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Prelimbic Cortical Neurons Track Preferred Reward Value
and Reflect Impulsive Choice during Delay Discounting
Behavior

Deirdre A. Sackett, Travis M. Moschak, and Regina M. Carelli
Department of Psychology and Neuroscience, The University of North Carolina, Chapel Hill, North Carolina 27599

In delay discounting, individuals discount the value of a reward based on the delay to its receipt. The prelimbic cortex (PrL) is heavily
interconnected with several brain regions implicated in delay discounting, but the specific contributions of the PrL to delay discounting
are unknown. Here, we used multineuron electrophysiological recording methods in Long-Evans male (n = 10) and female (n = 9) rats
to characterize the firing dynamics of PrL neurons during discrete cue and lever press events in a delay discounting task. Rats’ initial
preference for the large reward decreased as delays for that outcome increased across blocks, reflecting classic discounting behavior.
Electrophysiological recordings revealed that subgroups of neurons exhibited phasic responses to cue presentations and lever presses.
These phasic neurons were found to respond to either large/delay, small/immediate, or both trial types and the percentage of these
neurons shifted across blocks as the expected value of the reward changed. Critically, this shift was only seen during trials in which
animals could choose their preferred option (free choice trials) and not during trials where animals could choose only one option (forced
choice trials). Further, this shift was dependent on rats’ inherent impulsivity because high impulsive rats demonstrated a greater
percentage of small/immediate-responsive neurons as the task progressed. Collectively, these findings suggest a unique role for the PrL
in encoding reward value during delay discounting that is influenced by individual differences in impulsivity.
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In delay discounting, individuals discount the value of a reward based on the delay to its receipt. Here, we used electrophysiology
to investigate the role of the prelimbic cortex (PrL) in this process. We found that subsets of neurons shifted activity as a function
of the changing expected delay and reward magnitude, but this shift was only evident during trials in which animals could choose
their preferred option. Further, this dynamic neural activity depended on rats’ inherent impulsivity, with impulsive rats exhibiting
a stronger neural shift toward the immediate reward as the task progressed. These findings suggest a role for the PrL in encoding

ignificance Statement

reward value during delay discounting that is influenced by goal-directed context and individual differences in impulsivity.

Introduction

Delay discounting is a decision-making process in which the sub-
jective value of a reward decreases as the delay to its receipt in-
creases (Roesch et al., 2006, 2007; Roesch and Bryden, 2011;
Tedford et al., 2015). When the delay becomes too long, individ-
uals will shift their preference from a large delayed reward to a
smaller, immediate one. In this way, delay discounting serves as
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an index of impulsivity because it measures an individual’s un-
willingness to delay gratification for a larger reward. Importantly,
heightened delay discounting (increased impulsivity) is a com-
mon symptom of numerous psychiatric disorders (Jentsch and
Taylor, 1999; Barkley et al., 2001; Crews and Boettiger, 2009).
Therefore, understanding the neural circuitry mediating delay
discounting is a timely and important topic.

Recent studies have begun to elucidate the neural circuitry
underlying delay discounting. For example, in the nucleus ac-
cumbens (NAc) core, dopaminergic activity tracks the value of
the predicted reward in a delay discounting task (Saddoris et al.,
2015; Moschak and Carelli, 2017). Additionally, lesions to the
NAc core promote impulsive choice during delay discounting
(Cardinal etal., 2001), although 6-OHDA lesions to the NAc core
do not (Winstanley et al., 2005b). Furthermore, individual dif-


mailto:rcarelli@unc.edu

Sackett et al. @ Prelimbic Activity and Delay Discounting

ferences in delay discounting predict individual variations in do-
pamine activity (Diergaarde et al., 2008; Moschak and Carelli,
2017; but see Zeeb et al., 2016). Additionally, rewards of differing
delays and magnitudes are tracked by neural activity in the NAc,
basolateral amygdala (BLA), orbitofrontal cortex, and ventral
tegmental area (VTA) (Roesch et al., 2006, 2007, 2009, 2010) and
inactivation or lesions to the orbitofrontal cortex and BLA dis-
rupt delay discounting behavior (Mobini et al., 2002; Winstanley
et al., 2004; Zeeb et al., 2010).

However, one area that has received relatively little attention
with respect to delay discounting is the prelimbic cortex (PrL).
Recent studies indicate that the rodent PrL is the homolog of the
human anterior cingulate cortex (ACC) (Heilbronner et al.,
2016) and is heavily interconnected with other brain regions im-
plicated in delay discounting, including the NAc core and BLA.
Although several studies have implicated the human ACC in de-
lay discounting (McClure et al., 2004; Monterosso et al., 2007;
Peters and Biichel, 2010), preclinical studies have yielded mixed
results. Some studies have reported that inactivation or lesion of
the medial PFC, which includes the PrL area, increases delay
discounting (Churchwell et al., 2009; Gill et al., 2010), whereas
others have found no effect (Cardinal et al., 2001; Feja and Koch,
2014). Additional work has suggested that individual differences
in impulsivity may be reflected in PrL function because high PrL
D2 mRNA expression predicted a higher preference for large,
delayed rewards (Simon et al., 2013). However, it remains un-
known how neurons in the PrL specifically encode information
related to delay discounting and impulsive choice.

Here, we used electrophysiological recording in male and fe-
male rats to examine PrL activity during a delay discounting task
that varied subjective costs (delay to reward) across the session.
Rats could choose between a small reward (1 sugar pellet) avail-
able immediately versus a large reward (3 sugar pellets) available
after no delay (0 s), a short delay (10 s), or a long delay (20 s).
Neuronal activity was examined during cues that predicted the
availability of either the small/immediate or large/delay reward,
as well as relative to the response (lever press) for reward. We
found that subsets of PrL neurons tracked discrete cue presenta-
tions and in some cases exhibited activity that was responsive to
either large/delay or small/immediate trial types, but only during
trials in which rats could choose their preferred outcome. Fur-
ther, these tracking dynamics differed based on level of impul-
sivity, with high impulsive (HI) rats exhibiting more small/
immediate-responsive neurons as the task progressed. Together,
the findings indicate a unique role of PrL neurons in tracking
preferred reward outcome during delay discounting and impul-
sive choice.

Materials and Methods

Subjects. Singly housed male (# = 10) and female (n = 9) Long—Evans
rats (~90 to 120 d old) weighing 275-330 g at the start of experiments
were used. Animals were maintained at no less than 85% of pre-
experimental body weights by food restriction except during the postop-
erative recovery period, when food (Purina Lab Chow) was given ad
libitum. Water was available ad libitum. Animal procedures were con-
ducted in accordance with the National Institutes of Health’s Guidelines
for the Care and Use of Laboratory Animals and were approved by the
University of North Carolina at Chapel Hill Institutional Animal Care
and Use Committee.

Apparatus. Behavioral testing was conducted in 43 X 43 X 53 cm
Plexiglas chambers housed in sound-blocking boxes (Med Associates)
described in detail previously (Saddoris et al., 2011). Briefly, one side of
each chamber was equipped with two retractable levers (Coulbourn In-
struments) 17 cm apart with a stimulus light 6 cm above each lever.
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Sucrose pellets (45 mg for males, 20 mg for females) were delivered to a
food receptacle, which was located equidistantly between the levers. A
house light (100 mA) was mounted on the opposite side of the chamber.

Surgery. Rats were deeply anesthetized with a ketamine hydrochloride
(100 mg/kg) and xylazine hydrochloride (10 mg/kg) mixture intraperi-
toneally and given an anti-inflammatory medication (meloxicam, 1 mg/
kg, s.c.) before surgery and for 2 d after surgery. Microwire electrode
arrays consisting of 8 microwires (50 wm in diameter, NB Labs), de-
scribed previously in Carelli et al. (2000), were bilaterally implanted in
the prelimbic cortex (AP +2.7, £ML 0.6, DV —4.0 from bregma) and
secured in place with dental cement and stainless steel screws. Following
surgery, rats were allowed to recover for 1 week with ad libitum food and
water.

Behavioral procedures. All behavioral experiments were conducted at
least 1 week after surgery. Rats were initially trained to press two distinct
levers in which each response was reinforced on a continuous schedule of
reinforcement. Reinforced responses resulted in the delivery of a sucrose
pellet to a centrally located food cup. Animals were trained to a criterion
of 50 presses on each response lever.

Next, rats were trained on a delay discounting task used previously
(Saddoris et al., 2015) and based on a paradigm designed by Evenden and
Ryan (1996). The task was composed of three trial types. On forced
choice delay trials (Fig. 14, left), a cue light was illuminated for 5 s,
followed by extension of two levers. A single press on the lever positioned
below the illuminated cue light resulted in a large reward (three sucrose
pellets) delivered after a period of delay, as described below. During
forced choice immediate trials (Fig. 1A, middle), another 5 s cue light
signaled that responses on the associated lever resulted in a small (one
sucrose pellet) immediate reward. On free choice trials (Fig. 1A, right),
both cue lights illuminated for 5 s, signaling that both responses were
rewarded based on the contingency of the lever chosen. Each behavioral
session consisted of three blocks of trials: during block 1, the large reward
was presented immediately (no-delay block); in block 2, the delay to large
reward was 10 s following a lever press (short-delay block); in block 3,
there was a 20 s delay to obtain the large reward (long-delay block). Rats
performed 30 trials per block (20 forced choice; 10 of each type, and 10
free choice trials). The forced choice delay and immediate trials were
intermingled and presented before free choice trials. If animals failed to
respond within 10 s, then both levers retracted and the trial was counted
as an omission. Because each trial was a fixed duration (60 s), reward
choice did not influence how quickly the rat completed the task (i.e.,
choosing the small reward did not lead to the next trial quicker). Once
trained on the task (4—6 weeks), rats underwent electrophysiological
recording to determine PrL neuronal activity during discrete task events.

Electrophysiological recordings. Electrophysiological procedures have
been described in detail previously (Day et al., 2011; West et al., 2014;
Moschak et al., 2018). Briefly, before the start of each session, the subject
was connected to a flexible recording cable attached to a commutator
(Med Associates), which allowed virtually unrestrained movement
within the chamber. The head stage of each recording cable contained 16
miniature unity-gain field effect transistors. Neurons were recorded dif-
ferentially between each active and the inactive (reference) electrode
from the permanently implanted microwires. The inactive electrode was
examined before the start of the session to verify the absence of neuronal
spike activity and served as the differential electrode for other electrodes
with cell activity. Online isolation and discrimination of neuronal activ-
ity was accomplished using a commercially available neurophysiological
system, the multichannel acquisition processor (MAP) system (Plexon).
Multiple window discrimination modules and high-speed analog-to-
digital signal processing in conjunction with computer software enabled
isolation of neuronal signals based on waveform analysis. The neuro-
physiological system incorporated an array of digital signal processors
(DSPs) for continuous spike recognition. The DSPs provided a continu-
ous parallel digital output of neuronal spike events to a Pentium com-
puter. Another computer processed operant chamber input and output
(Med Associates) and sent digital outputs corresponding to each event to
the MAP box to be time stamped along with the neural data. Discrimi-
nation of individual waveforms began by setting a threshold level (well
above background noise) for each wire. Units detected had to display
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Windows version 4.034; Plexon). Each cell was
examined for changes in activity relative to cue
onset (0 to 5 s following cue presentation)
and/or following the lever press (0 to 2.5 s after
response completion). Individual units were
categorized as showing either a decrease (inhi-
bition) or an increase (excitation) in firing rate
compared with baseline (i.e., termed “phasic”)
or no difference from baseline (termed “non-
phasic”). Specifically, cells were classified as
phasic if during one of these epochs the firing rate was greater than or less
than the 95% confidence interval (CI) projected from the baseline period
(—10 to 0 s before cue onset or —10 to —2.5 s before a lever press) for at
least one 250 ms time bin. This confidence interval was selected such that
only robust responses were categorized as excitatory or inhibitory follow-
ing established procedures (Day et al., 2011; West et al., 2014). Some
neurons in this analysis exhibited low baseline firing rates, and the 95%
Clincluded zero. Where this was the case, inhibitions were assigned if e,
> 2%b, (where ¢, = the number of consecutive 0 spikes/s time bins
during the event epoch and b, = the maximal number of consecutive 0
spikes/s time bins during the baseline period). Units that exhibited both
excitations and inhibitions within the same epoch were classified by the
response that was most proximal to the event in question unless the most
proximal response was ongoing when the event occurred. Importantly,
the above analysis was completed separately for forced choice large/delay
and small/immediate trial types, as well as during free choice trials when
rats eventually chose the large/delay or small/immediate reward. This
allowed determination as to how many neurons responded to each cue
and lever press event in each block and trial type. However, the resultant
categories of neuronal response profiles were not mutually exclusive. For
example, a neuron could potentially exhibit an excitation to the forced
large/delay cue and an inhibition to the forced small/immediate or an
excitation to both forced large/delay and small/immediate cues. Addi-
tionally, during some free choice trial blocks, some rats only chose one
lever. Therefore, in these instances, neurons could not be classified as
phasic or nonphasic for the unchosen lever and these neurons were not
included in the analysis. Finally, we also compared neural firing rate
during the task with methods used previously (Day et al., 2011). Firing
rate for each cell was normalized with a z-score transformation using the
average and SD from the baseline periods noted above. For each block,

Figure1.

Block 1

Block2 Block3 Block1 Block2 Block3

Delay discounting task and behavior. 4, On forced choice delay trials (left), a5 s cue predicted the opportunity to press
a lever for a large reward after a period of delay. On forced-choice immediate trials (middle), the other cue light predicted the
opportunity to respond for a small reward delivered immediately. On free choice trials (right), both cue lights predicted the
opportunity to choose between large delayed or smallimmediate rewards. B, Free choice behavior in male and female rats during
the delay discounting task. Responses for the large reward decreased as delay to reward increased. €, Accuracy (percentage correct
responses) for each block and across all rats. *p << 0.05.

we then calculated the average normalized firing rate in the 5 s period
following cue onset or lever press.

Classification of phasic neurons putatively responsive to task events. Pha-
sic neurons were further characterized as “putatively responsive” to dis-
crete task events (cue or press) during either forced or free choice trials.
These putatively responsive phasic neurons were classified as one of three
types. The first type was “putative large/delay responsive.” These neurons
were phasic (either excitatory or inhibitory) during either the cue or lever
press during forced choice large/delay trials or when rats chose the large/
delay option during free choice and were nonphasic during small/imme-
diate trials. The second type was “putative small/immediate responsive.”
These neurons were phasic during task events (cue, press) on forced
choice small/immediate trials or when rats chose the small/immediate
option during free choice trials and were nonphasic during large/delay
trials. Finally, other neurons were responsive to both trial types. That
is, these neurons were phasic during both large/delay and small/imme-
diate trials regardless of rats’ free choice selection. Importantly, free
choice trials present both cue lights simultaneously for 5 s, allowing rats
to choose the preferred option, so we classified cue-responsive neurons
based on rats’ eventual choice. For example, when rats chose the large/
delay option, phasic neurons during the preceding cue period were la-
beled as putative “large/delay” responsive. Furthermore, because forced
and free choice trials were analyzed separately, neuron populations were
not mutually exclusive to forced or free trial types. For example, a neuron
putatively responsive to forced choice large/delay trials could also be
responsive to free choice large/delay trials.

Statistics. Before recording, stability in task performance was assessed
for each rat by visually inspecting discounting curves for three sessions
before recording. To confirm stability, we used ANOVA to analyze per-
centage delay choice across the three sessions before recording and found
no significant difference across sessions.
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To determine whether sex differences in behavioral responding existed
during the task, percentage delay choice chosen across blocks (discount-
ing curve) and accuracy in the task were both analyzed using a two-way
ANOVA (block X sex). Accuracy was defined as the percentage of forced
choice trials in which the animal made the correct response (for each
block). Because there were no differences in any measure between sexes,
all rats were combined for further analyses.

Rats were separated into HI (n = 9) and low impulsive (n = 9, LI)
groups using a median split on average discounting score (the average of
delay choice across blocks). Percentage correct responses (accuracy) on
forced choice trials were analyzed using a one-way ANOVA for Hl and LI
rats. Percentage delay choice chosen across blocks (discounting curve)
was analyzed using a two-way ANOVA (block X impulsivity trait).

Differences in the frequency or proportion of neuronal responses
across different trial types were examined using x* or Fisher’s exact test.
All analyses were considered significant at o = 0.05. Statistical and
graphical analysis was conducted in GraphPad Prism 4 software.

Histology. Upon completion of the experiment, rats were deeply anes-
thetized with a ketamine and xylazine mixture (100 mg/kg and 10 mg/kg,
1.p., respectively). To mark the placement of electrode tips, a 13.5 uA
current was passed through each microwire electrode for 5 s. Brains were
removed and placed into a formalin solution with 20% sucrose and 3%
potassium ferricyanide, after which 40 wm coronal brain sections were
sliced and mounted on slides. The addition of potassium ferricyanide
allowed for a blue reaction corresponding to the location of individual
electrode tips, which was assessed by visual examination of successive
coronal sections. Placement of an electrode tip within the PrL was deter-
mined by examining the relative position of observable reaction product
to visual landmarks and anatomical organization of the rodent medial
prefrontal cortex represented in a stereotaxic atlas (Paxinos and Watson,
1998).

Results

Behavior

Animals reliably acquired the delay discounting task and were
stable (no change in delay discounting across 3 sessions, F, 3,y =
1.50, p = 0.237) and there were no sex differences. Specifically,
there was no significant difference in accuracy (F, ,,y = 0.3102,
p = 0.5848) or delay choice (discounting curve) (F, ,,, = 0.1442,
p = 0.7089) between males and females (Fig. 1B). Therefore, for
the remainder of this analysis, males and females were combined.
All rats responded accurately to forced choice trials and made
significantly more errors on block 3 forced choice trials (F, 3¢, =
4.499, p = 0.0180; Fig. 1C).

Task-related neuronal activity
A total of 125 individual PrL neurons were recorded from 19
animals (n = 10 male, n = 9 female) during behavioral perfor-
mance. Waveform analysis revealed that 115 neurons were puta-
tive pyramidal (i.e., glutamatergic) neurons; the remaining 10
were excluded from analysis. PrL neurons were classified as ex-
hibiting phasic activity (increases and/or decreases in firing rate)
relative to task cues and/or lever presses, as described below.
Task cues evoked changes in firing rate in a large population of
PrL neurons. Of the 115 neurons, 96 cells (83.5%) exhibited pha-
sic changes in firing rate during at least one forced choice cue
presentation and 88 (76.5%) exhibited changes during at least
one free choice cue presentation. These phasic neurons were clas-
sified as cue—excitation (Fig. 24, left) or cue—inhibition (Fig. 24,
right). During forced choice cue presentations, when rats could
only choose one reward option versus no reward, there was no
significant difference between the percentage of phasic neurons
across blocks for either large/delay trials or small/immediate tri-
als (p > 0.05 for all analyses; data not shown). However, during
the free choice cue presentations (both cue lights were presented)
that preceded the choice for the large/delay option, PrL neurons
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exhibited dynamic changes in percentage phasic neurons across
blocks (Fig. 2B, top). Here, significantly more phasic neurons
were observed during block 1 compared with later blocks (x> =
16.34, p = 0.0003). In contrast, there was no difference between
phasic percentage during free choice cue presentations preceding
the small/immediate option (x* = 0.42, p = 0.8106; Fig. 2B,
bottom). However, neurons did shift from being exclusively ex-
citatory in the first block to a having significantly higher propor-
tion of inhibitory neurons in later blocks during free choice cue
presentations preceding the small/immediate option (Fisher’s
exact test, p = 0.001). There were no differences in the ratio of
excitatory to inhibitory neurons across blocks for the other trial
types (all p > 0.05). These results indicate that phasic PrL neu-
rons preferentially encode the best available predicted option in
the absence of delay (i.e., preferring a large magnitude versus
small magnitude option in block 1). However, once the delay to
receipt increases in blocks 2 and 3, the general population of
phasic PrL neurons do not differentially track cue presentation.

PrL neurons also demonstrated changes in firing rate follow-
ing lever press. Of 115 neurons, 86 (74.8%) exhibited changes
following forced choice lever presses and 62 (53.9%) exhibited
changes following free choice lever presses. Phasic neurons were
classified as press—excitation (Fig. 3A, left) or press—inhibition
(Fig. 3A, right). On forced choice blocks, there was no significant
difference between the percentage of phasic neurons during the
lever press across blocks for either large/delay or small/immedi-
ate trials (p > 0.05 for all analyses, data not shown). Likewise,
during free choice large/delay blocks, there was no difference in
phasic lever press related neurons across blocks (x> = 3.02, p =
0.2209; Fig. 3B, top). However, during free choice small/imme-
diate trials, there were fewer phasic neurons to the press during
block 1 compared with the other blocks (x* = 8.92, p = 0.0115;
Fig. 3B, bottom). Finally, for both trial types, there were no dif-
ferences in the ratio of excitatory to inhibitory neurons across
blocks (all p > 0.05). As with the cue-responsive neurons, these
results indicate that phasic PrL neurons preferentially encode the
best available option in the absence of delay (i.e., preferring
a large-magnitude vs small-magnitude option). However, al-
though populations of both cue- and press-responsive neurons
demonstrated altered encoding during block 1, the nature of this
encoding was different. There was an increase in cue-responsive
neurons encoding the anticipated large reward during block 1,
whereas there was a decrease in press-responsive neurons encod-
ing the small reward during block 1.

Distinct PrL neurons encode information related to
discounted choice
A substantial proportion of PrL neurons exhibited cue-responsive
excitations or inhibitions across large/delay versus small/imme-
diate trials. These neurons were classified as follows: (1) “putative
large/delay responsive” neurons, exhibiting a phasic response
only during the large/delay cue (Fig. 4, top); (2) “putative small/
immediate responsive” neurons, showing a phasic response only
during the small/immediate cue (Fig. 4, middle); or (3) “both
(small and immediate)” neurons that demonstrated phasic re-
sponses during both large/delay and small/immediate cues (Fig.
4C, bottom). During free choice trials, when both cue lights were
presented, neurons were classified as putative “large/delay” cue-
responsive when the rat chose the large/delay option and putative
“small/immediate” cue-responsive when the rat chose the small/
immediate option.

The percentage of free choice phasic neuron populations
shifted from “large/delay preferring” to “small/immediate pre-



3112 - J. Neurosci., April 17,2019 - 39(16):3108 3118

A - Cue Excitation
'
1
6 4 1
1
Hz )
4 :
1
1
2] :
1

-5 sec 0 Cue On 5
Block 1
B

Large/Delay
Non-Phasic
60%, n=69

Small/
Immediate

Non-Phasic
77%, n=37

Figure 2.

Sackett et al. @ Prelimbic Activity and Delay Discounting

Cue Inhibition

-5 sec 0 Cue On 5

Block 3

Non-Phasic
77%,n=73

Non-Phasic
83%, n=95

Non-Phasic
74% , n=85

Non-Phasic
77%, n=89

PrL cortical neurons respond to cue presentations. 4, Peri-event histograms (PEHs) of representative neurons exhibiting an excitation (left) or an inhibition (right) in firing rate during

cue presentations. Data are aligned to cue onset (time 0, dashed line); cue duration is indicated by horizontal lines below PEHs. B, Pie chartsillustrating proportion of neurons that exhibited phasic
responses during free choice cue presentations across blocks based upon whether the rat subsequently chose the large/delay reward (top row) or small/immediate reward (bottom row).

ferring” across blocks. This finding is illustrated in Figure 5A,
where each bar graph shows the distribution of each type of pu-
tative free choice cue responsive neuron across blocks. Specifi-
cally, PrL neurons shifted their population response from mostly
“large/delay” to “small/immediate” activity across blocks (x> =
30.03, p < 0.0001). “Small/immediate”-responsive neurons
shifted their response profile from exclusively excitatory to par-
tially inhibitory across blocks (block 1, 100% excitatory; block 2,
100% excitatory; block 3, 68% excitatory; Fisher’s exact test, p =
0.004). This effect was not observed for other trial types (all p >
0.05). Interestingly, as shown in Figure 5B, putative forced choice
phasic responsive neuron populations did not track “preferred”
cues across blocks (x> = 1.48, p = 0.83). Likewise, there were no
shifts in the proportion of nonphasic neurons for either trial type
(free choice: x> = 4.14, p = 0.126; forced choice: x> = 1.88,p =
0.391; data not shown).

As shown in Figure 5, C and D, similar shifts were found for
free choice, but not forced choice, putative press-responsive neu-
rons. Specifically, there was a significant decline in large delay-
responsive neurons and a corresponding increase in small/

immediate-responsive cells (free choice: x* = 31.96, p < 0.0001;
forced choice: x* = 4.38, p = 0.356). Further, differences in the
proportion of excitatory: inhibitory press-responsive neurons
was observed across conditions. Specifically, putative large/
delay-responsive neurons in forced choice trials following the
press significantly shifted from predominantly excitatory to pre-
dominantly inhibitory (block 1, 79% excitatory, block 2, 54%
excitatory; block 3, 39% excitatory; x> = 6.23, p = 0.047). This
pattern did not occur during forced choice small/immediate-
responsive neurons or free choice trials following the press (all
p > 0.05). Finally, there were no shifts in the proportion of non-
phasic neurons for either trial type (free choice: x> = 4.77, p =
0.092; forced choice: x> = 0.50, p = 0.779) or in firing rate across
blocks (all p > 0.05).

Differences in behavior in HI versus LI rats

We next separated rats into HI (n = 9) and LI (n = 9) groups
using a median split on average discounting score (the average of
delay choice across blocks; Fig. 6A). HI and LI rats significantly
differed in delay choice behavior across blocks (F, 3,y = 47.27,
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PrL cortical neurons respond to lever press. A, Peri-event histograms (PEHs) of representative neurons exhibiting an excitation (left) or aninhibition (right) in firing rate relative to lever

press responses. Data are aligned to lever press (time 0, dashed line). B, Pie chartsillustrating the proportion of neurons that exhibited phasic responses during free choice lever presses for either the

large/delay reward (top row) or the small/immediate reward (bottom row).

p <0.0001) and between impulsivity traits (F, ;5 = 59.3, p <
0.0001), with a significant interaction between impulsivity
and block (F, 5,y = 6.775, p = 0.035). Both HI rats (Fig. 6B)
and LI rats (Fig. 6C) were less accurate on block 3 trials (F, 3,
= 4.205, p = 0.0239). However, there was no effect of impul-
sivity (F(; 16y = 1.235, p = 0.2828) or a block X impulsivity
interaction (F(, 3,, = 0.9905, p = 0.3825) on accuracy. There-
fore, impulsivity did not alter accuracy on forced choice
trials.

Neuron population dynamics differ between HI and LI rats

An important finding of the current study is that the population
responses of neurons across cues on free choice trials significantly
differed as a function of impulsivity. Population responses for
free choice cue-responsive neurons for HI and LI rats are illus-
trated in Figure 7. Here, cue-responsive neuronal populations in
both HI and LI rats shifted from primarily “putative large/delay
responsive” to “putative small/immediate responsive” across
blocks (HI: p = 0.0013, Fig. 7A; LI: p = 0.0006, Fig. 7B; Fisher’s
exact test). This indicated that the proportion of cue-responsive
neurons reflected all rats’ eventual, preferred free choice option.
However, whereas there was no significant difference in neu-

ron proportions between HI and LI rats in block 1 (p = 0.071,
Fisher’s exact test), there was a difference between HI and LI rats
in block 2 (p = 0.0457, Fisher’s exact test) and block 3 (p =
0.0037, Fisher’s exact test). These findings indicated that HI rats
exhibited significantly more putative “small/immediate” cue-
responsive neurons than LI rats in blocks 2 and 3. There were no
significant shifts in the PrL’s excitatory/inhibitory ratio across
blocks for HI or LI rats (all p > 0.05). Likewise, there were no
significant shifts in the proportion of nonphasic neurons (all
p > 0.05).

Population responses for free choice press-responsive neu-
rons for HI and LI rats are illustrated in Figure 7, C and D.
Press-responsive neurons exhibited a similar difference between
HI and LI neurons in blocks 2 and 3, but these differences were
not statistically significant (block 2: p = 0.617, block 3: = 0.124).
However, during forced choice trials, LI rats in large/delay re-
sponsive neurons shifted from predominantly excitatory to pre-
dominantly inhibitory (block 1, 71% excitatory; block 2, 55%
excitatory; block 3, 21% excitatory; X2 =721, p = 0.027). Fur-
thermore, in block 3, this was significantly different from HI rats
(Fisher’s exact test, p = 0.011). There were no such effects during
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other forced choice trials or during any free choice trials (all p >
0.05).

Finally, for all forced choice task events (cue, press), there was
no shift in responsive neuron populations across blocks in HI or
Ll rats (all p > 0.05, Fisher’s exact test, data not shown). Likewise,
for all forced choice task events, there was no difference between
HI and LI rats’ responsive neuron populations within any block
(all p > 0.05, Fisher’s exact test, data not shown).

Histology

On test days, 140 neurons were recorded across 130 electrodes.
Neurons in the infralimbic cortex (n = 15) were excluded from
analysis. Of the remaining 125 PrL neurons, waveform analysis
revealed that 115 were putative pyramidal (i.e., glutamatergic)
neurons and the remaining 10 were excluded from analysis. Tip
placements of implanted electrodes positioned in the PrL are
shown in Figure 8.

Discussion

In the present study, PrL cell firing was recorded during discrete
elements (cue presentation and lever press) of a delay discounting
task. Our findings show that distinct populations of PrL neurons
exhibit phasic responses (i.e., increases and/or decreases in activ-
ity) to cue presentations or lever press responses during forced
choice trials (when rats could respond for only one reward option
vs no reward) and free choice trials (when rats could choose
between a small immediate vs large delayed reward). However,
further analysis revealed that distinct subpopulations of PrL
neurons exhibited putative “event-responsive” cell firing
wherein they only tracked free choice (but not forced choice)
cues across task blocks, reflecting shifts in preferred expected
reward value. Conversely, after the lever press, neurons
tracked value in both trial types (forced and free choice). This
neural encoding varied as a function of inherent level of im-
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pulsivity; HI rats (but not LI rats)
showed a greater shift in the proportion
of small/immediate cue-responsive
neurons as delay to reward increased.
Collectively, these findings revealed that
unique subsets of PrL neurons track de-
lay discounting behavior and exhibit se-
lective activity that reflects preferred
reward value and, importantly, that PrL
dynamic signaling varies as a function of
impulsivity level.

PrL neurons track expected value
during delay discounting, but only
when animals can choose their
preferred option

PrL neurons tracked value across different
aspects of the delay discounting task;
more neurons were responsive (i.e., ex-
hibited excitatory or inhibitory cell firing)
following the cue signaling the large, im-
mediate reward, whereas fewer neurons
were phasically active following the press
for the small, immediate reward. Impor-
tantly, in both instances, PrL activity
shifted between the 0 and 10 s delay, but
not between the 10 and 20 s delay. This
was in contrast to the animals’ behavioral
preference, which did shift between the 10
and 20 s delay. This may suggest that the
PrL tracks the presence of the delay, but
not the changing value of delay, or that the
PrL only plays a role in distinguishing de-
lay value at short delays. In support, delay
discounting studies that only used short
delays (<20 s) found that lesions/inacti-
vations of the medial prefrontal cortex
(mPFC, which includes the PrL) height-
ened delay discounting (Churchwell et al.,
2009; Gill et al., 2010), whereas studies
that included short and long delays (be-
tween 10 and 60 s) found no effect of
mPFC manipulation on delay discounting
other than a general “flattening” of the
discount curve (Cardinal et al., 2001; Feja
and Koch, 2014).

In addition to general activity, we also found that distinct PrL
neurons were phasic to discrete cue presentations and trial types.
That is, unique neuron groups were activated during cue pre-
sentations on large/delay, small/immediate, or both trial types.
The proportion of these neuronal populations shifted across
blocks, from more putative large/delay responsive neurons in the
absence of delay (block 1) to more putative small/immediate re-
sponsive neurons during the longer delays (blocks 2 and 3). Im-
portantly, this shift occurred only when rats were able to choose
their preferred option (free choice trials); when rats only had one
option (forced choice trials), PrL neurons did not track expected
value. This finding sets the PrL apart from the NAc, BLA, and
orbitofrontal cortex, which have all been shown to track expected
value of differing magnitudes and delays during both free and
forced choice trials (Roesch et al., 2006, 2009, 2010; Saddoris et
al., 2015; although see Roesch et al., 2007). Conversely, PrL activ-
ity during both free and forced choice trials did track value fol-

Figure 8.
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Anatomical distribution of electrode tip placements in the PrL. Numbers indicate distance (mm) anterior to bregma.

lowing the lever press. Behavior during free choice trials is likely
more deliberative relative to forced choice trials because forced
choice trials only require a rat to press the illuminated lever,
whereas free choice trials encourage the rat to weigh the distinct
outcomes of two possible choices to obtain the subjectively opti-
mal value. Therefore, our findings may suggest that the PrL pre-
dominantly tracks expected value in choice situations involving
evaluations of the relative costs and benefits associated with dif-
ferent actions.

The present study adds to a growing literature suggesting that
value encoding of delay and magnitude is region and context
dependent. For example, neurons in the NAc only track cue value
if animals make a subsequent choice in that neuron’s preferred
direction (left or right), suggesting integration between value and
action in the NAc (Roesch et al., 2009). Additionally, VTA dopa-
mine neurons only track the highest value during free choice
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trials (as opposed to the value that is eventually chosen, be it high
or low), suggesting that these neurons track optimal value rather
than expected value in goal-directed contexts (Roesch et al.,
2007). Therefore, the PrL may be acting to influence downstream
activity in regions such as the BLA or NAc only in those instances
when subjective valuation is needed to direct the most appropri-
ate behavior—that is, free choice trials.

Shift in PrL neural activity during delay discounting reflects
individual differences in impulsivity

An interesting finding of the present study was that the shift in
PrL activity was dependent on inherent impulsivity. Rats that
were more impulsive (e.g., a steeper shift toward the small/im-
mediate option) also showed a greater shift in the proportion of
small/immediate neurons across blocks compared with LI rats.
This change occurred in cue-activated neurons, indicating that
the PrL may contribute to differences in impulsive choice by
differentially encoding predicted reward values. Furthermore,
during forced choice trials, LI rats showed a stronger shift from
excitatory to inhibitory neurons than HI rats following the delay
lever press. These findings may suggest that more impulsive in-
dividuals have different PrL physiology than LI individuals. In
support of this, previous studies reported individual differences
in impulsivity that may play a role in the neurobiology of delay
discounting. For example, the number of D2 receptors in the PrL
is correlated with greater preference for the large/delay reward
(Simon et al., 2013). Other brain regions have also reflected dif-
ferences in impulsivity because the effect of inactivation of the
lateral orbitofrontal cortex, anterior insula, and NAc core on
delay discounting has been shown to be dependent upon baseline
levels of impulsivity (Zeeb et al., 2010; Moschak and Mitchell,
2014; Pattij et al., 2014). Additionally, HI rats exhibited less do-
pamine release in the NAc core during delay discounting com-
pared with less impulsive rats (Moschak and Carelli, 2017) and in
vitro electrical stimulation of NAc elicits less DA release in HI
individuals (Diergaarde et al., 2008). However, although many
studies have suggested a role for NAc core DA in individual dif-
ferences in impulsive choice, evidence suggests that DA in the PrL
does not signal impulsive choice, but rather availability of reward
(delay discounting: Winstanley et al., 2005a; probability dis-
counting: St. Onge et al., 2011). Nonetheless, although DA in the
PrL may not influence impulsive choice, the current study demon-
strates that HI versus LI rats differ in how PrL neuron popula-
tions encode predicted reward value. Therefore, individual
differences in PrL physiology may contribute to impulsive choice
during delay discounting.

Our current findings may have clinical relevance because the
PrL and its human correlate, the ACC, are implicated in disorders
associated with heightened delay discounting, such as substance
use disorders (Jentsch and Taylor, 1999; Crews and Boettiger,
2009). For example, individuals with substance use disorders
demonstrate altered ACC function during delay discounting
tasks (Hoffman et al., 2008; Meade et al., 2011). Furthermore, the
PrL demonstrates enhanced encoding of cocaine-associated
stimuli following abstinence (West et al., 2014), whereas lesions
or inactivation of the PrL reduce drug-seeking behavior (McFar-
land and Kalivas, 2001; Capriles et al., 2003; Di Pietro et al., 2006).
Therefore, understanding the neural underpinnings of delay dis-
counting may identify impulsive individuals at risk for psychiat-
ric disorders, or may improve treatments for diseases such as
substance use disorders.
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Concluding remarks

The current findings reveal a unique role of PrL neural signaling
in discrete aspects of delay discounting. PrL neurons are phasi-
cally active to discrete task events, including cue presentation and
lever press. These phasic neurons formed unique subgroups that
are phasic to the large/delay, small/immediate, or both trial types.
These neuron populations tracked the shift in expected reward
value as the task progressed, but only when animals were able to
make their preferred choice during free choice trials. Further, this
tracking was dependent on inherent impulsivity such that HI
rats demonstrated a greater shift in putative small/immediate-
responsive neurons across blocks. The findings indicate a role for
the PrL in encoding impulsive choice as a function of individual
impulsivity. Importantly, these findings were similar across male
and female rats, suggesting analogous PrL processing during de-
lay discounting in the two sexes. Further investigation of the PrL
cortex and its interactions with other brain regions such as the
NAc core and BLA is necessary to understand the larger circuit
underpinnings of delay discounting and its relationship to
impulsivity.
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