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Abstract

Exposure to drugs of abuse produces maladaptive changes in cost-benefit decision-making,
including the evaluation of time and risk. Studies probing the effects of drug exposure on such
evaluations have primarily used experimenter-administered drug regimens. Similarly, while much
is known about the neural bases of effort, there have been relatively fewer investigations of the
effects of drug experience on effort-based choices. We recently reported that experimenter-
administered methamphetamine (meth) resulted in steeper discounting of effort for food rewards in
rats, when assessed in protracted withdrawal. Here, we studied rats that underwent withdrawal
from weeks of meth intravenous self-administration that later could freely select between a high
effort, preferred option (progressive ratio lever pressing for sucrose pellets) versus a low effort,
less preferred option (freely-available lab chow). We found decreased effort for the preferred
reward and changes in a behavioral economic index demonstrating an increased sensitivity to
effort in meth-experienced rats. Critically, the decreased effort for the preferred option was only
present in the context of a competing option, not when it was the only option. We also confirmed
rats preferred sucrose pellets over chow when both were freely available. These long-lasting
changes were accompanied by decreased c-Fos activation in ventral striatum and basolateral
amygdala, regions known to be important in effort-based choices. Taken together with our
previous observations, these results suggest a robust and enduring effect of meth on value-based
decision-making, and point to the underlying neural mechanisms that support the evaluation of an
effort cost.
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Introduction

Withdrawal from drugs of abuse leads to changes in motivated behavior and decision-
making (Groman et al., 2012; Lee et al., 2009; Olausson et al., 2006; Stolyarova et al., 2015;
Thompson et al., 2015, 2017) A prominent feature of withdrawal from psychostimulants is
fatigue (Lago and Kosten, 1994; McGregor et al., 2005), which may be related to
mechanisms of decreased effort or altered cost-benefit decision-making involving effort
(Salamone and Correa, 2012). The neural basis of effort has been well studied in rodent
models and in humans, but fewer investigations have probed drug withdrawal experiences
that may also contribute to changes in effort-based choice. Here we studied the long-term
effects of psychostimulant withdrawal on choices involving physical effort for food rewards,
to be distinguished from cognitive or attentional effort that is also probed in rats (Cocker et
al., 2012; Hosking et al., 2014, 2015, 2016).

Recent work investigating motivated behavior following weeks of exposure to
methamphetamine (meth) showed that rats exert /more physical effort for natural rewards
such as food (Stolyarova et al., 2015) and exercise (Thompson et al., 2015) in acute and
protracted withdrawal from drug. Moreover, others have similarly reported increased lever
pressing for grain pellets following withdrawal from psychostimulants like nicotine,
MDMA, cocaine, and amphetamine (Olausson et al., 2006). Importantly, the effects
mentioned above occur in the context of a single reward-type and/ or only one response
option. However, organisms face environments where there are qualitatively different
options to choose from, each with different effort requirements. To model self-paced, free
choice between qualitatively different options, we adopted an effort-based cost benefit
decision-making task (Randall et al., 2012) where rats can select between a high effort,
preferred reward (progressive ratio lever pressing for sucrose pellets) and a low effort, less
preferred alternative (freely, concurrently available lab chow). We previously reported that
rats given experimenter-administered meth and tested in protracted withdrawal exert less
effort for a preferred sucrose reward over freely-available chow (Thompson et al., 2017).
This altered cost-benefit decision-making (i.e. increased sensitivity to effort costs) was not
due to decreased reward sensitivity, anhedonia, or decreased preference for the preferred
reinforcer, as determined by control experiments.

Studies investigating the lasting effects of drug experience on effort-based decision-making
often use experimenter-administered methods (Floresco and Whelan, 2009; Kosheleff et al.,
2012a; Olausson et al., 2006; Thompson et al., 2017). Additionally, studies that have probed
related behaviors, such as delay discounting (Floresco and Whelan, 2009) or reversal
learning (Groman et al., 2012; Izquierdo et al., 2010; Jentsch et al., 2002; Kosheleff et al.,
2012b) have also frequently used experimenter-administered drug. Yet, several groups have
also examined self-administered drug effects on delay discounting (Mendez et al., 2010) and
other measures of cognitive flexibility (Cox et al., 2016). However, it is presently unknown
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if withdrawal from meth self-administration results in long-lasting alterations in effort-based
decision making involving food rewards.

Behavioral economic indices can be used to assess drug taking and seeking similarly in
humans and in experimental animals (Bentzley et al., 2013; Hursh, 1980; Hursh and
Silberberg, 2008) and may have high translational value. Using these economic models,
demand curves are generated that allow us to estimate consumption at the lowest effort cost
(Qo), the rate of decline in consumption as a function of increasing effort cost (a), and an
index of demand inelasticity derived from a, essential value (EV). These measures have
been shown to predict addiction-like behaviors (Bentzley and Aston-Jones, 2015; Galuska et
al., 2011; Gray and MacKillop, 2014; Murphy et al., 2009; Petry, 2001) and decreased food
demand (Galuska et al., 2011). For these reasons, we fit an exponential model (Hursh and
Silberberg, 2008) to our effort-based choice data.

The present experiment also sought to investigate the effects of intravenous self-
administration (IVSA) of meth and activation of brain regions that are known to be
important in effortful choice. We assessed c-Fos in anterior cingulate cortex (ACC), ventral
striatum (VS), dorsal striatum (DS), and basolateral amygdala (BLA) approximately 30 days
following their last drug (or yoked saline) infusion. We predicted that rats withdrawn from
meth 1VVSA would exhibit reduced lever pressing for sucrose, similar to what we have
recently shown following experimenter-administered drug (Thompson et al., 2017). We also
expected this effect would be accompanied by changes in activation of brain regions
previously shown to support this behavior. And finally, we hypothesized that steeper
discounting of the more effortful, preferred option would also be revealed as a long-lasting
change in demand elasticity (a).

2. Materials and methods

Subjects.

A timeline of all procedures is shown in Fig. 1. Subjects were 32 (n = 19 meth IVSA, n =13
yoked saline) adult male Long-Evans rats (Charles River Laboratories, Hollister, CA),
singly-housed for all phases of experiments with the exception of the acclimation period and
handling. A subset of these rats (n = 14; n = 8 meth and n = 6 saline) were used for c-Fos
experiments (details below). All animals were handled for 10 min in pairs for 5 d after a
brief acclimation period (3 d). Rats weighed an average of 300 g at the beginning of the
experiment. One subject was not included in the final data analyses due to premature death,
and three others were omitted due to early (i.e., less than 7 I\VSA sessions) catheter patency
loss. The vivarium was maintained under a 12/12 h reverse light cycle at 22°C, and lab chow
and water were available ad libitum prior to behavioral testing. Training and testing were
conducted during the early portion of the dark cycle (~0800-1200 ). Experiments were
conducted 5-7 d per week, and animals were fed once daily on weekends when testing was
not conducted. All procedures were approved by the Chancellor’s Animal Research
Committee at the University of California, Los Angeles.
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Food restriction.

One day before behavioral testing began, the amount of chow given to each rat was reduced
to 12 g/d, and rats were given ~10 sucrose pellets (45-mg dustless precision sucrose pellets;
Bio-Serv, Frenchtown NJ) in their home cage to acclimate them to the food rewards.
Following the initial 2 d of sucrose pellet training, rats were switched to free feeding for the
duration of self-administration and withdrawal. Prior to the beginning of the progressive
ratio phase of training, rats were restricted to 12 g of chow per d. Finally, rats performing the
choice task were given 8 g of chow per d, in addition to the food they consumed during
testing. At the time of euthanasia, rats weighed on average ~350 g.

Surgery and FR1 sucrose pellet training.

Apparatus.

Implantation of chronic indwelling intravenous jugular catheters took place prior to all
behavioral testing. Catheters were custom made and consisted of a 14 cm Silastic tubing fit
to a 28-gauge 11 mm cannula (PlasticsOne, Roanoke, VVA) bent to 90° and encased in dental
cement with a mesh base. Rats were anesthetized with isoflurane (5% induction, 2%
maintenance in 2 L/min Oy,), after which incisions were made on the right dorsolateral
surface of the back and the right anterolateral surface of the neck. The cannula of the
catheter was inserted through a small incision on the dorsal surface of the back between the
scapulae through the back incision. The catheter tubing was passed subcutaneously from the
dorsal surface of the back to the ventral incision, the jugular vein was isolated, and the
catheter tip was inserted and secured with surgical silk sutures. Following a patency test with
heparinized (30 USP units/mL) saline, incisions were sutured closed, and the rats were
placed on a heating pad and kept in recovery until ambulatory. Post-operative care consisted
of five daily injections of carprofen (5 mg/kg, s. c.). Following a 7-d free-feeding recovery
period, rats were restricted to 12 g of food daily following testing and given 2 d of active
lever pressing on a fixed ratio-1 schedule for sucrose pellets (45 mg, Bioserv, Frenchtown,
NJ). Sessions lasted until 30 min had elapsed or 30 pellets had been earned. The first session
was conducted untethered, and the second session was conducted with the steel leash
attached to the catheter to acclimate animals to this procedure. Following surgery, catheters
were flushed daily with 0.1 mL heparinized saline and for the duration of IVSA.

All behavioral testing was conducted in chambers outfitted with a house light, internal
stimulus lights, a food-delivery magazine, 2 retractable levers positioned to the left and right
of the chamber wall opposite the magazine, a syringe pump, and a liquid swivel attached to a
steel leash for drug self-administration. All hardware was controlled by a PC running Med-
PC IV (Med-Assaciates, St. Albans, VT).

Meth intravenous self-administration (IVSA) and withdrawal.

Rats were given food ad-libitum for the duration of the 27 sessions of IVSA. Catheter
patency was tested the day prior to beginning IVSA with 0.2 mL propofol solution
(PropoFlo, Zoetis, Parsippany-Troy Hills, NJ). Rats were allowed to self-administer meth
hydrochloride (Sigma, St. Louis, MO) for 2-h sessions 6—7 d per week, during which active
and inactive lever presses were recorded. The active lever was the opposite from that used
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during the initial sucrose pellet training. Each infusion consisted of 0.1 mg/kg freebase
meth/ 0.0875 mL saline and lasted for 5 s with a 20 s timeout between infusions. Catheters
were flushed before and after sessions with 0.05 mL heparinized saline. Rats were given 6
sessions of FR1 IVSA, 14 sessions of FR3 IVSA, and 7 sessions of FR5 IVSA where 1, 3,
or 5 active lever presses were required to earn a single infusion, respectively. Pressing of the
inactive lever had no programmed consequences. Saline animals were yoked to meth
animals to receive an equal number and volume of saline infusions. Following IVSA, rats
were left undisturbed for 9 d to withdraw from the drug prior to beginning progressive ratio
testing.

Progressive ratio and effortful choice testing.

Following withdrawal, rats were restricted to 12 g food daily (to no less than 85% free-
feeding weight) following testing on the PR schedule for sucrose pellets. The lever that
earned pellets was opposite that of the active IVSA lever. The required number of presses
increased according to the formula n;=5e(/%-5, where n; is equal to the number of presses
required on the ith ratio, rounded to the nearest whole number, after 5 successive schedule
completions. No time-out was imposed. Rats were tested on the PR schedule until stable
performance was achieved (~6 sessions), defined as the number of lever presses across three
days of testing falling between 80% and 120% of the mean of those three days. This testing
was performed to assess the willingness to work for sucrose pellets in the absence of freely
available chow. Upon meeting criteria for stable PR performance, a ceramic ramekin
containing 18 g of lab chow was introduced (modified from (Randall et al., 2012)) during
testing. Rats were free to choose between consuming freely-available but less preferred
chow or lever pressing for preferred sucrose pellets and tested until stable lever pressing
performance was achieved as described above. Detailed methods have been published
recently (Hart et al., 2017; Hart and Izquierdo, 2017).

Freely-available choice.

Euthanasia.

Following effortful choice testing, we conducted a test wherein both sucrose pellets and
chow were freely-available. Rats were given 30 min of free access to pre-weighed amounts
of sucrose pellets and lab chow (~18 g each) in standard empty cages, but different from
their home cages. Following the 30-min period, remaining food was collected and weighed
to determine rats’ food preferences.

Rats in both pretreatment groups (meth and saline) were given a final effortful choice testing
session. One hour following this session, animals were humanely euthanized by Euthasol
overdose (Euthasol, 0.8 mL, 390 mg/mL pentobarbital, 50 mg/mL phenytoin; Virbac, Fort
Worth, TX), and brains were removed for histological processing.

Histological processing and immunohistochemistry.

Following removal, brains were fixed in 10% buffered formalin acetate for 24 h followed by
30% sucrose for 5 d 50 mm sections of ACC, striatum, and BLA were collected and stained
for c-Fos. Staining was performed by incubation for 24 h at 4°C in a primary antibody
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consisting of 1:2000 rabbit polyclonal to ¢c-Fos (Abcam, Cambridge, MA), 3% normal goat
serum (Abcam, Cambridge, MA), and 0.5% Triton-X (Sigma, St. Louis, MO) in PBS,
followed by four 5-min washes in PBS. Secondary antibody incubations were 2 h at 20 °C in
the 0.5% Triton-X/5% normal goat serum/PBS solution with 1:500 goat anti-rabbit Alexa
488 (Abcam, Cambridge, MA) replaced for the primary antibody, followed by four 5-min
washes in PBS. Slides were subsequently mounted and cover-slipped with fluoroshield
DAPI mounting medium (Abcam, Cambridge, MA). Slices were visualized using a BZ-
X710 microscope (Keyence, Itasca, IL), and analyzed with BZ-X Viewer and analysis
software. Images for quantification of c-Fos immunoreactivity were taken with a 20x
objective with a 724 mm by 543 mm field of view and converted to cells per millimeter
squared. For each region, three images were taken from two or three separate slices from
both hemispheres at the same approximate AP coordinate (ACC +2.0 mm; VS +2.0 mm; DS
1.6 mm; BLA-3.0 mm), and final cell counts were based on the averages of the three images.

Data analyses.

Data were analyzed using GraphPad Prism v.7 (La Jolla, CA) and SPSS v.25 (Armonk, NY).
An alpha level for significance was set to 0.05. Two-way repeated measures ANOVA was
used to compare the number of active and inactive lever presses across the 27 IVSA
sessions. Independent samples t-tests (reported as means £ SEM) on data from the last of the
3 stable sessions were conducted to analyze group differences on PR and on the choice task.
Multivariate ANOVAs with Pillai’s Trace corrections were conducted to analyze group
differences on the density of c-Fos immunoreactive cells as well as group differences on
behavioral economic indices (described below). A two-way ANOVA was used to test for
group differences on food preference, and number of sessions to stable performance.
Behavioral economic indices were generated by fitting an exponential model (Hursh and
Silberberg, 2008) to our data:

-aQ,C
k(e “o —1)
0=0)*10

where Q = consumption at a given price C, or cost (FR value), Qg = demand intensity,
consumption at lowest price, k = constant parameter reflecting the range of consumption
values in logyg units, a = demand elasticity, or the derived demand parameter reflecting the
rate of consumption decline associated with increasing price. Qg and a were calculated
based on the number of pellets earned at each ratio. Because the number of pellets earned at
each ratio in our task is necessarily restricted to five, differences in a would be due to
animals reaching higher/lower ratios or earning more/fewer pellets at a given ratio. For each
rat, we also calculated Essential Value (EV) to quantify the *strength’ of the reinforcer (i.e.
sucrose pellets) (Kearns et al., 2017), based on the value of the exponential rate constant. As
indicated above, the value of a is the rate of consumption decline and & is the consumption
range for each rat in the following:

EV=1/(IOO*a*k1 -5)
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All behavioral economic indices were correlated with brain activation data, and multiple
linear regression analyses were conducted to predict indices from c-Fos immunoreactivity.

3. Results
IVSA.

Rats acquired and maintained meth self-administration and increased active lever pressing as
a function of increased work requirement. There was a significant main effect of lever
(F,28) = 22.99 p < 0.001), significant main effect of session (F(26 728) = 4.71 p < 0.0001),
and significant lever by session interaction (F26,728) 4.89 p < 0.001) (Fig. 2A). These press
rates yielded relatively stable levels of meth intake across the 27 sessions (Fig. 2B), average
dose of 1.16 mg/kg/session. Yoked saline controls had no preference for the active lever over
the inactive lever. There was no significant main effect of lever (F(; 24) = 0.83, p =0.37).
There was a significant main effect of session due to extinction (rats had previously received
2 d of FR1 for sucrose pellets) (F(26 624) = 4.76, p < 0.001) and no significant lever by
session interaction (F (26 624) = 1.46, p =0.07) (data not shown).

Progressive Ratio.

There were no group differences in the number of lever presses on the PR schedule for
sucrose pellets. An independent samples #test on the number of lever presses on the last of
the three stable days of PR testing revealed no significant difference between groups (f26) =
0.91 p =0.37; saline = 582.3 + 68.8; meth = 480.5 + 85.29) (Fig. 3A).

Effortful Choice Testing.

After allowing several sessions to achieve stable performance, a significant difference in
number of lever presses on the last of the three stable sessions was revealed by an
independent samples #test ({26) = 2.74 p =0.01; saline 227.4 + 21.00; meth = 130.00

+ 27.59): meth-experienced rats lever pressed significantly less for sucrose pellets than
yoked saline controls (Fig. 3B). There was no significant difference in the amount of chow
consumed between these conditions (#2¢) = 0.36 p =0.72; saline = 8.8 + 0.35; meth = 8.63
+ 0.31) (Fig. 3C). Groups did not differ in the number of sessions required to reach stable
performance on the PR or choice task. A two-way ANOVA conducted on the number of
sessions to stable performance in the PR and choice tasks revealed no significant effect of
session type (F(1 52) = 3.54 p=0.07), no significant effect of condition (F(; 52) = 0.769 p=
0.38), and no session type by condition interaction (F(y 52) = 0.21 p=0.64) (Fig. 3D).

Freely-available Choice.

A test wherein sucrose pellets and lab chow were concurrently freely-available was
conducted to confirm that meth withdrawal effects on PR effortful choice were not due to
decreased preference for sucrose. Analysis of amount of food consumed (g) using a two-way
ANOVA with food type (sucrose pellet, chow) and condition (saline, meth) as fixed factors
revealed a significant effect of food type (F(1 52) = 94.14 p < 0.001; sucrose = 11.36 + 0.68;
chow = 3.55 + 0.40). No significant food type by condition interaction (F(; 52) = 0.51 p=
0.47), or effect of condition (F(; 57) 0.09 p0.76) was found (Fig. 3E).
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Behavioral economic indices.

Because we detected no group differences on progressive ratio testing in the absence of
freely available chow, behavioral economic measures were taken from the last session of
choice testing. An independent samples £test on the number of pellets earned on the last of
the three stable sessions revealed a significant difference between yoked saline and meth
IVSA groups ({26) = 3.27 p< 0.01; saline = 32.92 + 1.42; meth 24.4 + 2.09) (Fig. 4A). A
similar pattern of effects was observed for the highest ratio achieved, or breakpoint: yoked
saline animals reached a higher breakpoint than meth animals (#26) = 2.58 p = 0.02; saline =
15.38 + 1.12; meth = 10.53 + 1.46) (Fig. 4B). After fitting Hursh’s exponential model
(Hursh and Silberberg, 2008) to the

number of pellets consumed at each ratio and generating individual demand curves Qg and a
values for each subject, a multivariate ANOVA with Pillai’s Trace correction revealed a
significant effect of group (F(3 24) = 3.39, p =0.03). Specifically, meth IVSA animals
consumed fewer pellets at higher ratios, as indicated by significantly higher a values than
yoked saline controls (p =0.02; saline = 3.9 + 5.5 ©—5: meth = 6.8 4 + 9.4 ©—5) (Fig.
4C). Qg and EV values did not differ between groups (p=0.75 and p=0.13, respectively)
(data not shown). Individual demand curves are shown in Fig. 4D.

c-Fos immunoreactivity.

Following the final effortful choice test, brains were collected 1 h after the termination of
testing and processed for c-Fos immunoreactivity. A multivariate ANOVA with Pillai’s
Trace correction revealed a significant effect of group (Fs,9) = 8.403, p< 0.01) In VS, there
was a significant difference in the number of c-Fos immunoreactive cells with meth animals
exhibiting reduced expression (p =0.04; saline = 66.7 + 9.68; meth = 40.53 + 6.69) (Fig.
5A). In BLA, there was also a significant difference in the number of c-Fos immunoreactive
cells with meth animals exhibiting reduced expression (p =0.02; saline = 67.27 + 6.23; meth
= 46.83 + 4.43) (Fig. 5B). In ACC, there was a trend toward a significant decrease in the
number of c-Fos immunoreactive cells in the meth rats (p =0.09; saline = 64.28 + 8.96;
meth = 44.37 £ 6.52) (Fig. 5C). In DS, there was no significant difference in the number of
c-Fos immunoreactive cells (p =0.39; saline = 76.37 £+ 15.15; meth = 57.39 + 14.39) (Fig.
5D).

A Pearson r-correlation matrix of behavioral economic indices and brain activation (c-Fos)
data for all animals is shown in Table 1. Interestingly, only VS c-Fos was found to be
significantly correlated with Qg and a.. As might be expected, a and Qg were significantly
correlated, as were a and EV. Multiple linear regression analyses were conducted to predict
behavioral economic indices based on ROI c-Fos immunoreactivity. Based on the results of
our correlation matrix, we employed a forward selection model with VS entered first,
followed by BLA, ACC, and DS c-Fos. We found that only VS c-Fos significantly predicted
a (Fq,12) =5.244, p =0.04, R2 = 0.304) and Qg (F@,12) = 7.480, p =0.018, R2 = 0.384).
Results were the same if BLA c-Fos was entered in the model first.
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4. Discussion

Exposure to drugs of abuse produces marked changes in cost-benefit decision-making, often
increasing discounting of time and effort costs (Mendez et al., 2010; Thompson et al., 2017).
Here we show that IVSA of meth and subsequent withdrawal also results in steeper effort
discounting. Importantly, these changes are accompanied by long-term adaptations in VS
and BLA, regions known to be important in effort-based choice. We also demonstrate that
meth withdrawal results in a persistent change in the demand elasticity (a), without affecting
the demand intensity (Qp) or essential value (EV) of a preferred sucrose reward.

4.1. Meth experience produces long-lasting changes in relative reward value

Our group previously showed decreased effort following binge exposure to meth assessed in
a T-maze task (Kosheleff et al., 2012a). Critically, that pattern of dosing is likely not as
relevant to the human condition and is well outside the dose range that rats self-administer.
In the present experiment, rats readily acquired and maintained IVVSA of relatively low
sensitizing doses (~1 mg/kg) (Frey et al., 1997), consistent with doses others report (Winkler
et al., 2018). We also did not observe escalating doses, likely due to the short 2-h sessions
(Orio et al., 2010). Nevertheless, we replicate here what we have previously demonstrated
following experimenter-administered escalating meth: steeper effort discounting in the
presence of a lower cost option that is not due to reduced reward sensitivity or changes in
food preference (Thompson et al., 2017). Importantly, rats’ steep effort discounting for a
preferred reward was similarly not due to a general lack of motivation, learning or memory
impairment, or changes in the hedonic value of the preferred reward. Taken together, the
finding that both experimenter- and self-administered meth produce the same long-lasting
effects on (relative) food reward value points to a robust drug effect.

Our group previously showed meth treated animals exert more effort in the form of wheel
running (Thompson et al., 2015) and will choose to climb a higher barrier to earn more food
reward (Stolyarova et al., 2015) in withdrawal, and others have found increased progressive
ratio lever pressing for food in amphetamine withdrawal (Olausson et al., 2006). Task
differences and effects of stimulants on delay discounting (Hoffman et al., 2006) may
explain this potential discrepancy. Those tasks all imposed a single response option (i.e.
running, barrier climbing, lever pressing) rather than providing animals a choice of actions.
Given that exposure to meth increases delay discounting (Hoffman et al., 2006) it is
plausible that, when faced with a single option, sensitivity to delay costs exerts stronger
effects on behavior than sensitivity to physical effort costs, and drug-treated animals will
maximize the number of rewards acquired per unit of time by responding more vigorously.
Ostensibly, when an option is introduced that is less costly in terms of bothtime and effort,
it becomes the preferred choice in meth-experienced animals, despite being of lesser hedonic
value. Indeed, we found that meth-experienced rats reached lower stable levels of lever
pressing when exposed to the choice phase, and we found no effect on PR responding in the
absence of an alternative option, though deficits in effort were revealed when a lower cost,
concurrently available option was introduced.
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4.2. Meth experience increases sensitivity to effort cost in withdrawal

Behavioral economic analysis of our data yielded several interesting results. Consistent with
previous reports, we found that exposure to meth I'VSA decreased food demand (Galuska et
al., 2011). Although those authors found slight effects on Qg as well as a, our task
differences may explain the divergent effects. Rather than increasing ratios (costs) across
sessions, our task progressively increases the cost every five reinforcers within a single
session. Therefore, it is not surprising that Qg was not different between groups:
consumption is necessarily equal at the lowest cost, as all animals earned more than five
reinforcers. Thus, although we report Qg values, their interpretation in the context of a
progressive ratio task is unclear, and further clarification would require a traditional
behavioral economics paradigm (Bentzley et al., 2013; Cox et al., 2017; Galuska et al.,
2011). Yet the lack of effect on EV, together with our control tasks involving free-choice
between sucrose pellets vs. chow, does also provide a point of convergence: rats express
intact hedonic valuation of the preferred sucrose reinforcer. Critically, we observed effects of
meth IVVSA and withdrawal on a.: rats exhibited greater elasticity of demand for food and
were less willing to work for sucrose pellets, particularly at higher ratios, consistent with
effects others report (Bentzley et al., 2013; Galuska et al., 2011). Recent behavioral
economic analysis of meth seeking found that oxytocin decreases meth demand, and this
effect is accompanied by decreased VS activation (Cox et al., 2017). Future work should
determine whether meth and food demand are mediated by distinct mechanisms. Indeed,
moving this research area forward are several interesting studies directly comparing the
elasticity of demand between drug and non-drug reinforcers (Kearns et al., 2011, 2017).

4.3. Meth experience results in persistent brain activation changes

On the last day of behavioral testing we collected brains to determine whether there were
regional brain adaptations following prolonged meth experience and withdrawal. The pattern
of effects we observed in our c-Fos expression points to clear roles of VS and BLA in
withdrawal effects on effort. We found that meth-withdrawn animals showed reduced c-Fos
expression in BLA and VS, not DS and ACC. Our results are consistent with others showing
greater immediate early gene expression in VS in animals that lever press more for high
carbohydrate pellets (Randall et al., 2012). These findings are also consistent with a general
role of VS (Ghods-Sharifi and Floresco, 2010) and BLA (Ghods-Sharifi et al., 2009; Hart
and Izquierdo, 2017) in effort-based choice. Interestingly, though group differences did not
reach statistical significance (p = 0.09), there was a trend for a decrease in c-Fos expression
in ACC (Cai and Padoa-Schioppa, 2012; Hart et al., 2017; Klein-Flugge et al., 2016;
Rudebeck et al., 2008; Schweimer and Hauber, 2005; Walton et al., 2003).

Different models of meth exposure produce varying effects on brain and behavior (Kosheleff
etal., 2012b). The chronic IVSA regimen here resulted in the same behavioral effects as
chronic escalating doses previously administered in our laboratory (Thompson et al., 2017).
However, neither of these regimens results in neurotoxicity (Belcher et al., 2008); it is
therefore unlikely the reduced c-Fos expression we observe here is due to fewer cells overall.

Analyses revealed only VS activation correlated significantly with Qg and a.. These findings
are consistent with the wealth of evidence implicating VS in effort (Cousins and Salamone,
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1994; Ghods-Sharifi and Floresco, 2010; Nunes et al., 2013). Although BLA and ACC
activation did not correlate with behavioral economic indices, we did find reduced activation
in BLA and a trend in ACC in meth withdrawn animals, providing support for the idea that
BLA, ACC, and VS interact in the regulation of effort (Floresco and Ghods-Sharifi, 2007;
Hart et al., 2017; Hart and Izquierdo, 2017; Hauber and Sommer, 2009; Salamone et al.,
2007). Further, the lack of effect of withdrawal on DS activation is consistent with several
studies showing DS dopamine receptor blockade and related manipulations have no effects
on effort-based choice (Farrar et al., 2010; Font et al., 2008; Nunes et al., 2013). While we
did not examine orbitofrontal cortex (OFC), its role in effort should be further elucidated.
While OFC neurons do encode economic value and choice between options (Padoa-
Schioppa and Assad, 2006), OFC lesions do not result in impaired effort in a T-maze task
(Ostrander et al., 2011; Rudebeck et al., 2008). Notably, there is a recent report of OFC
lesions and pharmacological inhibition actually increasing progressive ratio responding and
selection of a high effort choice (Munster and Hauber, 2017). However, to our knowledge,
OFC has not been probed in an effort-based choice task involving qualitatively different
options and thus it would be useful to compare its role to that of other cortical regions, like
ACC (Hart et al., 2017; Rudebeck et al., 2006; Walton et al., 2003).

4.4. Concluding remarks

Overall, we found that meth IVSA and withdrawal leads to long-term changes in effort-
based choice, a behavior that is associated with several conditions, including depression
(Treadway and Zald, 2011) Parkinson’s disease (Friedman et al., 2010), and schizophrenia
(Gold et al., 2013). These findings are consistent with the clinical literature showing
decreased effort is one of the most prominent symptoms in amphetamine withdrawal
(McGregor et al., 2005), even in the absence of depressed mood (Volkow et al., 2001),
further supporting the idea that mechanisms underlying the motivation to obtain rewards
versus the primary hedonic response to rewards are dissociable (Salamone and Correa, 2012;
Treadway and Zald, 2011). Overall, the pattern is in keeping with an increased elasticity of
demand for food reward (i.e. greater sensitivity to effort cost) that has been reported
following neurotoxic dopamine lesions, dopamine depletion, and dopamine receptor
blockade (Aberman and Salamone, 1999; Salamone et al., 2017). The behavioral effect we
report here was accompanied by changes in activation of several regions known to be
important in effortful decision making. This finding contributes to the understanding of
persistent, value-based decision-making changes that occur in drug withdrawal, and that may
subvert long-term effort toward sobriety.
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Meth IVSA. (A) Number of active and inactive lever presses on each of the 27 IVSA
sessions that had FR1, FR3, and FR5 work requirements for each infusion. Animals showed
a preference for the active lever over the inactive lever (p < 0.0001). (B) Amount of meth
taken (mg/kg) on each of the 27 IVVSA sessions. Points denote mean + SEM.
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Effects of meth IVSA withdrawal on effort for food rewards. (A) Number of lever presses
for sucrose pellets on the last of the three stable PR testing sessions in yoked saline and meth
IVSA groups. Groups did not differ in the number of lever presses on the PR schedule. (B)
Number of lever presses for sucrose pellets on the last of the three stable choice testing
sessions in yoked saline and meth 1VVSA groups. Meth exposed animals emitted fewer lever
presses compared to yoked saline controls (p < 0.05). (C) Amount of chow consumed on the
last of the three stable choice testing sessions in yoked saline and meth IVSA groups.
Groups did not differ in the amount of chow they consumed. (D) Number of sessions
required to reach stable performance on the PR and choice tasks in yoked saline and meth
IVSA animals. Groups did not differ in the number of sessions required to reach stable
performance on either schedule. (E) In the free choice control task where both options were

Neuropharmacology. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hart et al.

Page 19

freely available, both groups preferred the sucrose pellets to the lab chow (p < 0.001). Points
denote mean + SEM, *p < 0.05, ***p < 0.001.

Neuropharmacology. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hart et al. Page 20

A = r B .
£ 401 . o By =
2 ® -
] € 20- eeee m
2 304 -‘%r '©
5 3
E 20 ® E oo
g o 10'
= 10+ °
0 T 0 T
C Saline Meth D Saline Meth
100+
0.0015+ * — Saline
o — Meth
'Y}
.5 104
0.0010+ ® 'g-
=1
= o0 2
3
0.00054 &
®ee
0.0000 T 0.1 - T \
Saline Meth 04 " Cost(FR) ° L
Fig. 4.

Effects of meth IVSA withdrawal on behavioral economic indices. (A) Number of pellets
earned on the last of the three stable PR testing sessions in yoked saline and meth IVSA
groups. Meth exposed animals earned fewer pellets compared to yoked saline controls (p <
0.01). (B) Breakpoint (highest ratio achieved) on the last of the three stable choice testing
sessions in yoked saline and meth 1VVSA groups. Meth exposed animals reached lower ratios
compared to yoked saline controls (p < 0.05). (C) a values calculated from Hursh and
Silberberg’s exponential model. Meth exposed animals had steeper rates of decline, as
indicated by higher a (< 0.05). (D) Individual demand curves generated from Hursh and
Silberberg’s exponential model. Points denote mean + SEM, *p < 0.05, **p < 0.01.
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Representative photomicrographs of c-Fos immunoreactivity taken at 20x in BLA. Insets
represent ROIs for image capture. Points denote mean + SEM, *p < 0.05.
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