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Choosing between smaller, assured rewards or larger, uncertain ones requires reconciliation of competing biases toward more certain or
riskier options. We used disconnection and neuroanatomical techniques to reveal that separate, yet interconnected, neural pathways
linking the medial prefrontal cortex (PFC), the basolateral amygdala (BLA), and nucleus accumbens (NAc) contribute to these different
decision biases in rats. Disrupting communication between the BLA and NAc revealed that this subcortical circuit biases choice toward
larger, uncertain rewards on a probabilistic discounting task. In contrast, disconnections between the BLA and PFC increased choice of
the Large/Risky option. PFC–NAc disconnections did not affect choice but did increase choice latencies and trial omissions. Neuroana-
tomical studies confirmed that projection pathways carrying axons from BLA-to-PFC transverse a distinctly different route relative to
PFC-to-BLA pathways (via the ventrolateral amydalofugal pathway and ventromedial internal capsule, respectively). We exploited these
dissociable axonal pathways to selectively disrupt bottom-up and top-down communication between the BLA and PFC. Subsequent
disconnection studies revealed that disruption of top-down (but not bottom-up) information transfer between the medial PFC and BLA
increased choice of the larger, riskier option, suggesting that this circuit facilitates tracking of actions and outcomes to temper urges for
riskier rewards as they become less profitable. These findings provide novel insight into the dynamic competition between these cortical/
subcortical circuits that shape our decision biases and underlie conflicting urges when evaluating options that vary in terms of potential
risks and rewards.

Introduction
We routinely have to evaluate the relative risks and rewards asso-
ciated with different options, choosing between potentially more
profitable, but uncertain outcomes, and safer, yet more modest,
rewards, such as when managing an investment portfolio. Three
key brain areas contribute to decision making about certain and
uncertain rewards in humans, nonhuman primates, and rats: the
prefrontal cortex (PFC), amygdala, and nucleus accumbens
(NAc). Each of these regions are intimately interconnected: the
PFC and amygdala share reciprocal connections (permitting
both bottom-up and top-down processing of information), and
the PFC and amygdala also send unidirectional projections to the
NAc (McDonald, 1987, 1991a,b; Sesack et al., 1989; Brog et al.,
1993; McDonald et al., 1996).

Across species, medial regions of the PFC (including the an-
terior cingulate) are thought to monitor choice information and

adjust behavior in response to decision outcomes (Rogers et al.,
2004; Marsh et al., 2007; St. Onge and Floresco, 2010), whereas
the amygdala and ventral striatum play a key role in value repre-
sentation (Knutson et al., 2005; Balleine and Killcross, 2006;
Hampton et al., 2007; Ghods-Sharifi et al., 2009; Roesch et al.,
2009; Pessoa, 2010). However, reliance on interpreting functions
of different brain regions in isolation lacks external validity; de-
termining the manner in which these regions interact to guide
behavior is essential to understanding what drives us to make
risky or safe decisions. Thus, the possibility remains that separate
neural pathways within these brain circuits may differentially
influence the direction of uncertain versus certain choices and
regulate our ability to make decisions about different risks and
rewards.

Functional imaging studies have provided indirect evi-
dence that these regions do interact to facilitate decision mak-
ing about probabilistic rewards. Functional connectivity
between the anterior cingulate and the NAc has been observed
when subjects are choosing high-risk compared with low-risk
gambles (Cohen et al., 2005) and between the cingulate and
amygdala when anticipating reward outcomes (Marsh et al.,
2007). Given that it is difficult to directly test whether anatom-
ical connectivity between structures is necessary for task perfor-
mance in humans, rodent models of decision making provide a
unique opportunity to directly disconnect specific pathways. Pre-
vious research in our laboratory using a probabilistic discounting
task as a model of risk-based decision making in rats identified
distinct roles for the basolateral amygdala (BLA), NAc, and the
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prelimbic medial PFC in biasing choice between uncertain versus
certain rewards. Inactivation of either the BLA or NAc biases
choice away from larger, uncertain rewards, whereas similar in-
activation of the PFC induces a more complex deficit indicative of
an inability to update decision policies (Ghods-Sharifi et al.,
2009; St. Onge and Floresco, 2010; Stopper and Floresco, 2011).
Thus, accumulating evidence suggests that a cortico-limbic-
striatal circuit involving the medial PFC, BLA, and NAc may
mediate decision making about probabilistic outcomes. What
remain unclear are the specific routes of serial information trans-
fer between these regions that facilitate decision making about
different risks and rewards in a continuously changing environ-
ment. To address this, the present study used an asymmetrical
disconnection approach to clarify the contribution of these dif-
ferent pathways to this aspect of decision making.

Materials and Methods
Animals
Adult male Long–Evans rats (Charles River Laboratories) weighing 275–
300 g at the beginning of behavioral training were food restricted to
85–90% of their free-feeding weight for the remainder of the experiment.
All testing was in accordance with the Canadian Council of Animal Care
and the Animal Care Committee of the University of British Columbia.

Apparatus
Behavioral testing for all experiments described here was conducted in 12
operant chambers (30.5 � 24 � 21 cm; Med Associates) enclosed in
sound-attenuating boxes. The boxes were equipped with a fan to provide
ventilation and to mask extraneous noise. Each chamber was fitted with
two retractable levers, one located on each side of a central food recepta-
cle where food reinforcement (45 mg; Bioserv) was delivered via a pellet
dispenser. The chambers were illuminated by a single 100 mA house light
located in the top-center of the wall opposite the levers. Four infrared
photobeams were mounted on the sides of each chamber. Locomotor
activity was indexed by the number of photobeam breaks that occurred
during a session. All experimental data were recorded by an IBM per-
sonal computer connected to the chambers via an interface.

Lever pressing training
Our initial training protocols were identical to those described in our
previous studies (Ghods-Sharifi et al., 2009; St. Onge and Floresco, 2009,
2010; Stopper and Floresco, 2011). On the day before their first exposure
to the chambers, rats were given �25 sugar reward pellets in their home
cage. On the first day of training, two or three pellets were delivered into
the food cup and crushed pellets were placed on a lever before the animal
was placed in the chamber. Rats were first trained under a fixed-ratio 1
schedule to a criterion of 60 presses in 30 min, first for one lever, and then
repeated for the other lever (counterbalanced left/right between sub-
jects). Rats were then trained on a simplified version of the full task.
These 90 trial sessions began with the levers retracted and the operant
chamber in darkness. Every 40 s, a trial was initiated with the illumina-
tion of the houselight and the insertion of one of the two levers into the
chamber. If the rat failed to respond on the lever within 10 s, the lever was
retracted, the chamber darkened, and the trial was scored as an omission.
If the rat responded within 10 s, the lever retracted and a single pellet was
delivered with 50% probability. This procedure was used to familiarize
the rats with the probabilistic nature of the full task. In every pair of trials,
the left or right lever was presented once, and the order within the pair of
trials was random. Rats were trained for �5– 6 d to a criterion of 80 or
more successful trials (i.e., �10 omissions).

Probabilistic discounting task
Rats were trained daily 6 –7 d/week. Each session began in darkness with
both levers retracted (the intertrial state). An entire session consisted of
72 trials, and took 48 min to complete. Trials began every 40 s with
illumination of the houselight and, 3 s later, insertion of one or both
levers into the chamber (Fig. 1). For the forced choice trials that preceded
each block of free choice trials, only one lever was presented (4 trials for
each lever, randomized in pairs). Designation of the Large/Risky and
Small/Certain lever was counterbalanced left/right across animals and
remained consistent throughout training. Once a trial was initiated, no
response within 10 s of lever presentation (omission) reset the chamber
to the intertrial state (darkness, levers retracted) until the next trial. The
probability of obtaining four pellets after pressing the Large/Risky lever
decreased across blocks: it was initially 100%, then 50%, 25%, and finally
12.5%, for each successive block. Using these probabilities, selection of
the Large/Risky lever would be advantageous in the first two blocks, and

Figure 1. Probabilistic discounting task design. A, Cost/benefit contingencies associated with responding on either lever. B, Format of the sequence of forced and free choice trials within each
probability block of a training session. C, Format of a single free-choice trial.
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disadvantageous in the last block, whereas rats could obtain an equiva-
lent number of food pellets after responding on either lever during the
25% block. Therefore, in the last three trial blocks of this task, selection of
the larger reward option carried with it an inherent “risk” of not obtain-
ing any reward. Latencies to initiate a choice and overall locomotor ac-
tivity ( photobeam breaks) were also recorded.

Rats were trained until they displayed stable choice behavior, after
which they were subjected to surgery. Stability was determined using data
from three consecutive sessions that were analyzed with two-way
repeated-measures ANOVAs with Day and Trial Block as factors. If there
was no main effect of Day or Day � Trial Block interaction (at p � 0.1
level), performance of the group was deemed stable.

Reward magnitude discrimination task
As we have done previously (Ghods-Sharifi et al., 2009; Stopper and Flo-
resco, 2011), we determined a priori that if either ipsilateral inactivation or
functional disconnection of the circuits connecting the medial PFC, BLA, or
NAc decreased preference for the Large/Risky lever on the probabilistic dis-
counting task, separate groups of animals would be trained and tested on
a reward magnitude discrimination task to determine whether this effect
was due to impairment in discriminating between reward magnitudes
associated with the two levers. In these experiments, rats were also
trained to press retractable levers as in the probabilistic discounting task,
after which they were trained on the reward magnitude discrimination
task. Here, rats chose between one lever that delivered one pellet and
another that delivered four pellets. Both the small and large rewards were
delivered immediately after a single response with 100% probability. A
session consisted of four blocks of trials, with each block consisting of two
forced-choice followed by 10 free-choice trials. After �10 d of training,
rats typically displayed a strong preference for the four-pellet option. On
the following day, rats received the first of three counterbalanced infu-
sion test days (saline, ipsilateral inactivation, functional disconnection).
Subsequent infusion test days were interspersed with 1–2 d of baseline
training (no infusions).

Disconnection design
The logic underlying the use of asymmetrical disconnections inactiva-
tions to identify components of a functional neural circuit is based on the
assumption that information is transferred serially from one structure to
an efferent region on both sides of the brain in parallel. It further assumes
that dysfunction will result from blockade of neural activity at the origin
of a pathway in one hemisphere and the termination of the efferent
pathway in the contralateral hemisphere. For example, if performance on
a task is dependent on a serial connection linking the BLA to the NAc,
then unilateral inactivation of the BLA would prevent the NAc in the
ipsilateral hemisphere from gaining access to the information needed to
perform the task. In the other hemisphere, information would be relayed
from the BLA; however, suppression of neural activity within the NAc on
this side of the brain would prevent it from processing incoming signals
from the BLA. Thus, after this asymmetric disconnection, NAc neural
activity that contributes to decision making processes would be compro-
mised on both sides of the brain.

The disconnection design rests on two further assumptions. First, it
assumes that ipsilateral inactivation of one or both structures in a circuit
should not have as a disruptive effect on behavior, because the intact
structures in the hemisphere should be able to at least partially compen-
sate for the unilateral disruption in function. In the design, this assump-
tion is controlled for by using ipsilateral inactivation of both structures in
a circuit. Second, to be maximally effective, contralateral connections
between two brain regions should be minimized. With respect to the
pathways explored in the present study, projections from the BLA to both
the NAc and PFC are primarily ipsilateral (McDonald, 1987, 1991a,b).
However, the PFC sends both ipsilateral and contralateral descending
projections to the BLA. To compensate for this, where we selectively
disconnected descending PFC inputs to the BLA (using asymmetrical
internal capsule/BLA inactivations), our surgical procedures included a
transection of the corpus callosum in a region just caudal to the PFC,
which is the region where axons from the ipsilateral PFC cross over and
descend toward the contralateral BLA.

Surgical, microinfusion, and testing procedures
Rats were anesthetized with ketamine and xylazine (100 and 7 mg/kg,
respectively). Rats were implanted with two sets of bilateral 23 gauge
stainless steel guide cannula using standard stereotaxic techniques. Five
separate combinations of placements were used: (1) BLA [anteroposte-
rior (AP) � �3.1 mm; medial-lateral (ML) � �5.2 mm from bregma;
dorsoventral (DV) � �6.5 mm from dura] and NAc (AP � �1.5 mm;
ML � �1.4 mm; DV � �5.9 mm), (2) BLA and medial PFC (AP � �3.4
mm; ML � �0.7 mm; DV � �2.8), (3) PFC and NAc (same coordinates
as above), (4) medial PFC and ventrolateral amydalofugal pathway (as-
cending BLA3medial PFC pathway; AP � �0.5 mm; ML � �5.0 mm;
DV � �5.3), and (5) BLA and ventromedial internal capsule (descend-
ing PFC3BLA pathway; AP � �1.5 mm; ML � �2.4 mm; DV � �6.3
mm). As described above, we also performed a 1 mm transection of the
corpus callosum in the descending PFC–BLA pathway group. For PFC–
NAc preparations, the corpus callosum was transected by the guide can-
nula targeted at the NAc. We did not employ a similar transection for
disconnection of ascending pathway because projections from BLA to
PFC are primarily ipsilateral. Callosotomy alone typically has little to no
effect on behavior (Floresco et al., 1999; Dunnett et al., 2005; Bezzina et
al., 2008).

Rats were given at least 1 week to recover from surgery before being
retrained for at least 5 d. Once stable choice behavior was reestablished,
they received their first microinfusion test day. On separate test days, rats
received three counterbalanced infusions: (1) a saline infusion into both
structures contralaterally (saline), (2) drug infusions in two regions in
the same hemisphere (ipsilateral inactivation), and (3) drug infusions in
two regions in opposite hemispheres (functional disconnection). The
ipsilateral inactivation was used as a within-subjects control to determine
whether mass action effects may occur when we simultaneously inacti-
vate two brain regions. The order of treatments and the hemispheres that
received ipsilateral/contralateral infusions were counterbalanced across
animals. Following the first infusion test day, rats received 1–2 baseline
training days (no infusion) until an individual rat’s choice of the Large/
Risky lever deviated by �15% from its preinfusion baseline. On the
following day, a rat received a second counterbalanced infusion, followed
by another training day, and lastly, the final infusion.

Histology
After completion of behavioral testing, rats were killed in a carbon diox-
ide chamber. Brains were removed and fixed in a 4% formalin solution.
The brains were frozen and sliced in 50 �m sections before being
mounted and stained with Cresyl Violet. Placements were verified with
reference to a neuroanatomical atlas (Paxinos and Watson, 1998). Data
from rats whose placements were outside the borders of the medial PFC,
NAc, BLA, or the targeted axon fiber bundles along the ventrolateral edge
of the corpus callosum and the ventromedial internal capsule were re-
moved from the analysis.

Data analysis
The primary dependent measure of interest for the probabilistic dis-
counting task was the proportion of choices directed toward the Large/
Risky lever for each block of free-choice trials, factoring in trial
omissions. For each block, this was calculated by dividing the number of
choices of the Large/Risky lever by the total number of successful trials.
Choice data were analyzed using either one- or two-way within-subjects
ANOVAs, with Treatment and Trial Block as within-subjects factors.
Multiple comparisons were made with Dunnett’s or Newman–Keuls
tests as appropriate. In each of these analyses, the effect of Trial Block was
always significant ( p � 0.001) and will not be mentioned further. Loco-
motor activity (i.e., photobeam breaks), response latency, and the num-
ber of trial omissions were analyzed with one-way repeated-measures
ANOVAs.

If we observed a significant change in preference for the Large/Risky
lever on the probabilistic discounting task, we conducted a supplemen-
tary analysis to obtain further insight into how these treatments affected
patterns of choice and resulting alterations in discounting. Specifically,
this choice-by-choice analysis was designed to identify whether changes
in behavior were due to alterations in the likelihood of choosing the risky
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lever after obtaining the larger reward (win–stay performance) or alter-
ations in negative feedback sensitivity (lose–shift performance) (St. Onge
et al., 2011; Stopper and Floresco, 2011). Animals’ choices during the task
were analyzed according to the outcome of each preceding free-choice
trial (reward or nonreward) and expressed as a ratio. The proportion of
win–stay trials was calculated from the number of times the rat chose the
Large/Risky lever after choosing the risky option on the preceding trial
and obtaining the large reward (a win), divided by the total number of
free-choice trials where the rat obtained the larger reward. Conversely,
lose–shift performance was calculated from the number of times rats
shifted choice to the Small/Certain lever after choosing the risky option
on the preceding trial and were not rewarded (a loss), divided by the total
number of free-choice trials resulting in a loss. This analysis was con-
ducted for all trials across the four blocks. We could not conduct a
block-by block analysis of these data because there were many instances
where rats did not obtain the large reward at all during the latter blocks.
Changes in win–stay performance were used as an index of the impact
that obtaining the large, risky reward had on subsequent choice behavior,
whereas changes in lose–shift performance served as an index of negative
feedback sensitivity.

Anatomical tract tracing studies tracer injections
A separate neuroanatomical study was undertaken to determine the spe-
cific routes that projection axons from the BLA3PFC and PFC3BLA
take through the brain. Seven rats were deeply anesthetized by intraperi-
toneal injections of a mixture of ketamine (72 mg/kg) and xylazine (11.2
mg/kg). The anesthetic was injected as a mixture consisting of 45% ket-
amine (100 mg/ml), 35% xylazine (20 mg/ml), and 20% saline at a dose
of 0.16 ml/100 g of body weight. Several minutes later, rats were placed in
a Kopf stereotaxic instrument. Skulls were exposed and bore holes were
created to allow selected brain structures to be targeted by filament-
containing borosilicate glass pipettes (OD, 1.0 mm) pulled to tip diam-
eters of 10 or 25 �m, and containing an anterograde tracer, either
Phaseolus vulgaris leucoagglutinin (PHA-L; Vector, 2.5% in 0.01 M phos-
phate buffer) or biotinylated dextran amine (BDA, Invitrogen; 10% in
0.01 M phosphate buffer). A silver wire inserted into the pipettes con-
tacted the solution containing the tracer, which was ejected into the brain
substance using positive current pulses (7 s on, 7 s off, for 15 min) of 4
�A. After surgery, rats were kept warm until they awakened.

One case with BDA injected into the BLA was plotted and is shown in
Figure 5. Two cases with injections of PHA-L in the prelimbic cortex were
used and one of these is shown in Figure 6. BDA is transported retro-
gradely from some injection sites and thus can occasionally produce
spurious anterograde labeling from back-filled neurons. Although back-
filled neurons were not identified in the case with injection of BDA into
the BLA, an additional four cases were prepared with PHA-L injections
into the BLA. No differences between the case with BDA compared with
PHA-L injection into the BLA were detected.

Fixation of brains and immunocytochemistry. Ten days after PHA-L
injections and 5 d after BDA injections, the rats were deeply anesthetized
(as above) and perfused transaortically, first with 0.01 M Sorensen’s phos-
phate buffer (SPB; pH 7.4) containing 0.9% sodium chloride and 2.5%
sucrose, followed by 0.1 M SPB, pH 7.4, containing 4% paraformaldehyde
and 2.5% sucrose. The brains were removed, postfixed, infiltrated with
25% sucrose, sectioned, and frozen at 50 �m. Five adjacent series of
sections were collected, thus reflecting the structure of the entire brain
from frontal pole to caudal medulla in sections spaced at intervals of 250
�m. Each series of sections was stored in a separate glass vial at �20°C in
a cryoprotectant consisting of SPB containing 30% sucrose (by weight)
and 30% ethylene glycol (by volume).

For PHA-L, a series of sections from each case was immersed in SPB
containing 0.1% Triton X-100 (SPB-t) and polyclonal antibodies raised
against PHA-L made in goat used at a dilution of 1:10,000. The following
day, after thorough rinsing in SPB-t, the sections were immersed for an
hour in SPB-t containing biotinylated antibodies made in goat at a dilu-
tion of 1:200 (Jackson ImmunoResearch Laboratories). Afterward, the
sections were rinsed in SPB and then immersed in SPB containing avidin-
biotin-peroxidase complex (ABC; Vector Laboratories) at a dilution of
1:200 for an hour. Cases with BDA injections were pretreated by immer-

sion in 1% aqueous sodium borohydride for 15 min followed by thor-
ough rinsing and then placed immediately in SPB-t containing ABC
reagents at a dilution of 1:200. After additional thorough rinsing in SPB,
reaction products for PHA-L and BDA processed sections were gener-
ated by immersing the sections for 20 –30 min in 0.05 M SPB, pH 7.4,
containing 0.05% DAB, 0.04% ammonium chloride, 0.2% �-D-glucose,
and 0.0004% glucose oxidase, which generates an insoluble brown reac-
tion product. The sections were then mounted on glass slides and allowed
to dry. The reaction product was intensified by immersion of the slides
first in 4% osmium tetroxide in distilled H2O, then in 0.1% thiocarbo-
hydrazide, and again in the osmium solution with running tap water
rinses between. The sections were again dried and coverslipped with
Permount (Fisher Scientific).

Maps. Anterograde labeling was plotted in representative frontal sec-
tions throughout the CNS (excluding spinal cord) with the 10� or 20�
objective under brightfield optics (Olympus BX51) with the aid of the
Neurolucida dedicated hardware–software platform (MBF Bioscience).
Tracing was mapped in a manner such that areas of the brain containing
dense axonal varicosities, i.e., puncta, were represented as a fine stip-
pling. The smooth, nonvaricose, mainly nonsynaptic parts of labeled
axons were directly traced. The plots were exported to Adobe Illustrator
(version CS2) as .emf files and the maps were finished and labeling added
in Illustrator.

Results
Effect of functional disconnection of the BLA–NAc pathway
on probabilistic discounting
Disruption of neural activity in both the NAc and BLA reduces
preference for large, risky options (Ghods-Sharifi et al., 2009;
Stopper and Floresco, 2011). Therefore, our first aim was to as-
sess whether these two regions form a functional neural circuit
that normally biases choice toward larger, risky rewards. Initially,
16 rats were trained for �32 d on the probabilistic discounting
task before showing stable choice behavior and proceeding to
microinfusion test days. Two died during surgery and the data
from three others was eliminated due to inaccurate placements,
resulting in a final n of 11 rats in this group. Functional discon-
nection of this circuit significantly decreased choice of the Large/
Risky lever compared with saline (n � 11; Fig. 2A,B). Ipsilateral
inactivation also reduced choice of this option. These impres-
sions were confirmed by analysis of the choice data, which
showed that these treatments decreased choice of the Large/Risky
lever compared with saline treatment (F(1,10) � 11.46, p � 0.01).
Furthermore, a direct comparison of the effect of BLA–NAc dis-
connection to saline also revealed a significant decrease in Large/
Risky lever choice (F(1,10) � 6.60, p � 0.03), whereas a similar
analysis on the effects of ipsilateral inactivation did not yield a
statistically reliable effect (F(1,10) � 3.25, p � 0.10).

The effect of ipsilateral inactivation on choice was driven pri-
marily by four of the 11 rats. Visual inspection of the individual
data showed that these rats clearly differed from the rest of the
group, displaying �20% decrease in choice of the Large/Risky
lever across trial blocks after ipsilateral inactivation relative to
saline infusions. Thus, in these rats, disconnection of the BLA–
NAc pathway in only one hemisphere was as sufficient to alter
choice as robustly as asymmetrical infusions. In comparison, the
remaining seven rats showed almost no difference in overall
choice of the risky option after saline versus ipsilateral inactiva-
tion infusions (�2% decrease). When we conducted a supple-
mentary analysis on the choice data obtained from these other
seven rats that showed comparable patterns of choice after ipsi-
lateral inactivation and saline treatments, we again observed that
asymmetrical inactivation of the BLA/NAc significantly reduced
preference for the Large/Risky option (F(2,12) � 4.25, p � 0.04;
Fig. 2A, inset). This latter finding suggests that, at least for the
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majority of animals that were unaffected
by ipsilateral inactivations, the effects of
asymmetrical BLA–NAc disconnections
on choice were specifically attributable to
a disruption of information transfer be-
tween these two regions. This decrease in
risky choice did not appear to be the result
of selective alterations in reward or nega-
tive feedback sensitivity. A choice-by-
choice analysis of win–stay performance
(i.e; choosing the Large/Risky option after
obtaining the larger reward on the previ-
ous trial) showed that although both
ipsilateral inactivation and functional dis-
connection tended to decrease win–stay
performance compared with saline treat-
ment, this effect was not statistically signifi-
cant (F(2,20) � 2.05, n.s.; Fig. 2C). Similarly,
inactivation treatments tended to increase
lose–shift tendencies (i.e.; selecting the safe
option after a risky choice and loss), but the
effect failed to reach significance (F(2,20) �
1.99, n.s.; Fig. 2C). Similar results were ob-
tained when we analyzed the data from the
subset of rats that showed comparable per-
formance on saline and ipsilateral inactiva-
tion test days (win–stay: F(2,12) � 2.29, n.s.;
lose–shift: F(2,12) � 0.22, n.s.; data not
shown).

Functional disconnection and ipsilat-
eral inactivation of the BLA–NAc pathway
reduced preference for the larger, uncer-
tain reward during the discounting task.
To assess whether these effects were the
result of a general disruption in discrimi-
nating between different rewards magni-
tudes, we conducted another experiment,
wherein a separate group of rats was
trained to choose between two levers that
delivered either one or four pellets, both
with 100% probability. Initially, eight rats
were used for this experiment and re-
quired 9 d of training before showing sta-
ble choice of the large reward lever. One
animal died following surgery, resulting
in a final n of seven rats in this group.
Under these conditions, ipsilateral inacti-
vations or functional disconnection of the
BLA–NAc pathway did not alter prefer-
ence for the larger reward (F(2,12) � 0.28,
n.s.; Fig. 2D). Moreover, inactivation treat-
ments did not affect response latencies, lo-
comotion, or trial omissions (all Fs � 2.43,
all ps � 0.12; Table 1), indicating that the
effects on decision making were unlikely to
be the result of disruptions in motivational or motor processes or a
reduction in general preference for larger rewards. Note that
BLA–NAc disconnections decreased choice of the Large/Risky
lever on the 100% block of the discounting task, even though
similar disconnections did not affect decision making during the
reward magnitude discrimination task. A potential explanation
for this discrepancy may be that for those animals trained on the
magnitude discrimination, the relative value of the larger reward

is always higher than the smaller reward. In comparison, rats
trained on probability discounting consistently experienced de-
creases in value of the large reward option over a session. There-
fore, rats trained on the discounting task come into a training
session with previous knowledge about the changing value of the
large reward option, which may diminish their representation of
the relative value discrepancy between the larger versus smaller
reward option. In support of this theory, we observed that rats

Figure 2. Disconnection of the BLA–NAc pathway reduces choice of the Large/Risky option, but does not affect reward mag-
nitude discrimination. A, Percentage choice of the Large/Risky lever following disconnection of the NAc and BLA and control
treatments across four blocks of free-choice trials. Symbols represent mean, error bars are SEM. Black star denotes p � 0.05 for the
average choice from ipsilateral/disconnection versus saline. Inset shows data from a subset of rats that did not show a decrease in
risky choice after ipsilateral inactivation (n � 7), yet still showed a decrease in risky choice following functional disconnection (star
denotes p � 0.05). B, Schematic of sections of the rat brain showing location of acceptable infusions in the NAc and BLA for rats in
discounting (circles) and magnitude discrimination (squares) experiments. Numbers correspond to millimeters from bregma.
Figure represents the disconnection procedure for clarity; hemispheres of infusions were counterbalanced across rats. C, Win–stay/
lose–shift ratios following saline infusions, ipsilateral, and functional disconnection (asymmetrical inactivation) of the BLA–NAc
pathway. Win–stay values are displayed as the proportion of choices on the Large/Risky lever following a rewarded risky choice on
the preceding trial. Lose–shift values are displayed as the proportion of choices on the Small/Certain lever following unrewarded
risky choice on the preceding trial. Neither of these measures were significantly altered by BLA–NAc disconnections. D, Disrupting
communication in this pathway had no effect on preference for larger versus smaller rewards on a simpler reward magnitude
discrimination. Inset shows response latencies to press the large or small reward lever on forced choice trials after saline infusions
for rats trained on the reward magnitude discrimination or the probabilistic discounting task. Rats trained on the latter showed a
smaller difference between latencies to press the larger versus smaller reward lever compared with those trained on the simpler
magnitude discrimination (star denotes p � 0.01).
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trained on the reward magnitude discrimination showed sub-
stantially greater response latencies when forced to choose the
smaller versus the larger reward lever under control conditions
(Fig. 2D, inset). In comparison, for rats trained on the discount-
ing task, this difference during the forced choice trials in the
100% probability block was significantly muted (Task � Reward
Lever interaction, F(1,16) � 21.78, p � 0.001; Fig. 2D, inset). A
similar difference between groups was observed after inactivation
treatments (F(1,16) � 11.36, p � 0.01; data not shown). This sug-
gests that rats trained on the two tasks differed in how they per-
ceived the relative incentive value of the larger versus the smaller
reward option. Rats trained on the simpler magnitude discrimi-
nation appear to view the one-pellet option as substantially infe-
rior to the four-pellet option (based on their response latencies),
whereas for those in the discounting group, this discrepancy was
significantly smaller. This may explain why choice biases toward
this option early in a discounting session were more sensitive to
disruption of this circuitry. Collectively, these data show that
neural activity within this subcortical amygdalar–ventral striatal
pathway plays a key role in biasing choice behavior toward op-
tions yielding larger rewards that may be risky, but may also be
more profitable when reward probabilities are high.

Effect of functional disconnection of the medial PFC–BLA
pathway on probabilistic discounting
In rats, inactivation of the medial prelimbic PFC (homologous to
Brodmann’s area 32 of the anterior cingulate) increases choice of
a larger, risky option when the odds of obtaining a larger reward
are initially favorable and subsequently decrease, suggesting that
this region updates and modifies choice biases when reward
probabilities change (St. Onge and Floresco, 2010). Notably, this
effect is opposite to that caused by inactivation of BLA (Ghods-
Sharifi et al., 2009), a region that shares reciprocal connections
with the PFC (Sesack et al., 1989; McDonald, 1991a; McDonald et

al., 1996). Despite the seemingly contrasting roles these regions
play in guiding decision making, we were particularly interested
in assessing whether the PFC and BLA form a functional neural
circuit that can influence the direction of choice on this task.

Initially, 16 rats were trained for 31 d before showing stable
choice behavior and proceeding to microinfusion test days. One
animal died following surgery, one rat had a compromised test
day, and three animals had inaccurate placements, resulting in a
final n of 11 rats in this group. We observed that disconnection of
the BLA–PFC pathway significantly increased choice of the
Large/Risky lever (Fig. 3A), an effect similar to bilateral PFC in-
activation (St. Onge and Floresco, 2010), but opposite to that
observed after BLA inactivation (Ghods-Sharifi et al., 2009) or
BLA–NAc disconnections (Fig. 2A). Analysis of the choice data
revealed a significant Treatment � Block interaction (F(6,60) �
2.24, p � 0.05). Simple main effects analyses further revealed that
asymmetrical PFC–BLA disconnections increased choice of the
Large/Risky lever in the last two trial blocks relative to saline and
relative to ipsilateral inactivation in the 12.5% block (New-
man–Keuls, p � 0.05; Fig. 3A). In contrast, ipsilateral inacti-
vation did not affect choice relative to saline. Locomotion was
not affected by inactivation treatments (F(2,20) � 0.32, n.s.),
although these treatments did cause a slight increase in re-
sponse latencies (F(2,20) � 3.16, p � 0.06) and trial omissions
(F(2,20) � 2.75, p � 0.08; Table 1).

A supplemental analysis of win–stay and lose–shift ten-
dencies provided additional insight into the specific processes
affected by disconnection of the PFC–BLA pathway. Win–stay
performance was unaffected by these treatments (F(1,10) �
0.04, n.s.; Fig. 3B), suggesting that increased choice of the
Large/Risky lever was not attributable to an enhanced ten-
dency to choose this option after obtaining the larger reward
on a preceding trial. However, BLA–PFC disconnection did
reduce lose–shift tendencies relative to saline (Fig. 3B). Thus,
under control conditions, when animals selected the Large/
Risky option and were not rewarded, they shifted to the Small/
Certain option on �35% of subsequent trials. However,
following PFC–BLA disconnection, rats were much less likely
to choose conservatively after not being rewarded for a risky
choice, and analysis of these data showed a strong trend
that approached statistical significance (F(1,10) � 4.51, p �
0.059). From these data, we infer that BLA–medial PFC cir-
cuitry enables adjustments in decision making when reward
probabilities change, and appears to do so more so by mitigat-
ing choice behavior in response to negative feedback (i.e.;
reward omissions).

Effect of functional disconnection of the medial PFC–NAc
pathway on probabilistic discounting
In contrast to the above-mentioned findings, disconnection of
outputs from the PFC to NAc did not affect probabilistic dis-
counting (n � 12; main effect: F(2,22) � 2.40, p � 0.11; interac-
tion: F(6,66) � 0.60, p � 0.73; Fig. 4A). However, these treatments
increased trial omissions, choice latencies, and reduced locomo-
tion (all Fs � 3.92, all ps � 0.05, Fig. 4B,C, Table 1). These latter
results suggest that although communication between the PFC
and ventral striatum does not appear to influence the manner in
which choice of larger, probabilistic rewards are discounted, dis-
rupting communication in this pathway does impair attention/
vigilance aspects of task performance and increases deliberation
times.

Table 1. Mean response latency (in seconds), trial omission, and locomotion data
recorded following saline treatment, ipsilateral inactivation, or functional
disconnection of the various pathways across all experiments

Experiment Saline
Ipsilateral
inactivation

Functional
disconnection

BLA-NAc disconnection (discounting)
Response latency 0.75 (0.13) 1.33 (0.30) 1.14 (0.24)
Trial omissions 0.27 (0.19) 5.54 (2.12) 3.45 (2.10)
Locomotion 1745(202) 1517 (146) 1428 (151)

BLA-NAc disconnection (magnitude
discrimination)

Response latency 0.83 (0.12) 0.85 (0.09) 0.68 (0.07)
Trial omissions 0 (0) 0.14 (0.14) 0 (0)
Locomotion 1342 (151) 1227 (204) 1195 (138)

PFC-BLA disconnection
Response latency 0.55 (0.04) 0.89 (0.15) 0.86 (0.11)
Trial omissions 0.18 (0.12) 1.09 (0.55) 2.27 (0.89)
Locomotion 1513 (143) 1418 (126) 1418 (162)

BLA-PFC ascending pathway disconnection
Response latency 0.81 (0.08) 0.76 (0.13) 0.72 (0.10)
Trial omissions 2.9 (2.35) 0.5 (0.31) 2.5 (1.97)
Locomotion 1736 (222) 1781 (191) 1693 (175)

PFC-BLA descending pathway disconnection
Response latency 0.49 (0.04) 0.83 (0.28) 0.65 (0.11)
Trial omissions 0 (0) 2.55 (2.15) 2.27 (1.23)
Locomotion 1525 (165) 1362 (165) 1518 (178)

PFC-NAc disconnection
Locomotion 1142 (92) 1007 (108) 778 (80)*

Locomotion counts are indexed by photobeam breaks. Values are displayed as mean (SEM). *p � 0.05 versus saline.
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Anatomical dissociation of ascending BLA3PFC
and descending PFC3BLA axonal pathways
The findings described above confirm that serial information
transfer between the PFC and BLA is of critical importance to
adjusting decision-making biases in response to changes in re-
ward probability. However, what remained to be resolved was the
directionality of the communication between these two regions.
As the BLA and PFC share reciprocal connections, disconnection

of these regions would be expected to disrupt both bottom-up
transfer of reward value information from BLA to PFC and top-
down signals from PFC to BLA.

The proposition that ascending and descending axonal pro-
jections connecting the BLA and medial PFC use anatomically
distinct pathways has not been addressed experimentally to our
knowledge, nor have several existing reports on the efferent con-
nections of the medial PFC (Sesack et al., 1989; Groenewegen et
al., 1990; Bacon et al., 1996) and BLA (Krettek and Price, 1977;
McDonald, 1991a; Orozco-Cabal et al., 2006) included careful
evaluation of the pathways that such efferents use to reach vari-
ous target structures. Thus, for the purposes of the present study,
we carefully analyzed material from normal rat brain injected
with the anterogradely transported axonal tracers PHA-L or BDA
into the medial PFC and BLA.

We observed that, for the BLA and consistent with previous re-
ports (Krettek and Price, 1977), ascending projections from the BLA
traverse three pathways: the stria terminalis, ventral amygdalofugal
pathway, and external capsule (Fig. 5). BLA axons projecting
via the stria terminalis and ventral amygdalofugal pathway
arborize abundantly among the bed nucleus of stria termina-
lis, central amygdaloid nucleus, anterior amygdaloid area, sub-
lenticular extended amgydala, interstitial nucleus of the posterior
limb of the anterior commissure, and related basal forebrain and
hypothalamic structures, suggesting that their distributions are
mainly among those structures (Fig. 5D–I). In contrast, the path-
way occupying the external capsule and adjacent deep cortical
layers ascends in minimally arborized fashion before nearing the
lateral and medial prefrontal cortical targets of the BLA, suggest-
ing that these axons target prefrontal regions primarily, with
minimal branching off to other intervening regions. Approach-
ing the prefrontal targets, highly branched and varicose axons
diverge medialward into and around the rostral pole of the ac-
cumbens toward the medial prelimibc PFC (Fig. 5A–C), which
numerous labeled axons enter in abundantly arborized fashion.
Based on these findings, we decided to inactivate the pathway
ascending in the external capsule and adjacent cortex at the level
circled in Figure 5D. Based on previous estimates of the func-
tional spread of inactivation induced by infusion of local
anaethestics in cortex (�1 mm diameter) (Tehovnik and Som-
mer, 1997), it is likely suppression of neural activity induced by
bupivacaine infusions would be relatively circumscribed to this
region, with minimal spill over into other cortical areas.

Projections from the medial PFC mainly descend in two path-
ways (Fig. 6B,C). Most medial PFC efferents enter fiber bundles
in the medial part of the rostral caudate–putamen (Fig. 6B,D), or
cross to the opposite hemisphere in the corpus callosum (Fig. 6B)
before joining the internal capsule. At the level of the sublenticu-
lar region, numerous labeled fibers leave the internal capsule and
diverge lateralward across the sublenticular region toward to the
amygdala (Fig. 6F–H). A second pathway out of the medial PFC
comprises numerous fibers unconstrained within fascicles that
pass through and around the rostral parts of the accumbens and
caudate–putamen toward the lateral PFC. Beyond the insular
cortex, this pathway occupies the deep cortex beneath the rhinal
sulcus. It diminishes to negligible numbers of fibers before reach-
ing the amygdala, suggesting that it is not a major pathway to that
structure. Based on these considerations, we decided to inactivate
the pathway confined to the internal capsule at the level circled in
Figure 6G, insofar as just caudal to there, many fibers emerge
singly and in small fascicles to cross the sublenticular region lat-
eralward toward the amygdala, where many of them coalesce in a
dense, varicose plexus in the BLA (Fig. 6 I).

Figure 3. Disconnection of the medial PFC–BLA pathway increased choice of Large/Risky
option. A, Choice for the Large/Risky lever following medial PFC–BLA disconnections and con-
trol treatments. Open star, p � 0.05 saline versus functional disconnection; *p � 0.05 (ipsilat-
eral vs disconnection). B, Win–stay/lose–shift data. Disconnection of the medial PFC–BLA
pathway decreased negative feedback sensitivity, reducing the tendency to choose the certain
option after a nonrewarded risky choice �p � 0.059. C, Acceptable location of infusions
through the rostral– caudal extent of the medial PFC and BLA.
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We exploited these dissociable axonal pathway to selectively dis-
rupt bottom-up and top-down communication between the BLA
and PFC. Specifically, by unilaterally targeting ventrolateral amy-
dalofugal axons, combined with contralateral inactivation of the
PFC, we selectively disrupted information transfer through the as-
cending BLA3PFC pathway. Conversely, asymmetrical inactiva-
tion of ventromedial internal capsule and BLA selectively disrupted
information transfer through the descending PFC3BLA pathway
(Fig. 7).

Effect of functional disconnection of the ascending versus
descending BLA–medial PFC pathways on probabilistic
discounting
Initially, 15 rats in the ascending pathway group were trained for
37 d before showing stable choice behavior and receiving micro-
infusion test days. Five rats had inaccurate placements in the
amydalofugal pathway (mainly in ventrolateral or medial stria-
tum), resulting in a final n of 10 rats in this group. We observed
that disconnection of ascending inputs from the BLA to the me-
dial PFC had no effect on choice of the Large/Risky lever (main
effect of Treatment: F(2,18) � 0.66, p � n.s.; Treatment � Block
interaction: F(6,54) � 1.97, n.s.; Fig. 8A). No other performance
measures (response latencies, locomotion, omissions) were af-

fected by inactivation treatments (all Fs �
1, all ps � 0.40; Table 1).

For the descending pathway, 16 rats
were trained to stability for 36 d before
proceeding to microinfusion test days.
One animal died after surgery and four
had inaccurate placements outside of the
internal capsule, resulting in a final n of 11
rats in this group. In stark contrast to the
ascending pathway, disruption of de-
scending inputs from the medial PFC to the
BLA significantly increased choice of the
Large/Risky lever compared with saline (Fig.
8B), similar to the effect induced by the
overall medial PFC–BLA disconnection. In
this experiment, alterations in choice in-
duced by ipsilateral inactivation relative to
saline were highly variable across animals,
even though these treatments had no
overall effect on choice behavior. This
variability limited our ability to detect sta-
tistically significant effects of Treatment
(F(2,20) � 2.01, p � 0.16) or a Treat-
ment � Block interaction (F(6,60) � 0.90,
p � 0.50) in the overall ANOVA. Never-
theless, targeted comparisons confirmed
that asymmetrical inactivations signifi-
cantly increased choice of the Large/Risky
lever relative to saline (F(1,10) � 6.80, p �
0.025), whereas ipsilateral inactivations
did not (F(1,10) � 0.02, n.s.).

As was observed following the full
BLA–PFC disconnection, the increase in
choice of the Large/Risky lever was associ-
ated with reduced sensitivity to negative
feedback. In this instance, asymmetrical
inactivations caused a significant reduc-
tion in the tendency to choose the safe op-
tion on trials following a nonrewarded
risky choice (F(1,10) � 6.23, p � 0.03; Fig.

8C). However, win–stay tendencies following asymmetrical dis-
connection did not differ from saline (F(1,10) � 0.98, n.s.; Fig. 8C).
No other performance measures were affected by inactivations
(all Fs � 2.30, all p � 0.12; Table 1). Collectively, these data show
that regulation of decision making by prefrontal–amygdalar cir-
cuitry is achieved primarily by top-down control of the BLA by
the medial PFC. When risky options become less profitable over
time, descending flow of information from the PFC mitigates bias
toward larger rewards driven by BLA–NAc circuitry.

Discussion
All things being equal, the natural inclination is to go for larger
versus smaller payoffs. However, if larger rewards carry some
degree of risk/uncertainty, we must integrate information about
their magnitude and probability to choose options that may be
more profitable in the long-term. These decisions become sub-
stantially more complex in dynamic environments where the
likelihood of obtaining rewards is volatile. Allocation of resources
(as may occur when managing financial investments) requires
one to monitor changes in the rate of return of potentially larger,
but probabilistic options. If they become too low, it may be more
advantageous to reallocate resources to options that yield smaller
but more certain returns. The present data suggest that parallel

Figure 4. Disconnecting the medial PFC and NAc does not affect probabilistic discounting. A, Left, Choice for the Large/Risky
lever following medial PFC–NAc disconnections and control treatments. Right, Acceptable location of infusions through the
rostral– caudal extent of the medial PFC and NAc. B, C, Disconnection of this pathway increased choice latencies (B) and trial
omissions (C). Sal, Saline; Ipsi, ipsilateral; Disc, disconnection. *p � 0.05 versus saline.
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Figure 5. A–I, Diagrams of sections of rat brain ordered from rostral to caudal levels and indicating anterograde labeling produced by an injection of the anterograde tracer biotinylated dextran
amine into the BLA, represented by the blue dots in I. Labeled fibers are represented by short lines, which indicate directional orientation, and areas with dense terminal-like labeling are indicated
by fine stippling. The pathway from the BLA to the medial prefrontal cortex is highlighted in blue and the site where bupivacaine was infused in the present study to inactivate the pathway is circled
in red (D). AC, Anterior cingulate cortex; Acb, nucleus accumbens; BST, bed nucleus of stria terminalis; CeA, central nucleus of the amygdala; CPu, caudate–putamen; ec, external capsule; PL,
prelimbic cortex; SLEA, sublenticular extended amygdala; st, stria terminalis; vap, ventral amygdalofugal pathway.
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Figure 6. A–I, Diagrams of sections of rat brain ordered from rostral to caudal levels and indicating anterograde labeling produced by an injection of the anterograde tracer Phaseolus vulgaris
leucoagglutinin into the prelimbic cortex (PL), represented by the red dots in A. Labeled fibers are represented by short lines, which indicate directional orientation, and areas with dense
terminal-like labeling are indicated by fine stippling. The pathway from the medial PFC to the basolateral amygdala is highlighted in red and the site where bupivacaine was infused in the present
study to inactivate the pathway is circled in blue (G). Acb, Nucleus accumbens; BST, bed nucleus of stria terminalis; CeA, central nucleus of the amygdala; CPu, caudate–putamen; GP, globus pallidus;
ic, internal capsule; SLEA, sublenticular extended amygdala; st, stria terminalis.
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amygdalar, ventral striatal, and prefrontal circuits make disso-
ciable contributions to choice biases and help regulate whether
one continues to pursuing large, uncertain options or choose
more conservative, reliable ones.

Subcortical, amygdala–striatal circuitry drives choice toward
larger, uncertain rewards
BLA projections modulate NAc activity and are proposed to
influence the direction of behavior toward reward-related
stimuli (Everitt et al., 1999; Floresco et al., 2001; Setlow et al.,
2002; Ambroggi et al., 2008). Here we show that BLA–NAc
disconnections shifted bias away from larger, uncertain re-
wards, primarily when this option would yield a greater or
equal amount of reward than the alternative (i.e.; the first
three trial blocks). A decrease in choice of the Large/Risky
option was observed after ipsilateral and asymmetrical discon-
nection of BLA–NAc circuitry, suggesting that disrupting
communication between these regions in one hemisphere can
be sufficient to alter risky choice (at least in a subset of ani-
mals). However, it is unlikely that this effect of ispilateral
inactivations was attributable to a mass action effect (i.e., a
nonspecific disruption caused by two infusions), because nei-
ther ipsilateral nor asymmetrical inactivation of the PFC and
NAc affected choice. There have been other reports that ipsilateral
inactivation of the BLA and other regions can alter certain behaviors
(Lasseter et al., 2011). However, more often than not, ipsilateral
inactivations of two brain regions either have a reduced or a lack of
effect on other forms of cognition (Chudasama et al., 2003; Dunnett
et al., 2005; Block et al., 2007; Maeng et al., 2010). Probabilistic dis-
counting may require greater cognitive processing than simpler
behaviors (e.g., conditioning) and may explain why ipsilateral BLA–
NAc disconnections altered behavior in some rats. Nevertheless, the
fact that, using a within-subjects design, we observed asymmetrical
BLA–NAc disconnections significantly reduced risky choice, even in
a subset of animals where ipsilateral disconnections did not, con-
firms that serial communication between these nuclei biases choice
toward larger, uncertain rewards.

Importantly, BLA–NAc disconnections did not affect reward
magnitude discrimination, demonstrating that preference for
larger rewards is not dependent on serial communication within
this circuit. Rather, it appears to make a more selective contribu-
tion to decision making when the subjective value of objectively
larger rewards is diminished by uncertainty. This is in keeping
with a growing literature showing that the BLA and NAc aid in
overcoming a variety of costs (e.g., delays, effort) that diminish
subjective reward value in the pursuit of objectively larger re-
wards (Floresco et al., 2008; Ghods-Sharifi et al., 2009; Stopper
and Floresco, 2011).

Neurophysiological studies report increased activation of
amygdala and NAc correlating with selection of larger or more
valuable rewards, even when their receipt is uncertain, suggesting
that activity within this circuitry encodes the relative value of
different options (Ernst et al., 2004; Kuhnen and Knutson, 2005;
Blair et al., 2006; Marsh et al., 2007; Smith et al., 2009). Our data
expand on this, suggesting that increased NAc activity associated
with choice of larger, riskier rewards is likely driven by excitatory
inputs from the BLA. Furthermore, they confirm that the direc-
tion of choice is causally linked to increased activation of NAc
circuitry, which may influence behavior through descending pro-
jections to motor sites (Zahm and Heimer, 1990; Floresco, 2007).

Top-down control of amygdala–NAc circuitry by medial PFC
In contrast to BLA–NAc disconnections, disrupting communica-
tion between BLA–PFC increased choice of the Large/Risky op-
tion. What is striking about this result is that although it closely
resembles effects of PFC inactivation under similar task condi-
tions (St. Onge and Floresco, 2010), it is opposite to that induced
by BLA inactivation (Ghods-Sharifi et al., 2009). Thus, if these
regions were acting independently, a parsimonious expectation
would be that disruption of activity in BLA and PFC would cause
no net change in choice, with the effect one inactivation effectively
cancelling out the other. The fact that disruption of BLA–PFC cir-
cuitry induced a prefrontal-like profile suggests that frontal–tempo-
ral communication may help track decision outcomes over time and
facilitate adjustments in choice biases. In addition, these data high-
light the utility of using a circuit analysis approach to understanding
the neural basis of decision making, rather than assessing the contri-
bution of different brain regions in isolation.

We next sought to identify whether the effects BLA–PFC dis-
connections were caused by disrupting bottom-up (BLA-to-
PFC) or top-down (PFC-to-BLA) signaling. Guided by our
neuroanatomical experiments, we were able to selectively target
ascending BLA3PFC and descending PFC3BLA axonal path-
ways. Disconnection of the ascending pathway did not produce a
reliable change in choice. Thus, even though the BLA may send
information about reward value to the PFC, impeding the flow of
information in this pathway is not sufficient to alter overt deci-
sion making about probabilistic rewards.

In contrast, disconnection of descending PFC3BLA inputs
increased choice of the Large/Risky option in a manner identical
to full disconnection of this circuit. This was reflected by a re-
duced tendency to select the certain option following a nonre-
warded risky choice, indicative of diminished negative feedback
sensitivity. This finding suggests that PFC3BLA inputs influ-
ence decision biases by providing information about reward
omissions that in turn influence direction of subsequent choices.
Disruption of this circuit impaired use of information about re-
cent losses to adapt behavior, which may have permitted subcor-
tical circuitry to persist in biasing choice toward the Large/Risky
option despite its decreasing profitability over time. The idea that

Figure 7. Summary diagram displaying the routes that ascending and descending axons in
BLA–PFC pathways take through different sections of the rat brain, highlighting the regions
targeted for bupivacaine infusions in disconnection experiments targeting the ascending and
descending BLA–PFC pathways.
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PFC exerts top-down control over sub-
cortical regions in not new, although this
conclusion has been derived primarily from
indirect evidence from lesion and imaging
studies (Etkin et al., 2006; Wager et al.,
2008). To our knowledge, this is the first use
of a combined neuroanatomical/disconnec-
tion approach to dissect directionality of
communication within these circuits and
directly demonstrate top-down control of
the amygdala by PFC.

PFC projections to the ventral striatum
are critical for various executive functions,
including attention, working memory, cog-
nitive flexibility, and effort-related decision
making (Floresco et al., 1999; Christakou et
al., 2004; Block et al., 2007; Hauber and
Sommer, 2009). As such, it was surprising
that disrupting this corticostriatal pathway
did not affect probabilistic discounting, sug-
gesting that these two regions work rela-
tively independently in guiding decision
biases. Nevertheless, this manipulation did
disrupt other aspects of task performance,
increasing choice latencies and reducing the
number of choices made. Collectively, these
findings reveal that parallel output pathways
from the frontal lobes to separate subcorti-
cal targets regulate distinct aspects of deci-
sion making in a dissociable manner.
Projections to BLA aid in adjusting choice
biases, whereas those to the NAc enable
staying on task and facilitate the relative
speed of response selection, ensuring deci-
sions are made in a timely fashion.

Medial regions of the PFC, including the
anterior cingulate, have been associated
with cognitive control and monitoring
changes in reward contingencies (Botvinick
et al., 2001; Rogers et al., 2004; Marsh et al.,
2007). Progressive increases in anterior cin-
gulate activity are associated with disengage-
ment from options providing diminishing
returns in favor of exploring novel reward
sources (Hayden et al., 2011). Thus, the an-
terior cingulate may contribute to learning
about rewarded/nonrewarded actions over
time to determine which options are rela-
tively more profitable, which in turn may
influence whether decision biases promote
exploitation of currently profitable situa-
tions or lean more toward exploration of
new ones when rewards become less fre-
quent (Daw et al., 2006; Kennerley et al.,
2006; Rushworth, 2008). This notion is con-
sistent with neurophysiological studies im-
plicating this region in “marshaling neural
resources so that animals can learn when re-
ward contingencies change” (Bryden et al.,
2011). Furthermore, detection of changes in
reward contingencies have been proposed
to be mediated by interactions between an-
terior cingulate–amygdala circuitry (Roesch

Figure 8. Effect of disconnecting ascending and descending pathways between the medial PFC and BLA on probabilistic
discounting. A, Ascending BLA3 PFC pathway. Left, Choice for the Large/Risky lever following disconnection of the PFC and
ventrolateral amydalofugal pathway and control treatments. Disconnection of the ascending pathway had no effect on choice.
Right, Acceptable location of infusions in the PFC and ventrolateral edge of the corpus callosum. B, Descending PFC3BLA
pathway. Left, In contrast, disconnection of the descending pathway increased Large/Risky choice. *p � 0.05, disconnection
versus saline. Right, Acceptable location of infusions in BLA and ventromedial internal capsule. C, Win–stay and lose–shift data for
descending pathway disconnections. Black star denotes a significant difference from saline, p � 0.05. Increased risky choice after
disconnection of the descending pathway was attributable to a reduced sensitivity to reward omissions (decreased lose–shift
performance).
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et al., 2010; Bryden et al., 2011), an idea entirely consistent with our
findings.

Our data provide further insight into the dynamic interac-
tions between prefrontal, amygdalar, and striatal systems that
shape decision biases. In situations where reward probabilities
are volatile, subcortical circuits linking the BLA and NAc provide
a visceral, intuitive bias toward options that may yield larger
rewards. In comparison, the PFC appears to play a supervisory
role, monitoring frequency of rewarded/nonrewarded actions
over time. As reward omissions accumulate, indicating that
larger, riskier reward options are becoming less profitable, the
PFC aids in learning about changes in reward contingencies,
which may facilitate shifts in decision biases. Alterations in deci-
sion biases are executed via descending pathways from PFC to
BLA, which temper the influence that BLA–NAc circuitry exerts
over the direction of choice, potentially via feedforward inhibi-
tion within this pathway (Rosenkranz and Grace, 2002). This
latter notion is in keeping with studies transcranial magnetic
stimulation in humans that support the idea that the PFC can
override decision-making biases mediated by other brain sys-
tems (Knoch et al., 2006; Figner et al., 2010). Thus, our find-
ings shed new light on the dynamic competition between
prefrontal, amygdalar, and ventral striatal circuits and how
their interplay shape decision biases and underlies the strug-
gles we face when evaluating choices that vary in terms of
potential risks and rewards.
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