T4--. T6) 
and constrained movements in which a spring force acts on the 
hand (e: T4-*T6). A Hand trajectories predicted by the mini- 
mum torque-change model, a shows the hand path of the free 
movement b and the hand path of the movement influenced by 
the spring e. Figure b and e shows the corresponding speed 
profiles, B Hand trajectories observed in human arm movements. 
Four trials are depicted for each movement, a shows the hand 
paths and, b and e show the corresponding speed profiles 

speed profile was bell-shaped for the free movement 
(Fig. 6A-b), the path was curved and the speed profile 
was not necessarily bell-shaped for the constrained 
movement (Fig. 6A-c). The magnitude of spring force 
which acted on the hand changed with the location of 
the hand; for the movement shown in Fig. 6A-c, the 
maximum of the spring force was 10.4N and the 
minimum of that was 3.3 N. This magnitude of spring 
force was much smaller than the limit value of the real 
musculoskeletal system which was observed experi- 
mentally by Cannon and Zahalak (1982). Consequent- 
ly, the external force did not give overload to the 
musculoskeletal system. 

Furthermore, for the movements executed between 
two targets in a vertical plane under the effect of 
gravity, the minimum jerk model predicts straight 
hand paths with bell-shaped speed profiles, which is 
the same result as the model predicted for the point-to- 
point movements in a horizontal plane. This is because 

target 
, f  

. / /  
/., 

a.:. 

start .... Sii-D'-i-a tget x I 0 ~1 

start lOcm i I 

a 
:..f" %t. 

:.': ./.~. "~.. 

' 500msec' 
(time) 

path speed 
Fig. 7. Movements between two targets within a vertical plane. 
The left figure shows the hand paths and the right figure shows 
the corresponding speed profiles. The origin O of the X - - Y  
coordinates represents the location of the joint 1 (shoulder). X 
and Y axes represent the horizontal direction and the downward 
direction. The minimum torque-change model predicts the 
curved path for the large, up and down movement a and the 
roughly straight path for the small, front and rear movements b 

the minimum jerk model determines trajectories irre- 
spectively of the gravity. On the other hand, the 
minimum torque-change model predicted curved 
paths for large, up and down movements (Fig. 7-a), 
while it predicted roughly straight paths for small, 
front and rear movements (Fig. 7-b); the speed profiles 
were bell-shaped for both of the movements. 

Why does the minimum torque-change model 
predict the curved path as shown in Fig. 7-a? One 
reason for the curved path may be sought in the fact 
that the dynamics of vertical arm movement is affected 
by the gravitational force and the minimum torque- 
change trajectory depends on the dynamics. Another 
reason may be the complicated dynamics of the arm 
that arises from the large movement; this is the same 
reason as for the large horizontal free movement 
between two targets. Although we do not show 
simulation results, we examine large downward move- 
ment for which the start and the end points were 
exchanged from those of Fig. 7-a. The predicted path 
was close to the upward path shown in Fig. 7-a. We 
also studied up and down movement with grasped 
payload of order of several hundreds gram. The path 
was again consistently but slightly different from the 
path without payload. These simulation results suggest 
the above second reason for the curved path of large up 
and down movement. 

Although the shape of the path was significantly 
affected by the external force exerted by a spring as 
shown in Fig. 6, it was not so severly distorted by the 
direction of the up and down movement or by the 
amount of payload. This might be understood that the 
gravitational force did not change so much for different 

Uno	
  et	
  al.	
  1989	
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Effort: Reaching Tasks 

•  QuadraLc	
  effort	
  costs	
  predict	
  reaching	
  trajectories.	
  

Izawa	
  et	
  al.	
  2008	
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Effort cost representation 



Experimental protocol 

5-minute reaching blocks at different speeds  

N	
  =	
  8	
  

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 



Metabolic cost metrics 

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 



Net metabolic power increases with 
faster reaching speeds 

^ = significant increase from previous slower speed, p < 0.05m 

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 



Net metabolic power increases with 
faster reaching speeds 

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 



Net metabolic power increases with 
faster reaching speeds 

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 



Is there a reaching speed that 
minimizes metabolic cost? 

H: Metabolic power will increase 
with faster reaching speeds. 

Q: Can we measure differences in 
actual metabolic cost with 
increasing reaching speeds? 

Huang and Ahmed,  Translational and Computational Motor Control, 2012. 
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Effort: Reaching Tasks 
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Sure bet of winning $50 50:50 chance of winning  
either $0 or $100 

Economics: subjective value 



Sure bet of winning $50 50:50 chance of winning  
either $0 or $100 

Pascal and Fermat 1654 
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= (1)($50) 
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Economics: subjective value 



risk-averse risk-seeking 

Sure bet of winning $50 50:50 chance of winning  
either $0 or $100 

EV = Σ(p)(O) EV = Σ(p)(O) 

= (1)($50) 
= $50 

= (0.5)($100) + (0.5)($0) 
= $50 

Pascal and Fermat 1654 

Economics: subjective value 



EV = Σw(p)SV(O) 

Cumulative Prospect Theory 
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VALUE	
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Risk 
Averse 

Risk 
Seeking Risk 
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Value function 

Cumulative Prospect Theory 

Kahneman and Tversky (1979) 



VALUE	
  

OUTCOME 

Risk 
Averse 

Risk 
Seeking Risk 

Neutral 

Value function: 

α < 1 

α > 1 

Cumulative Prospect Theory 

SV (O) =Oα, O ≥ 0
Kahneman and Tversky (1979) 



VALUE	
  

OUTCOME 

Risk 
Seeking 

Risk 
Averse Risk 

Neutral 

Value function: 

α < 1 

α > 1 

Subjective value of effort? 

SV (O) =Oα, O ≥ 0
Kahneman and Tversky (1979) 



Research goal:  
Quantify subjective value of effort 

Q:	
  Is	
  there	
  a	
  distorLon	
  between	
  the	
  objec3ve	
  
cost	
  of	
  effort	
  and	
  the	
  subjec3ve	
  value	
  of	
  effort?	
  

Objective Effort, O 

α < 1 

α > 1 

SV (O) =Oα, O ≥ 0

Su
bj

ec
tiv

e 
Va

lu
e,

 S
V

(O
) 

Summerside and Ahmed,  Dynamic Walking, 2014. 



Effortful reaching task 

Summerside and Ahmed,  Dynamic Walking, 2014. 



Effortful reaching task 

Summerside and Ahmed,  Dynamic Walking, 2014. 
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Movement decisions: lotteries 

A B

100% 72%

Option A: Reference 
100% chance of low effort reaching.

Option B: Lottery 
72% chance of higher effort reaching.
28% chance of sitting quietly.

Which will you choose?

Reference Lottery

A B
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Option B: Lottery 
72% chance of higher effort reaching.
28% chance of sitting quietly.

Which will you choose?

Reference Lottery

Summerside and Ahmed,  Dynamic Walking, 2014. 
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Protocol 

Summerside and Ahmed,  Dynamic Walking, 2014. 
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Metabolic cost metrics 

Summerside and Ahmed,  Dynamic Walking, 2014. 



Choice metrics 

Use choices to fit α, γ, β: 

EV(effort,	
  p)=	
  SV(effort)	
  	
  *	
  w(p)	
  

 SV(effort)=effortα 

 w(p)=exp[-(-ln p)γ] 

 

PL=(1 + eβ* (EV
L
-EV

R
))-1 

Summerside and Ahmed,  Dynamic Walking, 2014. 



Task modulates effort perception 

Perceived exertion 
increases with 
resistance. (p < 0.05) 
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Metabolic cost: objective effort cost 

Metabolic cost 
increases with 
resistance.	
  (p	
  <	
  0.05)	
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Choices are influenced by effort 
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Model choices are influenced by effort 
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Probability weighting parameter in 
agreement with previous findings1 

w(p)=exp[-(-ln p)γ] 
 
γ= 0.57 +/- 0.11* 
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There is a distortion between objective and 
subjective effort valuation 

SV(effort)=effortα 
 

α= 1.14 +/- 0.09 
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Research goal:  
Quantify subjective value of effort 
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Temporal discounting: movement 
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because the penalties associated with inac-
curacy and effort increase as saccade du-
ration decreases. With increasing saccade
duration, the cost of delaying the reward
increases. According to our hypothesis,
the optimum movement duration is one
that balances the need to be accurate ver-
sus the need to maximize reward (i.e.,
minimize the devaluation associated with
delaying the reward). To test our hypoth-
esis, let us consider kinematics of saccades
that result under a hyperbolic discounting
function, and compare it with saccades
that result from other functions that pe-
nalize time.

For example, consider a quadratic cost
of time Jp ! !p 2, as shown in the left panel
of Figure 1A. We see that, for both hyper-
bolic and quadratic costs, there are pa-
rameter values so that a 20° saccade will
have its minimum total cost at "85 ms
(this is the duration of a typical 20° sac-
cade). Therefore, there is nothing special
about a hyperbolic cost, as any increasing
function of time can account for the ob-
served kinematics of a 20° saccade. How-
ever, if we consider a family of movements
(i.e., all amplitudes), then the implica-
tions for the choice of cost becomes clear.
A quadratic cost of time implies that the cost as a function of
movement duration increases rapidly. Therefore, with a qua-
dratic cost, there is little increased penalty when we compare
movements of 50 and 100 ms in duration (Fig. 1A, red dotted
lines), but much greater increased penalty when we compare
movements of 350 and 400 ms in duration. In contrast, for a
hyperbolic function, there is greater increase in cost for short-
duration saccades than for long-duration saccades. That is, for a
hyperbolic cost, as movement durations increase the sensitivity
to passage of time decreases.

Indeed, with a hyperbolic cost of time, we can account for an
important property of saccades: on average, the duration of a
saccade as a function of amplitude grows faster than linearly
(Collewijn et al., 1988). For a quadratic cost of time, increasing
movement amplitudes produce smaller and smaller changes in
saccade durations, as shown by the tick marks in Figure 1B. In
contrast, for a hyperbolic cost, the increasing movement ampli-
tudes accompany a faster than linear increase in saccade dura-
tions. Figure 2 summarizes this idea for three kinds of temporal
costs: quadratic, linear, and hyperbolic. This figure includes data
from Collewijn et al. (1988), as well as a line of best fit that
Collewijn et al. (1988) computed for saccades of small amplitude.
A quadratic temporal cost produces reasonable estimates of sac-
cade parameters for small amplitudes but fails for larger ampli-
tudes. The reason is that, with a quadratic cost, the rate of increase
in the penalty increases with time. If we consider a linear cost of
time, an approach that was used by Harris and Wolpert (2006),
the rate of increase in the penalty is constant, and we can produce
reasonable trajectories for small-amplitude saccades. However,
as Figure 2 illustrates, a linear cost of time underestimates saccade
durations for large-amplitude movements. Therefore, with a hy-
perbolic cost of time we can account for durations of both small
as well as large-amplitude saccades, but not with linear or qua-

dratic costs of time. The fact that saccade durations increase faster
than linearly is consistent with a hyperbolic cost of time.

Cost of time and temporal discounting of reward
Why should the brain impose a hyperbolic cost on duration of
movements? The answer, in our opinion, is that this cost ex-
presses how the brain temporally discounts reward. That is, the

Figure 1. The cost of a saccade. Here, two forms of temporal discounting are considered: quadratic and hyperbolic. A, For a 20°
saccade, the cost in Equation 5 is plotted as a function of movement duration p. Both quadratic and hyperbolic costs of time can
produce a total cost that has a minimum at "85 ms. B, Expected value of the cost as a function of movement duration. Each curve
is the cost for a movement of constant amplitude. The curves are drawn for saccade amplitudes in the range 10 – 80°, by intervals
of 10°. The tick marks near the x-axis are the optimal durations (i.e., the movement durations that produce minimum cost). For
quadratic cost of time, movement durations get closer to each other as movement amplitude increases. For a hyperbolic cost, the
durations get farther apart as amplitudes increase. Quadratic discount parameter: ! ! 5.75 # 10 4. Hyperbolic discount param-
eters: ! ! 0.8 # 10 4 and " ! 2.5.

Figure 2. Effect of cost of time on movement durations. The data points are from Collewijn et
al. (1988). The dashed line, also from Collewijn et al. (1988), is a good predictor of saccade
durations in the range of 5–30° but underestimates durations for larger amplitudes. Quadratic
Jp ! !p 2 or linear Jp ! !p costs cannot account for the fact that saccade durations increase
faster than linearly as a function of saccade amplitudes. The shaded areas along each curve
represent the effect of changing stimulus value ! by $20%. The hyperbolic discounting not
only accounts for the faster than linear increase in durations but also for the variability in this
relationship: as stimulus value ! changes, it has little effect on saccade durations for short
amplitudes, but a greater effect for large amplitudes. Quadratic: !! 5.75 # 10 4. Linear: !!
1.2 # 10 4. Hyperbolic: ! ! 0.8 # 10 4 and " ! 2.5. The red error bars are SD.
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How does time discount reward? 
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because the penalties associated with inac-
curacy and effort increase as saccade du-
ration decreases. With increasing saccade
duration, the cost of delaying the reward
increases. According to our hypothesis,
the optimum movement duration is one
that balances the need to be accurate ver-
sus the need to maximize reward (i.e.,
minimize the devaluation associated with
delaying the reward). To test our hypoth-
esis, let us consider kinematics of saccades
that result under a hyperbolic discounting
function, and compare it with saccades
that result from other functions that pe-
nalize time.

For example, consider a quadratic cost
of time Jp ! !p 2, as shown in the left panel
of Figure 1A. We see that, for both hyper-
bolic and quadratic costs, there are pa-
rameter values so that a 20° saccade will
have its minimum total cost at "85 ms
(this is the duration of a typical 20° sac-
cade). Therefore, there is nothing special
about a hyperbolic cost, as any increasing
function of time can account for the ob-
served kinematics of a 20° saccade. How-
ever, if we consider a family of movements
(i.e., all amplitudes), then the implica-
tions for the choice of cost becomes clear.
A quadratic cost of time implies that the cost as a function of
movement duration increases rapidly. Therefore, with a qua-
dratic cost, there is little increased penalty when we compare
movements of 50 and 100 ms in duration (Fig. 1A, red dotted
lines), but much greater increased penalty when we compare
movements of 350 and 400 ms in duration. In contrast, for a
hyperbolic function, there is greater increase in cost for short-
duration saccades than for long-duration saccades. That is, for a
hyperbolic cost, as movement durations increase the sensitivity
to passage of time decreases.

Indeed, with a hyperbolic cost of time, we can account for an
important property of saccades: on average, the duration of a
saccade as a function of amplitude grows faster than linearly
(Collewijn et al., 1988). For a quadratic cost of time, increasing
movement amplitudes produce smaller and smaller changes in
saccade durations, as shown by the tick marks in Figure 1B. In
contrast, for a hyperbolic cost, the increasing movement ampli-
tudes accompany a faster than linear increase in saccade dura-
tions. Figure 2 summarizes this idea for three kinds of temporal
costs: quadratic, linear, and hyperbolic. This figure includes data
from Collewijn et al. (1988), as well as a line of best fit that
Collewijn et al. (1988) computed for saccades of small amplitude.
A quadratic temporal cost produces reasonable estimates of sac-
cade parameters for small amplitudes but fails for larger ampli-
tudes. The reason is that, with a quadratic cost, the rate of increase
in the penalty increases with time. If we consider a linear cost of
time, an approach that was used by Harris and Wolpert (2006),
the rate of increase in the penalty is constant, and we can produce
reasonable trajectories for small-amplitude saccades. However,
as Figure 2 illustrates, a linear cost of time underestimates saccade
durations for large-amplitude movements. Therefore, with a hy-
perbolic cost of time we can account for durations of both small
as well as large-amplitude saccades, but not with linear or qua-

dratic costs of time. The fact that saccade durations increase faster
than linearly is consistent with a hyperbolic cost of time.

Cost of time and temporal discounting of reward
Why should the brain impose a hyperbolic cost on duration of
movements? The answer, in our opinion, is that this cost ex-
presses how the brain temporally discounts reward. That is, the

Figure 1. The cost of a saccade. Here, two forms of temporal discounting are considered: quadratic and hyperbolic. A, For a 20°
saccade, the cost in Equation 5 is plotted as a function of movement duration p. Both quadratic and hyperbolic costs of time can
produce a total cost that has a minimum at "85 ms. B, Expected value of the cost as a function of movement duration. Each curve
is the cost for a movement of constant amplitude. The curves are drawn for saccade amplitudes in the range 10 – 80°, by intervals
of 10°. The tick marks near the x-axis are the optimal durations (i.e., the movement durations that produce minimum cost). For
quadratic cost of time, movement durations get closer to each other as movement amplitude increases. For a hyperbolic cost, the
durations get farther apart as amplitudes increase. Quadratic discount parameter: ! ! 5.75 # 10 4. Hyperbolic discount param-
eters: ! ! 0.8 # 10 4 and " ! 2.5.

Figure 2. Effect of cost of time on movement durations. The data points are from Collewijn et
al. (1988). The dashed line, also from Collewijn et al. (1988), is a good predictor of saccade
durations in the range of 5–30° but underestimates durations for larger amplitudes. Quadratic
Jp ! !p 2 or linear Jp ! !p costs cannot account for the fact that saccade durations increase
faster than linearly as a function of saccade amplitudes. The shaded areas along each curve
represent the effect of changing stimulus value ! by $20%. The hyperbolic discounting not
only accounts for the faster than linear increase in durations but also for the variability in this
relationship: as stimulus value ! changes, it has little effect on saccade durations for short
amplitudes, but a greater effect for large amplitudes. Quadratic: !! 5.75 # 10 4. Linear: !!
1.2 # 10 4. Hyperbolic: ! ! 0.8 # 10 4 and " ! 2.5. The red error bars are SD.
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Temporal discounting: movement duration 

•  Hyperbolic	
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because the penalties associated with inac-
curacy and effort increase as saccade du-
ration decreases. With increasing saccade
duration, the cost of delaying the reward
increases. According to our hypothesis,
the optimum movement duration is one
that balances the need to be accurate ver-
sus the need to maximize reward (i.e.,
minimize the devaluation associated with
delaying the reward). To test our hypoth-
esis, let us consider kinematics of saccades
that result under a hyperbolic discounting
function, and compare it with saccades
that result from other functions that pe-
nalize time.

For example, consider a quadratic cost
of time Jp ! !p 2, as shown in the left panel
of Figure 1A. We see that, for both hyper-
bolic and quadratic costs, there are pa-
rameter values so that a 20° saccade will
have its minimum total cost at "85 ms
(this is the duration of a typical 20° sac-
cade). Therefore, there is nothing special
about a hyperbolic cost, as any increasing
function of time can account for the ob-
served kinematics of a 20° saccade. How-
ever, if we consider a family of movements
(i.e., all amplitudes), then the implica-
tions for the choice of cost becomes clear.
A quadratic cost of time implies that the cost as a function of
movement duration increases rapidly. Therefore, with a qua-
dratic cost, there is little increased penalty when we compare
movements of 50 and 100 ms in duration (Fig. 1A, red dotted
lines), but much greater increased penalty when we compare
movements of 350 and 400 ms in duration. In contrast, for a
hyperbolic function, there is greater increase in cost for short-
duration saccades than for long-duration saccades. That is, for a
hyperbolic cost, as movement durations increase the sensitivity
to passage of time decreases.

Indeed, with a hyperbolic cost of time, we can account for an
important property of saccades: on average, the duration of a
saccade as a function of amplitude grows faster than linearly
(Collewijn et al., 1988). For a quadratic cost of time, increasing
movement amplitudes produce smaller and smaller changes in
saccade durations, as shown by the tick marks in Figure 1B. In
contrast, for a hyperbolic cost, the increasing movement ampli-
tudes accompany a faster than linear increase in saccade dura-
tions. Figure 2 summarizes this idea for three kinds of temporal
costs: quadratic, linear, and hyperbolic. This figure includes data
from Collewijn et al. (1988), as well as a line of best fit that
Collewijn et al. (1988) computed for saccades of small amplitude.
A quadratic temporal cost produces reasonable estimates of sac-
cade parameters for small amplitudes but fails for larger ampli-
tudes. The reason is that, with a quadratic cost, the rate of increase
in the penalty increases with time. If we consider a linear cost of
time, an approach that was used by Harris and Wolpert (2006),
the rate of increase in the penalty is constant, and we can produce
reasonable trajectories for small-amplitude saccades. However,
as Figure 2 illustrates, a linear cost of time underestimates saccade
durations for large-amplitude movements. Therefore, with a hy-
perbolic cost of time we can account for durations of both small
as well as large-amplitude saccades, but not with linear or qua-

dratic costs of time. The fact that saccade durations increase faster
than linearly is consistent with a hyperbolic cost of time.

Cost of time and temporal discounting of reward
Why should the brain impose a hyperbolic cost on duration of
movements? The answer, in our opinion, is that this cost ex-
presses how the brain temporally discounts reward. That is, the

Figure 1. The cost of a saccade. Here, two forms of temporal discounting are considered: quadratic and hyperbolic. A, For a 20°
saccade, the cost in Equation 5 is plotted as a function of movement duration p. Both quadratic and hyperbolic costs of time can
produce a total cost that has a minimum at "85 ms. B, Expected value of the cost as a function of movement duration. Each curve
is the cost for a movement of constant amplitude. The curves are drawn for saccade amplitudes in the range 10 – 80°, by intervals
of 10°. The tick marks near the x-axis are the optimal durations (i.e., the movement durations that produce minimum cost). For
quadratic cost of time, movement durations get closer to each other as movement amplitude increases. For a hyperbolic cost, the
durations get farther apart as amplitudes increase. Quadratic discount parameter: ! ! 5.75 # 10 4. Hyperbolic discount param-
eters: ! ! 0.8 # 10 4 and " ! 2.5.

Figure 2. Effect of cost of time on movement durations. The data points are from Collewijn et
al. (1988). The dashed line, also from Collewijn et al. (1988), is a good predictor of saccade
durations in the range of 5–30° but underestimates durations for larger amplitudes. Quadratic
Jp ! !p 2 or linear Jp ! !p costs cannot account for the fact that saccade durations increase
faster than linearly as a function of saccade amplitudes. The shaded areas along each curve
represent the effect of changing stimulus value ! by $20%. The hyperbolic discounting not
only accounts for the faster than linear increase in durations but also for the variability in this
relationship: as stimulus value ! changes, it has little effect on saccade durations for short
amplitudes, but a greater effect for large amplitudes. Quadratic: !! 5.75 # 10 4. Linear: !!
1.2 # 10 4. Hyperbolic: ! ! 0.8 # 10 4 and " ! 2.5. The red error bars are SD.
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Parkinson Disease 
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dopamine in the striatum sets the level of motor
motivation, and dopamine reduction in PD
leads to bradykinesia and hypokinesia as man-
ifestations of reduced scaling, or energizing, of
movements.

It is important to note that we are not trying
to indicate that PD reduces overall motivation or
causes a form of laziness. Instead, patients per-
ceive a normal task as requiring more effort than
it should. Indeed, motor motivation may be
separate from other types of motivation. Move-
ment parameters, such as speed and amplitude,
are selected automatically, without consciously
thinking about them. Homework, a hobby, and
running a marathon, on the other hand, are
choices that we make with considerable explicit
thought and are influenced by a more general
behavioral motivation. Patients with PD often
describe an increased sense of effort, without a
loss of willingness to accomplish behavioral
goals. We thus consider it advisable to treat mo-
tor motivation separately from other forms of
behavioral motivation until their relationship
is clarified.

Understanding bradykinesia-hypokinesia as
a result of increased sensitivity to a movement’s
energy requirement makes it possible to under-
stand certain aspects of PD that were previously
difficult to explain. One of these is “kinesia
paradoxica,” the seemingly paradoxical ability
of PD patients to move considerably faster
than the maximum speed at which they could
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Figure 3. Parkinson’s disease increases sensitivity
to movement effort. Subjects made horizontal reach-
ing movements to targets in a computer setup that
provided feedback about movement speed. Move-
ments that satisfied a given speed requirement were
“valid” (gray circles), whereas all other movements

Figure 3. (Continued) were “nonvalid” (black circles).
Subjects made movements until 20 valid trials accu-
mulated. The total number of trials needed to achieve
this criterion, trials to criterion (NC), was used as a
measure of how much a subject was struggling in
making movements at the required speed. For the
same required speed, age-matched control subjects
(A) tended to make fewer nonvalid movements than
PD patients (B), and thus required fewer total trials to
reach criterion. As the speed requirement increased,
subjects from both groups needed more trials to reach
criterion. Therefore, trials to criterion (NC) depended
on movement effort (quantified as average accelera-
tion, Aavg) (C). As indicated by the difference in
slopes, PD patients showed higher sensitivity to
movement effort than control subjects did.

Motor Control Abnormalities in Parkinson’s Disease
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Dopamine 

•  Neurotransminer	
  
•  Source:	
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Direct/Indirect Pathways 

•  DA	
  modulates	
  both	
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•  Indirect:	
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  receptors)	
  

•  Net	
  Effect:	
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Dopamine (DA) 

•  Strong	
  link	
  
between	
  firing	
  of	
  
dopaminergic	
  
neurons	
  and	
  
reward	
  
expectaLon	
  

Information Encoded in
Dopaminergic Activity

Dopamine neurons of the ventral tegmental
area (VTA) and substantia nigra have long
been identified with the processing of re-
warding stimuli. These neurons send their
axons to brain structures involved in moti-
vation and goal-directed behavior, for ex-
ample, the striatum, nucleus accumbens,
and frontal cortex. Multiple lines of evi-
dence support the idea that these neurons
construct and distribute information about
rewarding events.

First, drugs like amphetamine and co-
caine exert their addictive actions in part by
prolonging the influence of dopamine on
target neurons (14). Second, neural path-
ways associated with dopamine neurons are
among the best targets for electrical self-
stimulation. In these experiments, rats press
bars to excite neurons at the site of an im-
planted electrode (15). The rats often
choose these apparently rewarding stimuli
over food and sex. Third, animals treated
with dopamine receptor blockers learn less
rapidly to press a bar for a reward pellet (16).
All the above results generally implicate
midbrain dopaminergic activity in reward-
dependent learning. More precise informa-
tion about the role played by midbrain do-
paminergic activity derives from experiments
in which activity of single dopamine neurons
is recorded in alert monkeys while they per-
form behavioral acts and receive rewards.

In these latter experiments (17), dopa-
mine neurons respond with short, phasic
activations when monkeys are presented
with various appetitive stimuli. For exam-
ple, dopamine neurons are activated when
animals touch a small morsel of apple or
receive a small quantity of fruit juice to the
mouth as liquid reward (Fig. 1). These pha-
sic activations do not, however, discrimi-
nate between these different types of re-
warding stimuli. Aversive stimuli like air
puffs to the hand or drops of saline to the
mouth do not cause these same transient
activations. Dopamine neurons are also ac-
tivated by novel stimuli that elicit orienting
reactions; however, for most stimuli, this
activation lasts for only a few presentations.
The responses of these neurons are relative-
ly homogeneous—different neurons re-
spond in the same manner and different
appetitive stimuli elicit similar neuronal re-
sponses. All responses occur in the majority
of dopamine neurons (55 to 80%).

Surprisingly, after repeated pairings of
visual and auditory cues followed by reward,
dopamine neurons change the time of their
phasic activation from just after the time of
reward delivery to the time of cue onset. In
one task, a naı̈ve monkey is required to
touch a lever after the appearance of a small
light. Before training and in the initial
phases of training, most dopamine neurons
show a short burst of impulses after reward
delivery (Fig. 1, top). After several days of
training, the animal learns to reach for the

lever as soon as the light is illuminated, and
this behavioral change correlates with two
remarkable changes in the dopamine neu-
ron output: (i) the primary reward no longer
elicits a phasic response; and (ii) the onset
of the (predictive) light now causes a phasic
activation in dopamine cell output (Fig. 1,
middle). The changes in dopaminergic ac-
tivity strongly resemble the transfer of an
animal’s appetitive behavioral reaction
from the US to the CS.

In trials where the reward is not deliv-
ered at the appropriate time after the onset
of the light, dopamine neurons are de-
pressed markedly below their basal firing
rate exactly at the time that the reward
should have occurred (Fig. 1, bottom). This
well-timed decrease in spike output shows
that the expected time of reward delivery
based on the occurrence of the light is also
encoded in the fluctuations in dopaminer-
gic activity (18). In contrast, very few do-
pamine neurons respond to stimuli that pre-
dict aversive outcomes.

The language used in the foregoing de-
scription already incorporates the idea that
dopaminergic activity encodes expectations
about external stimuli or reward. This inter-
pretation of these data provides a link to an
established body of computational theory (6,
7). From this perspective, one sees that dopa-
mine neurons do not simply report the occur-
rence of appetitive events. Rather, their out-
puts appear to code for a deviation or error
between the actual reward received and pre-
dictions of the time and magnitude of reward.
These neurons are activated only if the time
of the reward is uncertain, that is, unpredicted
by any preceding cues. Dopamine neurons are
therefore excellent feature detectors of the
“goodness” of environmental events relative
to learned predictions about those events.
They emit a positive signal (increased spike
production) if an appetitive event is better
than predicted, no signal (no change in spike
production) if an appetitive event occurs as
predicted, and a negative signal (decreased
spike production) if an appetitive event is
worse than predicted (Fig. 1).

Computational Theory and Model

The TD algorithm (6, 7) is particularly well
suited to understanding the functional role
played by the dopamine signal in terms of
the information it constructs and broadcasts
(8, 10, 12). This work has used fluctuations
in dopamine activity in dual roles (i) as a
supervisory signal for synaptic weight
changes (8, 10, 12) and (ii) as a signal to
influence directly and indirectly the choice
of behavioral actions in humans and bees
(9–11). Temporal difference methods have
been used in a wide spectrum of engineering
applications that seek to solve prediction

Reward predicted
Reward occurs

No prediction
Reward occurs

Reward predicted
No reward occurs

(No CS)

(No R)CS
-1 0 1 2 s

CS

R

R

Do dopamine neurons report an error 
in the prediction of reward?

Fig. 1. Changes in dopamine neurons’
output code for an error in the prediction of
appetitive events. (Top) Before learning, a
drop of appetitive fruit juice occurs in the
absence of prediction—hence a positive
error in the prediction of reward. The do-
pamine neuron is activated by this unpre-
dicted occurrence of juice. (Middle) After
learning, the conditioned stimulus predicts
reward, and the reward occurs according
to the prediction—hence no error in the
prediction of reward. The dopamine neu-
ron is activated by the reward-predicting
stimulus but fails to be activated by the
predicted reward (right). (Bottom) After
learning, the conditioned stimulus predicts
a reward, but the reward fails to occur be-
cause of a mistake in the behavioral re-
sponse of the monkey. The activity of the
dopamine neuron is depressed exactly at
the time when the reward would have oc-
curred. The depression occurs more than
1 s after the conditioned stimulus without
any intervening stimuli, revealing an inter-
nal representation of the time of the pre-
dicted reward. Neuronal activity is aligned
on the electronic pulse that drives the solenoid valve delivering the reward liquid (top) or the onset of the
conditioned visual stimulus (middle and bottom). Each panel shows the peri-event time histogram and
raster of impulses from the same neuron. Horizontal distances of dots correspond to real-time intervals.
Each line of dots shows one trial. Original sequence of trials is plotted from top to bottom. CS,
conditioned, reward-predicting stimulus; R, primary reward.
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DA Depletion 

•  DA	
  depleLon	
  reduces	
  willingness	
  to	
  work	
  

number of responses revealed that there was a
significant overall group difference between vehicle
and DA-depleted rats (F1,50à 42.77, P, 0.001).
Furthermore, there was a significant effect of operant
schedule employed (F3,50à 30.48, P, 0.001) and a
significant DA-depletion£ schedule interaction
(F3,50à 18.82, P, 0.001). This interaction was
observed even after data were log-transformed to
correct for scaling differences due to the different
control rates of responding under each of the FR
schedules (F3,50à 27.38, P, 0.001). An overall
effect of test week (F3,150à 42.63, P, 0.001) was
observed, and a significant schedule£week inter-
action also was present (F9,150à 8.72, P, 0.001).
A significant three-way interaction for week£DA

depletion£ schedule was observed as well
(F9,150à 2.7, P, 0.006).
In order to obtain information concerning the

main effects for each of the three variables, a series
of two-factor ANOVAs were analysed (see Ref. 13,
p. 303). Because the number of ANOVA compari-
sons was restricted to eight, which is less than the
d.f. for the three-way interaction term, alpha level
was maintained at P, 0.05. Separate error terms
were used for each comparison ANOVA because
of heterogeneity of variance across schedules.13
Four two-factor DA depletion£ schedule ANOVAs
were performed (one per week), and four two-factor
DA depletion£week ANOVAs were performed
(one per schedule). Analysis of the main effect of

Accumbens dopamine and ratio requirement 547

Fig. 1. Mean (^S.E.M.) number of responses per day under each of the four FR schedules, for vehicle controls (dotted line) and
DA-depleted rats (solid line). (A)Week 1 post surgery. (B)Week 2. (C)Week 3. (D)Week 4. *P, 0.05, DA-depleted different from
control at that particular schedule. DA-depleted rats showed significantly lower levels of responding on FR64 relative to FR16

(Tukey test, P, 0.05) for weeks 2–4.
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(Cousins et al. 1993). Ventrolateral neostriatal DA deple-
tions impaired movement but did not shift behavior from
lever pressing to chow intake instead decreasing both
behaviors (Cousins et al. 1993). In fact, the accumbens is
the DA terminal region at which interference with DA
transmission mimics the effects of low doses of systemic
DA antagonists. Accumbens DA depletions and local intra-
accumbens injections of D1 or D2 antagonists decrease
lever pressing and increase chow intake (Salamone et al.
1991; Cousins et al. 1993; Cousins and Salamone 1994;
Sokolowski and Salamone 1998; Nowend et al. 2001; Koch
et al. 2000). The accumbens is divided into distinct
subregions (Meredith et al. 1992; Zahm and Brog 1992;
Zahm 2000), and the shift from lever pressing to chow
intake on the concurrent choice task has been shown to
occur if injections of a D1 or D2 family antagonist are
given into the medial core, lateral core, or dorsal shell
subregions of the accumbens (Nowend et al. 2001;
Salamone et al. 1991). In contrast to the effects shown
with rats that have impaired DA transmission, recent
evidence indicates that DA transporter knockout mice,
which have enhanced DA transmission, show increased
selection of lever pressing relative to chow intake with this
task (Cagniard et al. 2006).

A T-maze procedure also has been developed to assess
the effects of DA manipulations on effort-related choice
(Salamone et al. 1994). With this procedure, two arms of
the maze can have different reinforcement densities (e.g.,
four vs two food pellets or four vs zero), and under some
conditions, a 44-cm barrier can be placed in the arm with
the higher reward density to vary task difficulty. Under
conditions in which no barrier was present in the arm with
the high reinforcement density, untreated rats preferred that
arm, and neither haloperidol nor accumbens DA depletion
altered arm preference (Salamone et al. 1994). When the
arm with the barrier contained four pellets but the other arm
contained no pellets (that is, the only way to get food was
to climb the barrier), rats with accumbens DA depletions
were very slow but still chose the high density arm, climb
the barrier, and consume the pellets (Cousins et al. 1996).
Yet, accumbens DA depletions dramatically altered choice
behavior when the high-density arm (four pellets) had the
barrier in place and the arm without the barrier contained an
alternative food source (2 pellets). Under these conditions,
DA depleted rats showed decreased choice of the high-
density arm, and increased choice of the low-density arm
(Cousins et al. 1996; Salamone et al. 1994). Studies
employing the T-maze choice task support the hypothesis

Fig. 2 These panels depict the conditions seen during the concurrent
lever pressing/chow intake procedure used to assess effort-related
decisions based upon cost/benefit analyses (Salamone et al. 1991,
1996; Salamone and Correa 2002). Top left The operant chamber
allows for a high palatability food (high carbohydrate operant pellets)
to be accessible through lever pressing. A less preferred food
(laboratory chow) is concurrently available in the chamber. Top right

The animal has a choice between pressing the lever and feeding on the
concurrently available chow. Bottom left If the ratio requirement is low
enough (e.g., FR5), untreated rats get most of their food from lever
pressing and eat little of the chow. Bottom right Rats treated with low
doses of DA antagonists, or with accumbens DA depletions, shift their
choice behavior away from lever pressing and increase consumption
of the alternative food source (i.e., chow)

Psychopharmacology (2007) 191:461–482 471
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DA depletion within each week revealed that during
all four weeks, a significant effect of DA depletion
existed: week 1: (F1,50à 43.13, P, 0.001); week 2:
(F1,50à 41.56, P, 0.001); week 3: (F1,50à 36.72,
P, 0.001); week 4: (F1,50à 30.31, P, 0.001). The
DA depletion£ schedule interactions were extre-
mely robust; analyses of the interaction between
DA depletion and schedule for each of the four
weeks were significant: week 1: (F3,50à 12.58,
P, 0.001); week 2: (F3,50à 20.59, P, 0.001);
week 3: (F3,50à 18.96, P, 0.001); week 4:
(F3,50à 15.27, P, 0.001) (Fig. 1A–D). These
analyses supported the hypothesis that a significant
DA depletion£ schedule interaction would be
observed.
Each of the four schedules was analysed sepa-

rately (two groups£ four week ANOVA for each
schedule), and these analyses also supported the
hypothesis that the effects of DA depletion would
depend upon the schedule. For the FR1 and FR4
conditions, no significant overall effects of DA
depletion were observed (F1,11à 0.30, n.s.) and
(F1,11à 1.24, n.s.), respectively. DA depletions did
suppress responding on both the FR16 (F1,12à 5.82,
P, 0.03) and FR64 schedules (F1,15à 64.72,
P, 0.001). As noted above, a significant three-
way interaction of DA depletion£ schedule£week
also was observed. To examine this further, DA
depletion£week interaction terms were analysed
for each different schedule. There were no signifi-
cant DA depletion£week interactions and no
significant interaction trends for the FR1 or FR16

conditions. Analysis of the two-factor ANOVA for
the FR4 DA depletion£week interaction showed
that the overall interaction approached statistical
significance (P, 0.06), and also revealed a signifi-
cant interaction of the quadratic trends (F1,11à 8.28,
P, 0.015). In addition, for the FR64 schedule, a
significant interaction between DA depletion and
week was observed (F3,45à 3.40, P, 0.03), as was
a significant interaction of the quadratic trends
(F1,15à 6.51, P, 0.02). Thus, the DA depletion£
week interactions had distinct characteristics in the
different operant schedule conditions, which
appeared to be a major factor contributing to the
three-way interaction.

Effects of pre-feeding

As shown in Fig. 2A, there was a significant effect
of schedule (F3,20à 19.4, P, 0.001). Pre-feeding
produced an overall suppression of responding
collapsed across schedules (F1,20à 139.4,
P, 0.0001) and there was a significant schedu-
le£ pre-feeding interaction (F3,20à 15.2,
P, 0.001). In addition, each of the four schedule
conditions was analysed with a separate two-factor
ANOVA, with different error terms for each sche-
dule because of heterogeneity of variance across the
schedules.13 Pre-feeding suppressed responding on
all four schedules (FR1, [F1,5à 53.98, P, 0.001];
FR4, [F1,5à 111.52, P, 0.001]; FR16,
[F1,5à 63.9, P, 0.001]; FR64 [F1,5à 32.08,
P, 0.002]). If the effect of scaling differences in

J. E. Aberman and J. D. Salamone548

Fig. 2. (A) Mean (^S.E.M.) number of responses per day under each of the four FR schedules, for food-deprived (solid line) and
pre-fed (dotted line) conditions. *P, 0.05, pre-fed different from food deprived at that particular schedule. (B) Comparison of the
results of Experiments 1 and 2. Mean (^S.E.M.) number of responses on the four schedule conditions (expressed as a percent of the
respective control values) for DA-depleted rats in Experiment 1 (solid line; week one only) and pre-fed rats in Experiment 2 (dotted

line).
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(Cousins et al. 1993). Ventrolateral neostriatal DA deple-
tions impaired movement but did not shift behavior from
lever pressing to chow intake instead decreasing both
behaviors (Cousins et al. 1993). In fact, the accumbens is
the DA terminal region at which interference with DA
transmission mimics the effects of low doses of systemic
DA antagonists. Accumbens DA depletions and local intra-
accumbens injections of D1 or D2 antagonists decrease
lever pressing and increase chow intake (Salamone et al.
1991; Cousins et al. 1993; Cousins and Salamone 1994;
Sokolowski and Salamone 1998; Nowend et al. 2001; Koch
et al. 2000). The accumbens is divided into distinct
subregions (Meredith et al. 1992; Zahm and Brog 1992;
Zahm 2000), and the shift from lever pressing to chow
intake on the concurrent choice task has been shown to
occur if injections of a D1 or D2 family antagonist are
given into the medial core, lateral core, or dorsal shell
subregions of the accumbens (Nowend et al. 2001;
Salamone et al. 1991). In contrast to the effects shown
with rats that have impaired DA transmission, recent
evidence indicates that DA transporter knockout mice,
which have enhanced DA transmission, show increased
selection of lever pressing relative to chow intake with this
task (Cagniard et al. 2006).

A T-maze procedure also has been developed to assess
the effects of DA manipulations on effort-related choice
(Salamone et al. 1994). With this procedure, two arms of
the maze can have different reinforcement densities (e.g.,
four vs two food pellets or four vs zero), and under some
conditions, a 44-cm barrier can be placed in the arm with
the higher reward density to vary task difficulty. Under
conditions in which no barrier was present in the arm with
the high reinforcement density, untreated rats preferred that
arm, and neither haloperidol nor accumbens DA depletion
altered arm preference (Salamone et al. 1994). When the
arm with the barrier contained four pellets but the other arm
contained no pellets (that is, the only way to get food was
to climb the barrier), rats with accumbens DA depletions
were very slow but still chose the high density arm, climb
the barrier, and consume the pellets (Cousins et al. 1996).
Yet, accumbens DA depletions dramatically altered choice
behavior when the high-density arm (four pellets) had the
barrier in place and the arm without the barrier contained an
alternative food source (2 pellets). Under these conditions,
DA depleted rats showed decreased choice of the high-
density arm, and increased choice of the low-density arm
(Cousins et al. 1996; Salamone et al. 1994). Studies
employing the T-maze choice task support the hypothesis

Fig. 2 These panels depict the conditions seen during the concurrent
lever pressing/chow intake procedure used to assess effort-related
decisions based upon cost/benefit analyses (Salamone et al. 1991,
1996; Salamone and Correa 2002). Top left The operant chamber
allows for a high palatability food (high carbohydrate operant pellets)
to be accessible through lever pressing. A less preferred food
(laboratory chow) is concurrently available in the chamber. Top right

The animal has a choice between pressing the lever and feeding on the
concurrently available chow. Bottom left If the ratio requirement is low
enough (e.g., FR5), untreated rats get most of their food from lever
pressing and eat little of the chow. Bottom right Rats treated with low
doses of DA antagonists, or with accumbens DA depletions, shift their
choice behavior away from lever pressing and increase consumption
of the alternative food source (i.e., chow)

Psychopharmacology (2007) 191:461–482 471
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Four hours after ingesting the mixture, the APTD treatment
decreased tyrosine and phenylalanine levels to 22.9% and
15.1%, respectively, of morning baseline levels, whereas the
BAL mixture increased plasma tyrosine and phenylalanine
levels by 240% and 236%, respectively. Ingestion of both
Mixtures also significantly decreased the ratios of plasma
tyrosine and phenylalanine to other LNAA (tyrosine,
phenylalanine, tryptophan, leucine, isoleucine, valine, and
methionine) (po0.001). However, AA Mixture!Time
interactions revealed that these reductions were signifi-
cantly more pronounced in the APTD relative to the
BAL condition: tyrosine (94.8% vs 32.5%), F(2, 1)¼ 35.2,
po0.0001; phenylalanine (96% vs 33.7%), F(2, 1)¼ 66.1,
po0.0001 (Table 2).

Cigarette Self-Administration Progressive Ratio
Breakpoints

As depicted in Figure 1, all three groups worked more for
nicotine-containing cigarettes than for de-nicotinized ones
[F(1, 39)¼ 84.4, po0.0001]. A Group!Cigarette-type
interaction [F(2, 39)¼ 6.3, po0.01] indicated that high-
frequency smokers worked more than low-frequency
smokers for nicotine-containing mini-cigarettes (po0.01)
but not for de-nicotinized ones (p¼ 0.43). Finally,
APTD, compared with BAL, decreased the number of
mini-cigarettes worked for by all three groups of smokers
[F(1, 39)¼ 4.4, po0.05)], and this effect was the same in all
three groups as indicated by the absence of Group!AA
Mixture [F(1, 39)¼ 0.52, p¼ 0.59] and Group!Cigarette-
type!AA Mixture interactions [F(2, 39)¼ 0.86, p¼ 0.43].
The AA Mixture!Cigarette-type interaction was not
significant [F(1, 39)¼ 0.99, p¼ 0.32], but inspection of the
data suggested that the main effect of APTD was primarily
driven by decreased self-administration of the nicotine-
containing cigarettes (po0.05), but not denicotinized ones
(p¼ 0.50).

Effects Of APTD And Time On VAS Scores

Repeated measures ANOVA (Group!AA Mixture!Time)
showed main effects of Group [F(2, 39)¼ 5.2, po0.05] and
Time [F(4, 39)¼ 12.3, po0.001)] on ratings of VAS items Like
Cigarette and Want Cigarette. Post-hoc analyses revealed that
HFSS and LFSS rated Like Cigarette and Want Cigarette
higher compared with LFES at all time points (po0.01)

(Table 3). Following the first cigarette, ratings were
significantly lower than at previous time points (po0.001).

Repeated measures ANOVA (Group!AA Mixture!
Time) revealed main effects of Group [F(2,39)¼ 4.9,
po0.05] and Time [F(4,39)¼ 6.7, po0.01) on ratings of
VAS item ‘Euphoria’ and ‘High’. Post-hoc analyses revealed
that ratings of ‘Euphoria’ and ‘High’ were higher in HFSS
than in LFES and LFSS (po0.05). Ratings of ‘Euphoria’ and
‘High’ were significantly different at time points ‘Cig cue’
and ‘Post-Cig’ compared with all three previous time
points (po0.01) (Table 3). An effect of Time and
Group differences was observed on several VAS items
(Supplementary Table S1). However, APTD had no effect on
the rating of any VAS items at different time points.

The Effects Of APTD And Time On Self-Reported
Craving

Group differences on Factor 2 ratings of the QSU were
observed with HFSS and LFSS scoring significantly higher
than LFES (po0.01). No group differences were observed
on Factor 1 ratings. Effects of AA Mixture or Cue on QSU
Factor 1 and Factor 2 ratings were not observed (Table 4).

Table 2 Plasma Levels of Tyrosine and Phenylalanine, and Ratios of Tyrosine and Phenylalanine to Large Neutral Amino Acids at a.m.
Baseline and 4 h Following Amino Acid Ingestion

Amino acid BAL (a.m.) BAL (p.m.) % Difference APTD (a.m.) APTD (p.m.) % Difference

Tyrosine 56.7 (13.3) 136.7 (43.6)** 241.1 54.5 (8.9) 12.6 (2.9)** #76.9

Phenylalanine 50.5 (9.0) 119.1 (50.9)** 235.8 49.1 (6.9) 7.4 (1.9)** #84.9

Tyrosine:LNAA 0.117 (0.05) 0.079 (0.01)* #32.5 0.12 (0.05) 0.007 (0.003)** #94.2

Phe:LNAA 0.104 (0.04) 0.069 (0.02)* #33.7 0.10 (0.03) 0.004 (0.002)** #96.0

Abbreviations: APTD, acute phenylalanine tyrosine depletion; BAL, balanced; LNAA, large neutral amino acid; Phe, phenylalanine.
Biochemical data are presented as mean mmol/l (SD).
*po0.001.
**po0.0001.

Figure 1 Effect of acute phenylalanine and tyrosine depletion (APTD)
on progressive ratio breakpoints for nicotine-containing (Nic + ) and
de-nicotinized cigarettes (Nic #). HFSS, LFSS, and LFES refer to high-
frequency stable smokers, low-frequency stable smokers, and low-
frequency early smokers, respectively. All three groups of smokers worked
for more Nic + cigarettes compared with Nic # ones (po0.0001, (fff)).
HFSS worked for more Nic + compared with both groups of low-
frequency smokers (po 0.01), (**). In all three groups, Nic +
self-administration was significantly attenuated in the APTD condition with
relative to BAL (po0.05, (w)).

Low DA decreases cigarette self-administration
VV Venugopalan et al
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Delay discounting. After initial training and drug tests
using the effort-discounting tasks were completed, rats in
all groups were then trained on a delay-discounting task
(Cardinal et al, 2000; Winstanley et al, 2004). In this task, a
single response on the HR lever delivered four pellets;
however delivery of these four pellets occurred after a delay
ranging from 0.5 to 8 s (Figure 1b, middle). A single
response on the LR lever delivered two pellets immediately.
The delay to food delivery reflected the average time rats in
a respective group required to press the HR lever 2, 5, 10,

and 20 times during the last 3 days of training on the effort-
discounting task (excluding drug test days). For example,
on average, rats in group C required 0.4, 1.7, 2.8, and 6.5 s to
press the HR lever 2, 5, 10, and 20 times, respectively. These
delays were increased over each of the four trials blocks.
Rats were trained on this task until they demonstrated
stable levels of choice, after which they received their first
drug test day. Training continued until stable baseline levels
of choice were reestablished, after which a second test day
was administered and this procedure was repeated until rats

Figure 1 Schematic of the decision-making tasks used and task acquisition data. (a) The format of a single free-choice trial on the effort-discounting task.
(b) Cost/benefit contingencies associate with responding on either the low-reward (LR) or high-reward (HR) lever on the effort discounting (left), delay
discounting (middle), or effort discounting with equivalent delays (right) tasks. (c) Summary of the decision-making tasks and manipulations animals in each
group were subjected to over the course of the experiment. (d) Mean ( + SEM) proportion of choices of the HR lever across the four trial blocks on the
effort-discounting task for all animals at different time points in training. (e) Mean ( + SEM) latencies to complete 2, 5, 10, and 20 presses on the HR lever for
all animals after 21–23 days of training on the effort-discounting task. (f) Mean ( + SEM) proportion of choices of the HR lever for all animals trained on the
effort discounting (squares) and subsequently on the effort discounting with equivalent delays (circles) tasks. Equalizing the delay to food delivery between
response options increased the proportion of choices of the HR lever across all trial blocks. Star denotes significant difference between training conditions at
Po0.05.

DA and NMDA receptors and decision making
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this dose induced impulsive choice, reducing the preference
for a larger reward delivered after a delay. This effect was
most prominent during the last trial block when the delay to
reinforcement delivery was 6.5 s. This dose also decreased
locomotor counts (F(1, 7)¼ 6.81, Po0.05).

Effort discounting with equivalent delays. The above-
mentioned findings indicate that DA receptor antagonism
reduces the preference to work harder or wait longer to
obtain a larger reward, as has been reported previously
(Cousins et al, 1994; Wade et al, 2000; Denk et al, 2005; Van
Gaalen et al, 2006). It is important to note that in the effort-
discounting task, animals incurred a delay to delivery of
four pellets from the time rats initially chose the HR lever to
when they completed the fixed ratio of presses. It was
therefore important to determine whether the effects of DA
receptor blockade on effort discounting were attributable
specifically to alterations in decision-making processes
related to the relative effort requirements associated with
a choice or to a reduced tolerance for delays to reinforce-
ment. Thus, after receiving their last drug test using the
delay-discounting procedure, rats in group C were trained
on the effort discounting with equivalent delays task. Here

one press on the LR lever delivered two pellets after a delay
that was equivalent to the average amount of time rats took
to complete the fixed ratio of presses on the HR lever. Rats
required 11 days of training on this task before displaying
stable baseline levels of performance and receiving their
first drug tests. As was observed using the standard effort-
discounting procedure, flupenthixol (0.25mg/kg) caused
a significant decrease in the proportion of choices of the
HR lever across all trial blocks when the delay to rein-
forcer delivery was equalized between response options
(F(1, 7)¼ 12.88, Po0.01; Figure 2d). However, this effect
was not accompanied by reduced locomotor activity or
increased latencies to compete the fixed ratio of presses on
the HR lever (all F’so1.3, NS), although this dose did
increase trial omissions (F(1, 7)¼ 6.31, Po0.05). Interest-
ingly, the majority of these omissions occurred during the
last trial block, when the effort requirement on the HR lever
was highest (Figure 2e). Taken together, these findings
indicate that the effects of DA receptor blockade on effort
discounting are independent of the effects of these drugs on
delay discounting, because in this experiment, animals
incurred a comparable delay before receiving either the
larger or smaller reward. Thus, DA mediates both effort-

Figure 2 The effects of DA receptor blockade with flupenthixol on effort- and delay-based decision making. Symbols represent mean+ SEM. Stars
denote significant (Po0.05) differences vs saline (sal) across all trial blocks. (a) For rats in group A, flupenthixol dose dependently decreased the proportion
of choices of the high-reward (HR) lever across all trial blocks using the effort-discounting procedure. (b) The 0.25mg/kg dose also decreased the proportion
of choices of the HR lever when the effort requirement on the HR lever decreased over the course of training sessions. (c) For rats in group C, flupenthixol
reduced the preference for larger, delayed rewards on the delay-discounting task. Numbers on the abscissa represent the delay to delivery of the HR for
each trial block, and were calculated from the average time rats took to press the HR lever 2, 5, 10, and 20 times using the effort-discounting procedure.
(d) DA receptor blockade reduced the preference for the HR lever on the effort discounting with equivalent delays task. Here a single press on the low-
reward (LR) lever delivered two pellets after a delay equivalent to the time required to complete the ratio of presses on the HR lever. Numbers on the
abscissa denote the effort requirement on the HR lever (top) and the delay to delivery of the two pellets after a single press on the LR lever (bottom). (e)
Flupenthixol increased the number of trial omissions on the effort discounting with equivalent delays task, with this effect being more prominent in the latter
parts of the session. (f) Replication of the effects of a 0.25mg/kg challenge on effort discounting in a separate group of rats that had received extended
training (group C).
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and delay-based decisions, but may do so via dissociable
mechanisms.
After the completion of drug tests using the effort

discounting with equivalent delays procedure, rats in group
C received an additional 6 days of training using the
standard effort-discounting task, where one press on the LR
delivered two pellets immediately. They then received
another flupenthixol drug test (0.25mg/kg). On this drug
challenge, two rats made 440 trial omissions, so we only
analyzed data from the remaining six rats (6.6±2
omissions). By this point, rats in this group had received
nearly 100 days of training on three different variants of the
task. Despite this extended training, administration of
flupenthixol again reduced the number of choices of the
HR lever, replicating the effect observed in group A
(F(1, 5)¼ 26.82, Po0.005; Figure 2f). Although there was
no significant Dose"Block interaction (F(3, 15)¼ 1.12,
NS), the reduction in the preference for the HR only
became apparent during the second and third trial blocks,
indicating that flupenthixol did not decrease the sensitivity
to the ratio of available rewards, as has been reported with
other DA antagonists (Denk et al, 2005). Thus, the effects of
DA receptor antagonism on effort discounting remain stable
over time, even after extended training and experience with
different types of discounting task.

Increasing DA Transmission with D-Amphetamine

Effort discounting. Rats in group B were trained on the
effort-discounting procedure for 31 days before receiving
three doses of D-amphetamine on separate test days in the
following order; 0.50, 0.25, and 0.125mg/kg. Rats were
responding reliably at this point in training, and did not
make any trial omissions. Analysis of the choice data on
drug test days revealed a significant main effect of Dose
(F(3, 21)¼ 5.13, Po0.01), Trial Block (F(3, 21)¼ 23.491,
Po0.001), and, notably, significant Dose"Block interac-
tion (F(9, 63)¼ 2.29, Po0.05; Figure 3a). This interaction
was attributable to the fact that D-amphetamine exerted
dose-dependent, biphasic effects on choice behavior.

Specifically, injections of 0.50mg/kg dose of amphetamine
did not alter choice during the first trial block when the
effort requirement was low, but significantly (Po0.05)
reduced the preference for the HR lever in all subsequent
trial blocks, as the effort requirement increased. In contrast,
administration of either 0.125 or 0.25mg/kg of ampheta-
mine actually increased the proportion of choices of the HR
lever in the second and third trial blocks, where the effort
requirement was 5 and 10 presses, respectively. These
differential effects of amphetamine on decision making
were not accompanied by changes in the rate of responding
on the HR lever. Analysis of the latency to complete the
ratio of presses on the HR lever yielded no significant main
effect of Dose or Dose"Block interaction (both F’so1.47,
NS). Similarly, none of the three doses increased trial
omissions (F(3, 21)¼ 1.3, NS). Predictably, locomotor
counts were increased by the 0.25mg/kg (1620±203) and
0.5mg/kg (1661±170) doses of amphetamine relative to
saline (1028±79; F(3, 21)¼ 11.03, Po0.001 and Dunnett’s,
Po0.05). It is notable that both the 0.25 and 0.50mg/kg
doses of amphetamine increased locomotor activity to a
similar degree; however these doses exerted opposite effects
on decision making. This suggests that the effects of
amphetamine on effort-based decision making are inde-
pendent of its psychomotor stimulant actions. Thus, a
0.50mg/kg dose of amphetamine increases effort discount-
ing, reducing the preference to exert a greater amount of
effort to receive a larger reward. In contrast, lower doses
exert the opposite effect, increasing the tendency for rats to
work harder for a larger reward.

Delay discounting. After rats in group B had received their
last amphetamine drug test, they were trained on the delay-
discounting task for 5 days. The average latency to complete
the fixed ratio of presses during the last 3 drug-free days of
effort-discounting training was 0.3, 1.2, 3.2, and 7.9 s,
respectively. These delays were implemented as the delays
to delivery of four pellets after a single press on the HR. By
the end of this training period, the group displayed stable
levels of choice behavior. We assessed the effects of both the

Figure 3 The effects of amphetamine on effort- and delay-based decision making. Symbols represent mean + SEM. *Stars denote significant (Po0.05)
differences vs saline (sal) at a specific block (Treatment" Block interaction). All other conventions are the same as Figure 2. (a) A higher dose of
amphetamine (0.50mg/kg) decreased the proportion of choices of the high-reward (HR) lever on the effort-discounting task, whereas lower doses (0.25
and 0.125mg/kg) had the opposite effect. (b) The 0.25mg/kg dose shifted choice toward the HR lever on the delay-discounting task, but the 0.50mg/kg
dose had no effect. (c) Using the effort discounting with equivalent delays procedure, the 0.50mg/kg dose again reduced the preference for the HR lever.
However, under these conditions, the 0.25mg/kg dose failed to affect choice.
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Hwang Cost-benefit analysis in basal ganglia

BG. The main input structure of the BG, the striatum, receives
glutamatergic, excitatory inputs from the cortex (Figure 1A).
BG output nuclei send their GABAergic, inhibitory projections
to the thalamic nuclei, which then send glutamatergic projec-
tions to primarily the same cortical areas from which the cortico-
striatal inputs originated. Because BG output neurons have high
spontaneous baseline activity, the thalamic target nuclei are nor-
mally inhibited. The excitatory cortical signals entering the BG
propagate through direct and indirect pathways. The direct path-
way consists of one GABAergic connection from the striatum
to the output nuclei. The indirect pathway via two other nuclei
consists of two GABAergic and one glutamatergic connections.
Thus, direct pathway activation suppressing the activity of BG
output neurons disinhibits the thalamic target, whereas indirect
pathway activation intensifying output activity suppresses the
target.

According to this synaptic map, action plans that activate the
direct pathway would produce facilitating feedback signals and
get selected for execution, while action plans activating the indi-
rect pathway would produce suppressing feedback signals and
get cancelled. The BG, therefore, can smartly arbitrate compet-
ing action plans by channeling a desirable action plan through the

direct pathway but competing, unwanted plans through the indi-
rect pathway. Such smart sorting may incorporate reinforcement
learning mechanisms within the BG. For example, if the outcome
of a particular action is better than expected (i.e., the reward pre-
diction error is positive), cortico-striatal synapses transmitting
that action plan to the direct pathway may be strengthened so that
the same action will be more likely selected in the future under
similar sensory and internal conditions. Indeed, dopaminergic
neurons projecting to the striatum appear to encode reward pre-
diction errors to some extent (Schultz et al., 1997), and dopamine
dependent plasticity has been observed at cortico-striatal synapses
(Shen et al., 2008). As such, action selection models were elegantly
inferred from the bottom-up analysis of anatomy and physiology.

COST-BENEFIT ANALYSIS
An outstanding question, though, is why a two-pathway structure
is necessary given that the two pathways converge at the tonically
firing output nuclei (Nambu, 2011) and thus, single pathway
schemes seem sufficient to produce the re-entrant feedback in a
prospective reward dependent manner. The answer may be sought
using a top-down approach by specifying necessary computa-
tional elements to explain our action selection behaviors. Imagine

A B action plan A

loop A loop B

action plan B

FIGURE 1 | (A) The cortico-basal ganglia-cortico loop (Albin et al., 1989). Most
cortical areas send excitatory projections to the striatum. The striatal
projection neurons expressing D2 dopamine receptors transmit the cortical
signal indirectly to the internal globus pallidus (GPi)/substantia nigra pars
reticulate (SNr) via the external globus pallidus (GPe) and subthalamic nucleus
(STN). The striatal projection neurons expressing D1 dopamine receptors
transmit the cortical signal directly to the GPi/SNr. The GPi/SNr sends
inhibitory projections to the thalamic nuclei, which then send excitatory
projections back to the cortex. The red lines indicate excitatory connections,
and the blue lines indicate inhibitory connections. Note that only principal
pathways and not all identified connections are shown. (B) The cost-benefit
model. An illustration of a simple scenario in which two action plans, A and B,
compete. Two cortico-basal ganglia-cortico loops that are topologically
organized, each linking a particular cortical ensemble with a particular set of
basal ganglia neurons, operate in parallel. In loop A, (1) action plan A is

represented by a set of intra-telencephalic (IT) and pyramidal tract (PT)
neurons in the cortex, (2) indirect pathway neurons, preferentially processing
PT neuronal input, produce the expected cost of plan A, and direct pathway
neurons, preferentially processing IT neuronal input, produce the expected
benefit of plan A, and (3) the basal ganglia output neurons combine the two
pathways in a subtractive manner to represent the net cost-benefit of plan A.
Likewise, in loop B, the basal ganglia output neurons represent the net
cost-benefit of plan B. Action plan A producing the better prospective net
value sustains through the strong re-entrant feedback signal from the basal
ganglia to the cortex, whereas action plan B perishes. Although not depicted,
the two pathways receive sensory cortical inputs so that the cost and benefit
analysis draws on the sensory state information as well. GPe and STN are
also omitted for brevity. The same color scheme as in (A) is used for
different brain areas, and the line thickness indicates the signal
strength.
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We aligned the GCaMP3 fluorescence signal to the first video frame
that showed movement in each action, and observed that both direct-
and indirect- pathway SPNs in the left striatum showed strongest
activation during rightward movement (LL to M (Fig. 4b, c, first column)
and M to RL (Fig. 4b, c, last column)), irrespective of motivational
state. This was not observed for leftward movement, regardless of the

motivational states (RL to M and M to LL, (Fig. 4b, c, second and
third columns)). However, leftward movements were associated with
increased transients in the right striatum (Supplementary Fig. 13).
Thus, self-paced movement initiation towards the contralateral side
is associated with co-activation of both direct and indirect pathways.

The onset of GCaMP3 fluorescence transients in both pathways
preceded movement onset. To test further the relationship between
direct- and indirect-pathway SPN activity and the initiation of specific
contraversive movement, we aligned the video frames to the onset of
the GCaMP3 transients and compared the movement status within a
400-ms window before (2500 ms to 2100 ms) and after (100 ms to
500 ms) the onset of the transients (Fig. 4d, g). Transients in both
direct- and indirect-pathway SPNs of left striatum reliably preceded
movement initiation, and predicted the occurrence of a contraversive
movement or a complex movement (but not a straight or ipsilateral
movement) within 500 ms of the start of the activity transient (Fig. 4e,
f, h, i). Conversely, before a fluorescence transient occurred in both
pathways there was a high probability that the animal was inactive (or
with less probability, performing an ipsilateral movement) (Fig. 4e, h),
indicating further that fluorescence transients in both pathways
occurred mostly during movement initiation or during transitions,
and predicted the occurrence of specific movements.

In summary, we have developed a new in vivo fibre-optic technique
for monitoring the activity of specific cell types deep in the brain, and
have provided the first definitive evidence that direct- and indirect-
pathway striatal neurons are co-activated during movement initiation,
and are inactive when the animal is not moving. These data call into
question the predominant current model of basal ganglia function,
which postulates that there should be more activity in the direct path-
way during movement than during immobility, and more activity in
the indirect pathway during immobility than during movement. We
also observed that neuronal activation in both pathways preceded
movement initiation (with a latency appropriate for movement con-
trol). Finally, we showed that activity in both pathways predicted the
occurrence of specific movements within 500 ms of transient initia-
tion. Although these data do not support a pro-kinetic versus anti-
kinetic dichotomy in direct and indirect pathways, they are consistent
with other models that propose that the coordinated activation of both
pathways is important for action selection, or for the precise timing of
basal ganglia output12,13,25.

Our data on indirect-pathway SPNs may seem to be at odds with
recent studies showing that optical activation of indirect-pathway
SPNs decreases locomotion26, and that ablating27 or disrupting the
function28 of indirect-pathway SPNs increases locomotion. However,
these optogenetic and lesion findings are not inconsistent with models
postulating that co-activation of both pathways are important for
action selection, with direct-pathway neurons promoting the wanted
motor program and indirect-pathway neurons inhibiting competing
motor programs. According to these models, during normal behaviour
the coordinated activation of particular groups of direct and indirect-
pathway SPNs would promote selection and initiation of a particular
movement. In contrast, non-selective global activation of an entire
population of indirect-pathway SPNs26 would probably inhibit most
motor programs and not only unwanted ones, leading to bradykinesia.
Conversely, inhibiting or ablating most indirect-pathway SPNs27,28

would abolish suppression of unwanted motor programs and induce
hyperkinesia. Opposite results could be expected for global direct-
pathway manipulations. Future studies aimed at examining the changes
in activity of direct- and indirect-pathway SPNs during basal ganglia
disease may shed light on the origin of the motor symptoms associated
with basal ganglia dysfunction.

The use of deep brain-inserted fibre optics in freely moving mice
enabled us to monitor changes in the fluorescence intensity of a GECI
reflecting intracellular calcium transients in specific subgroups of
SPNs that control voluntary actions. The spectral and lifetime mea-
surements made using TCSPC provide confirmation of the source of
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Figure 4 | Both direct- and indirect-pathway SPNs show strong activation
immediately before and during contraversive movement. a, Illustration of
four action types analysed in b and c: initiation of movement from left lever
(LL) to food magazine (M), from M to LL, from right lever (RL) to M, from M to
RL. b, c, GCaMP3 fluorescence in direct- and indirect-pathway SPNs measured
in the left striatum, aligned to initiation of the corresponding actions illustrated
in a. Top row, multiple trials showing colour-coded GCaMP3 fluorescence and
average response from one D1-Cre (b) and one A2A-Cre (c) mouse; bottom
row, averaged responses from three D1-Cre (b) and four A2A-Cre mice
(c). *P , 0.05, paired-comparison between baseline and GCaMP3 peak.
d–i, Multiple trials of GCaMP3 fluorescence and average response aligned to
the threshold of each detected fluorescence transient from a single mouse
(d, g). The two boxes indicate the time windows before (Pre) and after (Post)
the onset of the transients; these boxes are analysed in panels e, f, h and
i. Probability analyses were carried out of the different types of locomotor
activities before and after onset of fluorescence transients in direct- (e) and
indirect-pathway (h) SPNs in left striatum. Interaction between action states,
and between Pre and Post; direct pathway, F4,10 5 233, P , 0.001; indirect
pathway, F4,10 5 39.4, P , 0.001; post-hoc test, *P , 0.05, **P , 0.01,
***P , 0.001. Probability analyses (f, i) were carried out of two categories of
locomotor activity based on whether a rightward movement was made within
the defined time window. Right move 2, movement status pooled from
‘inactive’, ‘left turn’ and ‘straight’ in e and h. Right move 1, movement status
pooled from ‘right turn’ and ‘complex’ in e and h. n 5 3 for D1-Cre, n 5 4 for
A2A-Cre mice. Error bars represent 1 s.e.m.
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We aligned the GCaMP3 fluorescence signal to the first video frame
that showed movement in each action, and observed that both direct-
and indirect- pathway SPNs in the left striatum showed strongest
activation during rightward movement (LL to M (Fig. 4b, c, first column)
and M to RL (Fig. 4b, c, last column)), irrespective of motivational
state. This was not observed for leftward movement, regardless of the

motivational states (RL to M and M to LL, (Fig. 4b, c, second and
third columns)). However, leftward movements were associated with
increased transients in the right striatum (Supplementary Fig. 13).
Thus, self-paced movement initiation towards the contralateral side
is associated with co-activation of both direct and indirect pathways.

The onset of GCaMP3 fluorescence transients in both pathways
preceded movement onset. To test further the relationship between
direct- and indirect-pathway SPN activity and the initiation of specific
contraversive movement, we aligned the video frames to the onset of
the GCaMP3 transients and compared the movement status within a
400-ms window before (2500 ms to 2100 ms) and after (100 ms to
500 ms) the onset of the transients (Fig. 4d, g). Transients in both
direct- and indirect-pathway SPNs of left striatum reliably preceded
movement initiation, and predicted the occurrence of a contraversive
movement or a complex movement (but not a straight or ipsilateral
movement) within 500 ms of the start of the activity transient (Fig. 4e,
f, h, i). Conversely, before a fluorescence transient occurred in both
pathways there was a high probability that the animal was inactive (or
with less probability, performing an ipsilateral movement) (Fig. 4e, h),
indicating further that fluorescence transients in both pathways
occurred mostly during movement initiation or during transitions,
and predicted the occurrence of specific movements.

In summary, we have developed a new in vivo fibre-optic technique
for monitoring the activity of specific cell types deep in the brain, and
have provided the first definitive evidence that direct- and indirect-
pathway striatal neurons are co-activated during movement initiation,
and are inactive when the animal is not moving. These data call into
question the predominant current model of basal ganglia function,
which postulates that there should be more activity in the direct path-
way during movement than during immobility, and more activity in
the indirect pathway during immobility than during movement. We
also observed that neuronal activation in both pathways preceded
movement initiation (with a latency appropriate for movement con-
trol). Finally, we showed that activity in both pathways predicted the
occurrence of specific movements within 500 ms of transient initia-
tion. Although these data do not support a pro-kinetic versus anti-
kinetic dichotomy in direct and indirect pathways, they are consistent
with other models that propose that the coordinated activation of both
pathways is important for action selection, or for the precise timing of
basal ganglia output12,13,25.

Our data on indirect-pathway SPNs may seem to be at odds with
recent studies showing that optical activation of indirect-pathway
SPNs decreases locomotion26, and that ablating27 or disrupting the
function28 of indirect-pathway SPNs increases locomotion. However,
these optogenetic and lesion findings are not inconsistent with models
postulating that co-activation of both pathways are important for
action selection, with direct-pathway neurons promoting the wanted
motor program and indirect-pathway neurons inhibiting competing
motor programs. According to these models, during normal behaviour
the coordinated activation of particular groups of direct and indirect-
pathway SPNs would promote selection and initiation of a particular
movement. In contrast, non-selective global activation of an entire
population of indirect-pathway SPNs26 would probably inhibit most
motor programs and not only unwanted ones, leading to bradykinesia.
Conversely, inhibiting or ablating most indirect-pathway SPNs27,28

would abolish suppression of unwanted motor programs and induce
hyperkinesia. Opposite results could be expected for global direct-
pathway manipulations. Future studies aimed at examining the changes
in activity of direct- and indirect-pathway SPNs during basal ganglia
disease may shed light on the origin of the motor symptoms associated
with basal ganglia dysfunction.

The use of deep brain-inserted fibre optics in freely moving mice
enabled us to monitor changes in the fluorescence intensity of a GECI
reflecting intracellular calcium transients in specific subgroups of
SPNs that control voluntary actions. The spectral and lifetime mea-
surements made using TCSPC provide confirmation of the source of
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Figure 4 | Both direct- and indirect-pathway SPNs show strong activation
immediately before and during contraversive movement. a, Illustration of
four action types analysed in b and c: initiation of movement from left lever
(LL) to food magazine (M), from M to LL, from right lever (RL) to M, from M to
RL. b, c, GCaMP3 fluorescence in direct- and indirect-pathway SPNs measured
in the left striatum, aligned to initiation of the corresponding actions illustrated
in a. Top row, multiple trials showing colour-coded GCaMP3 fluorescence and
average response from one D1-Cre (b) and one A2A-Cre (c) mouse; bottom
row, averaged responses from three D1-Cre (b) and four A2A-Cre mice
(c). *P , 0.05, paired-comparison between baseline and GCaMP3 peak.
d–i, Multiple trials of GCaMP3 fluorescence and average response aligned to
the threshold of each detected fluorescence transient from a single mouse
(d, g). The two boxes indicate the time windows before (Pre) and after (Post)
the onset of the transients; these boxes are analysed in panels e, f, h and
i. Probability analyses were carried out of the different types of locomotor
activities before and after onset of fluorescence transients in direct- (e) and
indirect-pathway (h) SPNs in left striatum. Interaction between action states,
and between Pre and Post; direct pathway, F4,10 5 233, P , 0.001; indirect
pathway, F4,10 5 39.4, P , 0.001; post-hoc test, *P , 0.05, **P , 0.01,
***P , 0.001. Probability analyses (f, i) were carried out of two categories of
locomotor activity based on whether a rightward movement was made within
the defined time window. Right move 2, movement status pooled from
‘inactive’, ‘left turn’ and ‘straight’ in e and h. Right move 1, movement status
pooled from ‘right turn’ and ‘complex’ in e and h. n 5 3 for D1-Cre, n 5 4 for
A2A-Cre mice. Error bars represent 1 s.e.m.
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Supplementary figure 2. Unbalanced activation or inhibition of the basal 

ganglia pathways shows opposite effects on contraversive movements. (a, d, 

k, n) Representation of coronal brain mice slices depicting the unilateral stimulation 

in the different Cre lines. (b, e, l, o) Temporal dynamics of the cumulative degrees of 

turning towards each side in response to 5 seconds of unilateral illumination to 
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Supplementary figure 2. Unbalanced activation or inhibition of the basal 

ganglia pathways shows opposite effects on contraversive movements. (a, d, 

k, n) Representation of coronal brain mice slices depicting the unilateral stimulation 

in the different Cre lines. (b, e, l, o) Temporal dynamics of the cumulative degrees of 

turning towards each side in response to 5 seconds of unilateral illumination to 
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Hwang Cost-benefit analysis in basal ganglia

BG. The main input structure of the BG, the striatum, receives
glutamatergic, excitatory inputs from the cortex (Figure 1A).
BG output nuclei send their GABAergic, inhibitory projections
to the thalamic nuclei, which then send glutamatergic projec-
tions to primarily the same cortical areas from which the cortico-
striatal inputs originated. Because BG output neurons have high
spontaneous baseline activity, the thalamic target nuclei are nor-
mally inhibited. The excitatory cortical signals entering the BG
propagate through direct and indirect pathways. The direct path-
way consists of one GABAergic connection from the striatum
to the output nuclei. The indirect pathway via two other nuclei
consists of two GABAergic and one glutamatergic connections.
Thus, direct pathway activation suppressing the activity of BG
output neurons disinhibits the thalamic target, whereas indirect
pathway activation intensifying output activity suppresses the
target.

According to this synaptic map, action plans that activate the
direct pathway would produce facilitating feedback signals and
get selected for execution, while action plans activating the indi-
rect pathway would produce suppressing feedback signals and
get cancelled. The BG, therefore, can smartly arbitrate compet-
ing action plans by channeling a desirable action plan through the

direct pathway but competing, unwanted plans through the indi-
rect pathway. Such smart sorting may incorporate reinforcement
learning mechanisms within the BG. For example, if the outcome
of a particular action is better than expected (i.e., the reward pre-
diction error is positive), cortico-striatal synapses transmitting
that action plan to the direct pathway may be strengthened so that
the same action will be more likely selected in the future under
similar sensory and internal conditions. Indeed, dopaminergic
neurons projecting to the striatum appear to encode reward pre-
diction errors to some extent (Schultz et al., 1997), and dopamine
dependent plasticity has been observed at cortico-striatal synapses
(Shen et al., 2008). As such, action selection models were elegantly
inferred from the bottom-up analysis of anatomy and physiology.

COST-BENEFIT ANALYSIS
An outstanding question, though, is why a two-pathway structure
is necessary given that the two pathways converge at the tonically
firing output nuclei (Nambu, 2011) and thus, single pathway
schemes seem sufficient to produce the re-entrant feedback in a
prospective reward dependent manner. The answer may be sought
using a top-down approach by specifying necessary computa-
tional elements to explain our action selection behaviors. Imagine

A B action plan A

loop A loop B

action plan B

FIGURE 1 | (A) The cortico-basal ganglia-cortico loop (Albin et al., 1989). Most
cortical areas send excitatory projections to the striatum. The striatal
projection neurons expressing D2 dopamine receptors transmit the cortical
signal indirectly to the internal globus pallidus (GPi)/substantia nigra pars
reticulate (SNr) via the external globus pallidus (GPe) and subthalamic nucleus
(STN). The striatal projection neurons expressing D1 dopamine receptors
transmit the cortical signal directly to the GPi/SNr. The GPi/SNr sends
inhibitory projections to the thalamic nuclei, which then send excitatory
projections back to the cortex. The red lines indicate excitatory connections,
and the blue lines indicate inhibitory connections. Note that only principal
pathways and not all identified connections are shown. (B) The cost-benefit
model. An illustration of a simple scenario in which two action plans, A and B,
compete. Two cortico-basal ganglia-cortico loops that are topologically
organized, each linking a particular cortical ensemble with a particular set of
basal ganglia neurons, operate in parallel. In loop A, (1) action plan A is

represented by a set of intra-telencephalic (IT) and pyramidal tract (PT)
neurons in the cortex, (2) indirect pathway neurons, preferentially processing
PT neuronal input, produce the expected cost of plan A, and direct pathway
neurons, preferentially processing IT neuronal input, produce the expected
benefit of plan A, and (3) the basal ganglia output neurons combine the two
pathways in a subtractive manner to represent the net cost-benefit of plan A.
Likewise, in loop B, the basal ganglia output neurons represent the net
cost-benefit of plan B. Action plan A producing the better prospective net
value sustains through the strong re-entrant feedback signal from the basal
ganglia to the cortex, whereas action plan B perishes. Although not depicted,
the two pathways receive sensory cortical inputs so that the cost and benefit
analysis draws on the sensory state information as well. GPe and STN are
also omitted for brevity. The same color scheme as in (A) is used for
different brain areas, and the line thickness indicates the signal
strength.
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