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Abstract

The ability to decide adaptively between immediate vs. delayed gratification (intertemporal
choice) is critical for well-being and is associated with a range of factors that influence quality
of life. In contrast to young adults, many older adults show enhanced preference for delayed
gratification; however, the neural mechanisms underlying this age difference in intertemporal
choice are largely un-studied. Changes in signaling through GABAg receptors (GABAgRS)
mediate several age-associated differences in cognitive processes linked to intertemporal choice.
The current study used a rat model to determine how GABAgRS in two brain regions known to
regulate intertemporal choice (prelimbic cortex; PrL and basolateral amygdala; BLA) contribute
to age differences in this form of decision making in male rats. As in humans, aged rats showed
enhanced preference for large, delayed over small, immediate rewards during performance in an
intertemporal choice task in operant test chambers. Activation of PrLL GABAgRs via microinfusion
of the agonist baclofen increased choice of large, delayed rewards in young adult rats but did not
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influence choice in aged rats. Conversely, infusion of baclofen into the BLA strongly reduced
choice of large, delayed rewards in both young adult and aged rats. Aged rats further showed

a significant reduction in expression of GABAgRL1 subunit isoforms in the prefrontal cortex, a
discovery that is consonant with the null effect of intra-PrL baclofen on intertemporal choice in
aged rats. In contrast, expression of GABARR subunits was generally conserved with age in the
BLA. Jointly, these findings elucidate a role for GABARgRs in intertemporal choice and identify
fundamental features of brain maturation and aging that mediate an improved ability to delay
gratification.
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1. Introduction

The ability to choose adaptively among options that vary in time to arrival (i.e.,
intertemporal choice) is critical for navigating many aspects of everyday life. Most
individuals will choose a large over a small reward in the absence of delays, but reliably
“discount” the subjective value of the large reward (i.e., switch their preference to the
small, immediate reward) if there is a delay imposed between the choice and its delivery
(Green et al., 1994). Greater discounting of large, delayed rewards (i.e., greater impulsive
choice) is a hallmark of several neuropsychiatric disorders including schizophrenia, ADHD,
and substance use disorders, which generally afflict young adults (Heerey et al., 2007;
Perry and Carroll, 2008; Wilbertz et al., 2013). In contrast, older adults often exhibit less
discounting of delayed rewards compared to young adults (i. e., decreased impulsive choice;
Green et al., 1999). Although such bias can be beneficial in some circumstances, there is
competing evidence showing that excessive bias toward large, delayed rewards associates
with maladaptive behavior (Steinglass et al., 2012, 2017; Steward et al., 2017). Moreover,
age-related alterations in decision making associate with cognitive impairments (Hernandez
etal., 2017; Isella et al., 2008; Marschner et al., 2005). As such, decision-making strategies
employed by older individuals may materialize as an impairment in adaptability to changes
in cost-benefit contingencies. In fact, higher intertemporal discounting rates associate with
poor healthcare choices and outcomes in older adults (65+ years of age; Axon et al., 2009;
Bradford, 2010; James et al., 2012).

Intertemporal choice is mediated by a network of cortico-striatal-amygdalar circuitry (Berlin
etal., 2004; Feja et al., 2014; Gourley et al., 2010; Hosking et al., 2014; Jo et al., 2013;

Mar et al., 2011; Massar et al., 2015; Mobini et al., 2002; Walton et al., 2009; Winstanley

et al., 2004) that includes the medial prefrontal cortex (mMPFC; rodent homo-logue of the
human DLPFC; Brown and Bowman, 2002; Uylings et al., 2003; Kesner and Churchwell,
2011; Bizon et al., 2012) and basolateral amygdala (Churchwell et al., 2009; Winstanley et
al., 2004), in addition to several neuromodulatory systems (Anderberg et al., 2016; Aurelian
etal., 2016; Joutsa et al., 2015; Smith et al., 2016; Winstanley et al., 2006). Functions
supported by the mPFC (and particularly the prelimbic subregion of mPFC: PrL) such as
working memory, behavioral flexibility, and appetitive behaviors (Floresco et al., 2008b;
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Ishikawa et al., 2008; Sloan et al., 2006; Zeeb et al., 2015) are foundational to time-based
decision making (Hernandez et al., 2017; Hinson et al., 2003; Huckans et al., 2011).
Additionally, the BLA plays an important role in associating the actions and outcomes
(both positive and negative; Cardinal et al., 2002; Everitt et al., 2003; Yacubian et al., 2006;
Tye et al., 2010; Johansen et al., 2012; Canessa et al., 2013; Tremblay et al., 2014; Wassum
and Izquierdo, 2015) critical to the decision-making process. Indeed, several studies have
shown the supports intertemporal choice (Churchwell et al., 2009; Hernandez et al., 2019;
Winstanley et al., 2004). Finally, data from inactivation studies in rodents indicate that
connections between the mPFC and BLA are particularly critical for intertemporal choice in
young adults (Churchwell et al., 2009).

Aging is associated with perturbations in the balance between excitation and inhibition
within the mPFC. Specifically, prior studies show that dysregulated mPFC inhibition
contributes to impaired working memory and cognitive flexibility in aging (Bafiuelos et

al., 2014; Beas et al., 2017; McQuail et al., 2015). While less is known about the aged BLA,
there is evidence to suggest alterations in neuronal activity (Roesch et al., 2012). In addition,
prior work from our laboratory shows that contributions of the BLA to intertemporal choice
change across the lifespan (Hernandez et al., 2019). In young adult rats, the BLA plays
distinct roles during the decision-making process such that activity prior to choices biases
toward selection of immediate gratification, whereas activity during outcome receipt biases
subsequent choices toward delaying gratification. In contrast, in aged rats, BLA activity
during outcome delivery does not bias decision making (Hernandez et al., 2019). This

body of work suggests that, at least within the context of decision making, brain aging

is non-uniform and that regionally distinct changes in neural activity may result in the
underlying phenotypic differences associated with intertemporal choice that arise with age.
Critical to elucidating the mechanisms by which changes in regional activity contribute

to age-related alterations in decision making is a better understanding of the underlying
molecular changes that occur in mPFC vs. BLA.

The GABAg receptor (GABARR) is a metabotropic receptor localized to both the
presynaptic (Sakaba and Neher, 2003) and extrasynaptic membranes (Cruz et al., 2004;
Cryan and Kaupmann, 2005; Labouebe et al., 2007; Lischer et al., 1997) where it regulates
neurotransmitter release and tonic inhibition, respectively. As such, it is well-positioned to
regulate neuronal activity, specifically excitatory and inhibitory signaling. Indeed, it has
been shown that altered GABAgR signaling in the mPFC is mechanistically linked to
cognitive deficits that emerge at advanced ages (Bafiuelos et al., 2014; Beas et al., 2017).
Baclofen (a GABARR agonist) has been approved for treatment of several clinical conditions
(Baker et al., 2014; Overgard et al., 2015; Rekand and Grgnning, 2011) some of which are
strongly associated with maladaptive decision making (Erickson et al., 2014; Kahn et al.,
2009; Muzyk et al., 2012). Notably, the GABARR agonist baclofen has shown treatment
potential in a preclinical model of executive dysfunction in aging (Beas et al., 2017),
although nothing is known about its effects on age-related alterations in decision making.

Considering the importance of mPFC GABARgR signaling in age-related cognitive changes,
as well as the critical contributions of the PrL and BLA to intertemporal choice, the current
study sought to determine how GABARgRS contribute to changes in intertemporal choice at
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advanced ages. In a first set of experiments, a behavioral pharmacological approach was
used to test the effects of targeting GABARRS in PrL on intertemporal choice in young
and aged rats. In a second set of experiments, the same approach was used to assess the
role of GABARRSs within BLA on intertemporal choice in young and aged rats. In a third
set of experiments, Western blot analyses were used to evaluate age changes in GABAgR
expression in a behaviorally naive cohort of young and aged rats.

2. Materials and methods

2.1. Subjects

Young adult (6 months, n = 40) and aged (26 months, n = 36) male Fischer 344 x Brown-
Norway F1 hybrid rats were obtained from the National Institute on Aging aged rodent
colony maintained by Charles River Laboratories (at the time at which these experiments
were conducted, age-matched females were not available for study). Rats were housed in

the Association for Assessment and Accreditation of Laboratory Animal Care International-
accredited vivarium facility in the McKnight Brain Institute Building at the University of
Florida. The facility was maintained at a consistent temperature of 25 °C with a 12-h light/
dark cycle (lights on at 0700) with free access to food and water except as otherwise noted.
All animal procedures were reviewed and approved by the University of Florida Institutional
Animal Care and Use Committee and followed National Institutes of Health guidelines.

One cohort of young adult (n = 15) and aged (n = 12) rats was used to determine how
modulation of PrL GABAgRs influenced performance in an intertemporal choice task. After
cannula placement verification, final group sizes were n = 9 young and n = 9 aged rats.

A second cohort of young adult (n = 15) and aged (n = 12) rats was used to determine

how modulation of BLA GABAgRs influenced performance in the same task. After cannula
placement verification, final group sizes were n = 12 young and n = 8 aged rats. A third
cohort of behaviorally naive young adult (n = 10) and aged (n = 12) rats was used to evaluate
age differences in GABARR subunit expression in both PrL and BLA.

2.2. Surgical procedures

Rats were anesthetized with isoflurane gas and secured in a stereotaxic frame. Following

a midline incision, skin was retracted, and holes were drilled in the skull for placement

of guide cannulae and stainless-steel anchoring screws. Bilateral guide cannulae (22-gauge,
Plastics One) were implanted to target the PrL (AP: +2.7 from bregma, ML: £ 0.7 from
bregma, DV: 3.8 from the skull surface) or the BLA (AP: —3.25 mm from bregma, ML.:
+4.95 mm from bregma, DV: -7.3 mm from the skull surface) and secured to the skull

and anchoring screws using dental cement. Stainless steel obdurators were placed into

the cannulae to minimize the risk of cannula occlusion. Immediately after surgery, rats
received subcutaneous injections of buprenorphine (1 mg/kg/day) and meloxicam (2 mg/kg/
day). Buprenorphine was also administered 24 h post-operation, and meloxicam 48-72 h
post-operation. A topical ointment was applied to the incision to facilitate wound healing.
Prior to behavioral procedures, rats received at least 2 weeks post-surgical recovery, with
sutures removed after 10-14 days.
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2.3. Intertemporal choice task

Behavioral testing was conducted in 8 identical standard rat behavioral test chambers
(Coulbourn Instruments). Each test chamber was equipped with a recessed food pellet
delivery trough that was fitted with a photobeam to detect head entries. Two retractable
levers were positioned to the left and right of the food trough. A computer running Graphic
State 4.0 software (Coulbourn Instruments) was used to control the operant chambers

and collect data. Before the start of testing, rats were food-restricted to 85% of their
free-feeding weights. Food rewards consisted of 45-mg grain-based food pellets (PJAI; Test
Diet, Richmond, IN, USA). Behavioral shaping and testing procedures were similar to those
used in our previous studies of age-related changes to intertemporal choice (Hernandez
etal., 2017; Simon et al., 2010). Each 80 min session consisted of 5 blocks of 12 trials

each (Fig. 1). Each 80 s trial began with a 10 s illumination of the food trough and house
lights. A nosepoke into the food trough during this time extinguished the food trough light
and triggered extension of either a single lever (forced choice trials) or of both levers
simultaneously (free choice trials). Each block consisted of 2 forced choice trials (one for
each lever) followed by 10 free choice trials. The forced choice trials were designed to
remind rats of the delay contingencies in effect for that block. A press on one lever (either
left or right, counterbalanced across age groups) resulted in one food pellet (the small
reward) delivered immediately. A press on the other lever resulted in 4 food pellets (the
large reward) delivered after a variable delay. The identities of the levers (small or large
reward) remained consistent throughout testing. Failure to press either lever within 10 s of
their extension resulted in the levers being retracted and lights extinguished, and the trial
was scored as an omission. Once either lever was pressed, both levers were retracted for the
remainder of the trial (i.e., the inter-trial interval). The duration of the delay preceding large
reward delivery increased between each block of trials (0, 10, 20, 40, 60 s), but remained
constant within each block.

2.4. Drug preparation and intracerebral micro-infusion

The selective GABAgR agonist (R)-baclofen (baclofen; Cat. No. 0796, Tocris, Ellison, MO,
USA) was dissolved in aCSF at concentrations of 0.03, 0.1, and 0.3 pg per 0.5 pL. The
selective GABARR antagonist, CGP55845 (Cat. No. 1248, Tocris), was dissolved in an
aCSF solution containing less than 0.01% DMSO at concentrations of 0.05, 0.15, and 0.5
ug per 0.5 pL. These drug doses bracket those previously shown to modulate cognitive
performance when infused into the mPFC (Bafiuelos et al., 2014; Beas et al., 2017).

For each drug (baclofen and CGP55845), doses were administered using a randomized,
within-subjects design such that each rat received each dose of both drugs as well as their
respective vehicles, with a 48-h washout period between successive infusions. Baclofen
was tested first followed by CGP55845, with 4 days of drug-free testing between drug
regimens to re-establish baseline performance. Each infusion was administered by an
experimenter who was blinded to the treatment conditions. Drugs were administered using
10 uL Hamilton syringes mounted on an infusion pump (Pump 11 Elite, Harvard Apparatus,
Holliston, MA, USA) and connected via PE-20 tubing to micro-injectors (Plastics One) that
extended 1 mm past the end of the guide cannulae. Each dose was delivered in a volume

of 0.5 pL/hemisphere over a duration of 1 min, and injectors were left in place for one
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additional minute to allow for diffusion. Behavioral testing began 5 min post-infusion. After
completion of behavioral testing, rats were euthanized and cannula placements were verified
using histological methods as described in our previous studies (C. M. Hernandez et al.,
2018; McQuail et al., 2016a).

2.5. Tissue micro-punching and protein isolation

A separate cohort of behaviorally naive young and aged rats was used for regionally specific
Western blot analysis of GABARR expression in mPFC and BLA. Rats were sacrificed by
rapid decapitation and whole brains were quickly extracted, frozen on dry ice, and stored

at —80 °C. Brains were equilibrated to —10 °C in a cryostat and 360 pm sections were cut
through the rostral-caudal extent of the frontal cortex and BLA. A 1 mm tissue biopsy punch
tool was used to obtain samples from PrL and BLA. Tissue punches were immediately
transferred to homogenization buffer and membrane fractions were isolated according to
previously published procedures (A. R. Hernandez et al., 2018b, 2018a; C. M. Hernandez et
al., 2018; McQuail et al., 2012). A total of 5 ug of protein for each independent biological
sample was loaded in triplicate and separated on 4-15% TGX gels (Bio-Rad Laboratories,
Hercules, CA, USA) at 200 V for 45 min in tris-glycine running buffer (Bio-Rad). Total
protein was transferred to a 0.45 pm pore nitrocellulose membrane at 20 V for 7 min using
iBlot Gel Transfer Nitrocellulose Stacks (NR13046-01, Invitrogen, Waltham, MA, USA)
and an iBlot machine (Invitrogen, Waltham, MA, USA). All experiments were conducted

in triplicate, and the loading order of samples was counterbalanced between gels and
experiments to control for systematic variation in the electrophoresis and electroblotting
procedures.

Immediately after transfer, membranes were stained for total protein using LiCor’s Revert
total protein stain for 5 min (Li-Cor, 926-11011) and scanned using a 685 nm laser on

an Odyssey IR Scanner (Li-Cor, Lincoln, Nebraska USA) to detect total protein per lane.
Membranes were then placed into Rockland blocking buffer (Rockland Blocking Buffer,
Rockland, Gilbertsville, PA, USA) for 1 h at room temperature. After blocking, membranes
were incubated at 4 °C overnight with antibodies raised against target proteins (Table 2).
Membranes were washed in tris buffered saline before incubation in donkey anti-rabbit
secondary antibodies conjugated to IRDye800 (diluted 1:15000; LI-COR). Blots were
scanned using a 785 nm laser on an Odyssey IR Scanner. Total protein within each lane
was quantified using Image Lab (BioRad) and intensity of immunoreactive bands were
quantified with Image Studio v5.0 (Li-Cor).

2.6. Statistical analyses

In behavioral experiments, the percentage of large reward choices at each delay was the
primary measure of interest (Hernandez et al., 2017; Simon et al., 2010). After reaching
stable baseline performance, defined as less than 20% variability across a 5-session window
(after a mean of 33.7 + 1.5 sessions for all rats), baseline effects of age and cohort on
intertemporal choice performance were tested using a mixed-factor (cohort x age x delay)
ANOVA. Rats were then moved on to the counterbalanced drug schedule. The effects of
intracerebral infusions on choice behavior were analyzed using a mixed-factor ANOVA,
with dose (4 levels) and delay (5 levels) as within-subjects factors and age (2 levels) as a

Neuropharmacology. Author manuscript; available in PMC 2022 July 20.
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between-subjects factor (within-subject factor p-values were corrected with the Huynh-Feldt
procedure whenever sphericity was violated). Main effects of dose were re-tested by means
of paired-samples t-tests that were limited to comparisons between vehicle and each dose

of drug. Response latency data (the time between lever extension and a lever press) were
collected on forced choice trials. Previous work shows that response latencies on forced
choice trials can differ for large and small reward levers (Hernandez et al., 2017) and may
reflect differences in motivation to obtain differently-preferred rewards (Crespi, 1942; Mai
etal., 2012; Setlow et al., 2003; Shimp et al., 2015). As such, we operationally defined
incentive/motivation as the latency to respond on forced choice trials. At doses for which
choice performance reliably differed from vehicle, latencies to choose the large reward on
forced choice trials were also compared using a mixed-factor ANOVA with drug (dose vs
vehicle) as a within-subjects factor and age as a between-subjects factor. Additionally, the
number of free choice trial omissions was analyzed using a drug dose by age mixed-factor
ANOVA. Finally, mixed-factor ANOVASs were used to assess for possible effects of injection
number or lingering effects of drug doses on subsequent doses with injection number
(injection number x age x delay) or prior day’s dose (prior day’s dose x age x delay) as
within-subjects factors.

For analyses of protein expression in PrL and BLA, immunoreactivity for GABAgR
subunits was normalized to total protein per lane and technical replicates were averaged
for each independent biological sample. All protein expression data were then transformed
and expressed as a percentage of young values. Independent-samples t-tests were used to
compare expression of each subunit between young and aged groups.

3. Results

3.1. Effect of age on intertemporal choice performance under baseline conditions

Two separate cohorts of rats were used to assess the effects of GABAgR modulation in PrL
(cohort 1) and BLA (cohort 2). Performance of each cohort prior to drug infusions is shown
separately in Fig. 2. Both young and aged rats showed equivalent preference for the large
reward in the absence of delays, but decreased their choice of the large reward as the delay
to its delivery increased (Cohort 1 (PrL), main effect of delay: F4, 100) = 43.005, p < 0.001;
Cohort 2 (BLA), main effect of delay: F4, 100) = 31.333, p < 0.001). Aged rats in both
cohorts, however, reliably preferred the large, delayed reward compared to young, and this
age-associated preference was more robust at long delays (Cohort 1 (mPFC): main effect of
age: F(1, 25) = 4.501, p = 0.044; age x delay interaction: F4, 100) = 5.695, p = 0.001; Cohort
2 (BLA): main effect of age: F(y, 25) = 5.677, p = 0.025; p < 0.001; age x delay interaction:
F(4, 100) = 6.704, p < 0.001). Choice performance did not differ between the two cohorts
(cohort x delay x age) prior to drug infusions (ho main effects or interactions involving
cohort; main effect of cohort: Fy, 50y = 0.129, p = 0.721; main effect of age: F(1, 50) =
10.163, p = 0.002; main effect of delay: F4, 200) = 73.576, p < 0.001; cohort x age: F(1, 50
=0.058, p = 0.811; cohort x delay: F4, 200) = 0.501, p = 0.735; age by delay: F4, 200) =
12.324, p < 0.001; cohort x delay x age: F4, 200) = 0.099, p = 0.754).
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3.2. GABAgRs and prelimbic cortex

Fig. 3 shows the locations of cannula tips in the PrL for rats included in behavioral
pharmacology experiments. A total of n = 5 young and n = 4 aged rats were excluded
from the analyses due to misplaced cannulae (see Table 1 for final group sizes).

Effects of Intra-PrL infusions of baclofen on intertemporal choice.—After
achieving stable baseline performance, drug doses were tested using a randomized, within-
subjects design. Fig. 4A shows mean choice performance of young and aged rats under
vehicle and baclofen conditions. A multifactor ANOVA (dose x delay x age) indicated that
infusion of baclofen into the PrL increased choice of the large reward (main effect of dose:
F(3,48) = 4.009, p = 0.028), particularly at long delays (dose x delay interaction: F(12 192) =
3.863; p < 0.01). A trend toward a dose x delay x age interaction was also noted (F(12,192)
=1.913, p = 0.055). To further explore the main effect of baclofen on choice behavior,
follow-up comparisons were used to compare performance following each dose of drug

to performance under the vehicle condition. These comparisons indicated that the 0.30 ug
baclofen dose reliably increased choice of the large, delayed reward relative to vehicle (11 +
4%; t(17) = —2.472, p = 0.024), while performance after infusion of 0.03 g or 0.10 ug doses
did not differ from vehicle (ts(17) = —=0.291-0.691, ps = 0.499-0.744). Additional analyses
were conducted to further elucidate the effect of 0.30 ug baclofen on rats’ performance.

Fig. 4B shows choice of the large reward lever (averaged across delays) for each rat under
both vehicle and 0.30 ug baclofen conditions. In young rats, 0.30 ug baclofen produced a
consistent (in all but one rat) increase in choice of the large, delayed reward (t(g) = 2.917;

p = 0.019), whereas the effect of this dose in aged rats was less reliable (t(g) = 0.783; p

= 0.456), likely due to a ceiling effect in vehicle performance such that several aged rats
were already maximizing choice of the large, delayed reward. Consistent with the patterns
of choice behavior at this dose, baclofen also reliably reduced rats’ latency to choose the
large reward on forced choice trials relative to vehicle conditions (Table 3; young paired
Ftest: tg) = —2.447, p = 0.040; aged paired #test: tg) = —2.788, p = 0.024). These data are
consistent with the idea that baclofen increased the incentive motivation to obtain the large
reward (Amsel, 1950; Crespi, 1942; Hernandez et al., 2017; Mai et al., 2012; Orsini et al.,
2015; Setlow et al., 2003; Shimp et al., 2015). To test nonspecific effects of 0.30 pg baclofen
on behavior, the total number of omitted trials per session was evaluated using an age x drug
(vehicle vs 0.30 ug) ANOVA. There were no effects of baclofen on trial omissions (age:
F(,16) = 2.246, p = 0.153; dose: F(1 16) = 3.333, p = 0.087; age x dose: F(1 16) = 0.117, p =
0.737; see Table 4).

To evaluate potential carry-over effects of the drug micro-infusions, performance on
intervening days of the drug schedule (i.e. wash-out days) was also evaluated using a multi-
factor (prior day’s dose x delay x age) ANOVA. Besides the expected main effect of delay
(Fa, 60) = 27.437, p < 0.001), there was no residual effect of baclofen on task performance
on the wash-out days following drug infusion (main effect of prior day’s dose: F(3, 45) =
1.625, p = 0.197; main effect of age: F(;, 15) = 0.364, p = 0.556; main effect of prior day’s
dose x age: F(3, 45) = 0.879, p = 0.459; dose x delay: F(12, 180) = 1.747, p = 0.066; delay
x age: F4, 60) = 2.573, p = 0.073; dose x delay x age: F(12 1g0) = 0.367, p = 0.973; data

not shown). The effect of injection number was also tested using a multi-factor (injection
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number x delay x age) ANOVA. Besides the expected main effect of delay (F4, 64) = 25.978,
p < 0.001) and delay x age interaction (F4, 64) = 2.998, p = 0.025), the cumulative number
of micro-infusions did not influence performance (main effect of injection day: F(3, 48) =
1.665, p = 0.187; main effect of age: F(1, 16) = 0.025, p = 0.876; injection number x delay:
F12, 192) = 1.730, p = 0.112; injection number x age: F(3, 48) = 2.050, p = 0.119; injection
number x delay x age: F(12, 197) = 1.543, p = 0.112; data not shown).

Effects of Intra-PrL infusions of CGP on intertemporal choice.—To determine
whether endogenous, tonic activation of GABAgRs contributes to age-dependent differences
in choice behavior, the effects of administering the selective GABAgR antagonist
(CGP55845) into PrL were evaluated. Fig. 5 shows mean choice performance of young

and aged rats under vehicle and CGP55845 conditions. No main effects or interactions were
observed with a multifactor ANOVA (dose x delay block x age, Fs < 1.07, ps < 0.39),
indicating that the antagonist did not reliably influence choice behavior in either age group.
Additionally, no dose of CGP affected trial omissions (dose: F(3 48)=0.388, p=0.688; dose x
age: F(3,4g)=0.592, p=0.564; Table 5).

GABAgR expression is attenuated in aged PrL.—Collectively, the behavioral
pharmacological data show that although activation of GABAgRS in PrL is not critical

for maintenance of normal intertemporal choice behavior in either age group, exogenous
activation of these receptors can increase rats’ preference for large, delayed over small,
immediate rewards (decreased impulsive choice). To determine the status of GABAgR
availability in both young and aged rats, expression of GABAgR subunits in the PrL was
assessed in a separate behaviorally naive cohort of young and aged rats (Fig. 6). In aged
PrL, expression of both the R1a (txg) = 2.453, p = 0.023) and R1b (t(19) = 2.497, p = 0.022)
subunits was attenuated, whereas the R2 subunit was not reliably changed (t(22) = 1.259, p
=0.221). Expression of the vesicular GABA transporter (vGaT) was also unchanged with
age (t(z2) = —0.243, p = 0.910), consistent with the interpretation that the age-associated
reductions in the R1 subunit were not secondary to a more global reduction in GABAergic
synapses.

3.3.  GABAgRs and basolateral amygdala

Fig. 7 shows the placements of cannula in the BLA for rats included in behavioral
pharmacology experiments. A total of n = 3 young and n = 7 aged rats were excluded
from the analyses due to misplaced cannulae (see Table 1 for final group sizes).

Effects of Intra-BLA infusions of baclofen on intertemporal choice.—Fig. 8A
shows mean choice performance of young and aged rats under vehicle and baclofen
conditions. A multi-factor ANOVA (dose x delay x age) revealed a significant main effect of
baclofen dose (F(3 54) = 8.362, p < 0.001), which did not differ between age groups (dose x
age: F(3;54) = 0.925, p = 0.435) or across delays (dose x delay: F(12,216) = 1.328, p = 0.204;
dose x delay x age: F(12,216) = 0.818, p = 0.632). Follow-up comparisons determined that
both 0.1 ug (=13 + 3%; t(19) = 3.860, p = 0.001) and 0.3 ug baclofen (=17 + 3%; t(1g) =
5.038, p < 0.001) reliably decreased choice of the large, delayed reward relative to vehicle,
while infusion of 0.03 ug did not significantly influence choice behavior. Follow-up analyses
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focused on the dose of baclofen (0.3 pg) that produced the largest effect on choice behavior.
Consistent with the patterns of choice behavior at this dose, baclofen also reliably increased
rats’ latency to choose the large reward on forced choice trials relative to vehicle conditions
(Table 6; young paired #test: t(;1) = =2.351, p = 0.038; aged paired #test: t7) = =5.393, p

= 0.001). These data are consistent with baclofen reducing the incentive motivation for the
large reward (Amsel, 1950; Crespi, 1942; Hernandez et al., 2017; Mai et al., 2012; Orsini
et al., 2015; Setlow et al., 2003; Shimp et al., 2015). To test nonspecific effects of 0.30 ug
baclofen on behavior, the total number of omitted trials per session was evaluated using an
age x drug (vehicle vs 0.30 ug) ANOVA. A main effect of age (F(1,1g) = 5.575, p = 0.030)
indicated that aged rats omitted reliably more trials than young, and a main effect of dose
(F@,18) = 17.106, p = 0.001) indicated 0.3 ug of baclofen increased trial omissions, whereas
age and dose did not interact (F(q,1g) = 2.873, p = 0.107; see Table 7 for details).

To evaluate potential carry-over effects of the drug micro-infusions, performance on
intervening days of the drug schedule (i.e., wash-out days) was also evaluated using a
multi-factor (prior day’s dose x delay x age) ANOVA. Besides the expected main effect

of delay (F(s, 63) = 17.788, p < 0.001) and delay x age interaction (F4, 6g) = 3.383, p =
0.014), there was no residual effect of baclofen on task performance on the wash-out days
following drug infusion (main effect prior day’s dose: F(3 51y = 0.355, p = 0.720; main effect
of age: F(1, 17) = 3.340, p = 0.085; main effect prior day’s dose x age: F(3 51) = 0.369,

p = 0.710; dose x delay: F(12 204) = 0.801, p = 0.625; dose x delay x age: F(12, 204) =
0.847, p = 0.582; data not shown). The effect of injection number was also tested using a
multi-factor (injection number x delay x age) ANOVA. Besides the expected main effect
of delay (F(4, 72) = 31.435, p = 3.83E-15) and delay x age interaction (F(4, 72) = 7.002, p

= 0.005), the cumulative number of micro-infusions did not influence performance (main
effect of injection day: F(3 54) = 2.691, p = 0.055; main effect of age: F(, 1g) = 4.616,

p = 0.046; injection number x delay: F12 216) = 0.795, p = 0.624; injection number x

age: F(3, 54y = 1.170, p = 0.330; injection number x delay x age: F12 216) = 0.590, p =
0.849; data not shown). As there was a main effect of age and a trending effect of injection
number, a follow up repeated-measures (injection number x delay) ANOVA was done in
young and aged rats separately. The cumulative number of micro-infusions did not influence
performance in either young (main effect of injection number: F(3 33) = 2.100, p = 0.119;
data not shown) or aged (main effect of injection number: F3 71y = 1.476, p = 0.250;

data not shown) rats. Jointly, these findings indicate that stimulating GABAgRs in the BLA
promotes impulsive choice in rats, regardless of age-associated differences in discounting
behavior.

Effects of Intra-BLA infusions of CGP on intertemporal choice.—To determine
whether endogenous, tonic activation of GABAgRs contributes to age-dependent differences
in choice behavior, intra-BLA infusions of the GABAgR antagonist, CGP55845, were
administered using the same within-subjects design. CGP55845 did not produce a main
effect of dose (F(354) = 1.150, p = 0.335; Fig. 9) or interact with age (F(3 54y = 0.742, p =
0.531) or delay (F(354) = 0.742, p = 0.531). A dose x age ANOVA revealed that CGP did
increase trial omissions (F(354) = 3.437, p = 0.038; Table 8) in a manner that did not interact
with age (F(354) = 0.539, p = 0.606). Follow-up tests comparing vehicle to the 0.15 pug dose
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revealed a trend towards greater omissions (+2.5 + 0.7; t(19) = 2.064, p = 0.053). The dose
effect on trial omissions suggests that the null effects of CGP on choice performance were
not due to administration of a behaviorally inert dose range.

GABAGRgR expression is not attenuated in aged BLA.—Collectively, the behavioral
pharmacological data show that although endogenous activation of GABAgRs in BLA is
not critical for maintenance of normal intertemporal choice behavior in either age groups,
exogenous activation of these receptors can decrease rats’ preference for large, delayed over
small, immediate rewards (increased impulsive choice). To determine the status of GABAgR
availability in both young and aged rats, expression of GABARgR subunits in the BLA was
assessed in a separate behaviorally naive cohort of young and aged rats (Fig. 10). Although
there were numerical reductions in R1a and R2 subunit expression, none of these reductions
reached statistical significance (Fig. 10; R1a: t(19) = 1.450, p = 0.163; R1b: t(og) = -0.409,

p = 0.687; R2: t(22) = 1.866, p = 0.075). Additionally, expression of vGaT was not changed
with age (t22) = 0.141, p = 0.889). Taken together, these data suggest that aging selectively
attenuates expression of GABAgR1 isoforms in the PrL, but not the BLA.

4. Discussion

The current study sought to determine how GABAgRs in PrL and BLA contribute

to intertemporal choice and to examine how naturally occurring differences in choice
preference between young adult and aged rats interact with GABAgR signaling in these
brain regions. We found that GABARR signaling in PrL attenuates impulsive choice
while GABARgR signaling in the BLA increases impulsive choice. Further, aging nullifies
contributions of GABAgRs in PrL to impulsive choice whereas the role of GABAgRs in
BLA is preserved with age. These effects appear to relate to differential expression of
GABAgR and susceptibility to decline with aging across these two brain structures.

4.1. Opposing effects of GABAgRs in PrL and BLA on intertemporal choice

The first major finding of this study was that intra-PrL infusion of the GABAgR agonist
baclofen attenuates impulsive choice whereas intra-BLA infusion enhances impulsive
choice. Elevated impulsivity is a core symptom of neuropsychiatric disease and substance
use disorders, conditions that associate with abnormal PFC GABAergic signaling (de
Jonge et al., 2017; Li et al., 2019; Tyacke et al., 2010). Even in the absence of disease
states, lower GABA levels in the PFC associate with greater trait impulsivity in healthy
human males (Boy et al., 2011). To our knowledge, our finding is the first to reveal that
selective activation of GABAgRs in mPFC increases the ability to delay gratification.
This effect may be specific to GABARRS (rather than GABA signaling more broadly),

as, on the one hand, stimulating GABAaRSs in mPFC with the selective agonist, muscimol,
increases impulsive actions (Feja and Koch, 2014; Murphy et al., 2012; Paine et al., 2011)
and impulsive choice (Churchwell et al., 2009; but see Feja and Koch, 2014), while on

the other hand, inhibiting GABAARS in mPFC with the selective antagonist, bicuculline,
reduces choice of large rewards in other forms of cost-benefit decision making (Piantadosi
et al., 2016). The precise mechanism whereby intra-PrL baclofen promotes willingness

to delay gratification is unclear, but the present results differ from previously reported
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consequences of co-infusing baclofen and muscimol into mPFC during probability-based
decision-making tasks that pair choice of a large reward associated with escalating risk

of reward omission or footshock punishment. In such studies, co-infusing baclofen and
muscimol into mPFC increases choice of large, risky, rewards, resulting in sub-optimal
choice strategies (de Visser et al., 2011; Orsini et al., 2018; St Onge and Floresco, 2010;
Zeeb et al., 2015). However, conclusions across studies may pertain to the common need
for mPFC activity to support flexible modification of choice strategies in relation to shifting
time- or risk-based reinforcement contingencies. Indeed, combined baclofen and muscimol
induces a strong bias to retain initial response strategies, regardless of whether risk is
experimentally increased or decreased during the testing session (Orsini et al., 2018; St
Onge and Floresco, 2010). Experimentally inactivating the mPFC produces perseverative
responses in set-shifting tasks that formally evaluate cognitive flexibility (Birrell and Brown,
2000; Floresco et al., 2008a). Consequently, escalating doses of baclofen infused into PrL
may inhibit adjustments to neural activity needed to shift choice strategies toward the
smaller, immediate reward as progressively longer delays are interposed between choice
and receipt of the large reward. Collectively, these data accentuate an important role for
mPFC-dependent cognitive flexibility in optimizing choice strategies.

In contrast to our findings in PrL, activation of GABAgRs in BLA dose-dependently
increased impulsive choice without impairing reward magnitude discrimination.
Contemporaneous with increasing impulsive choice were longer latencies to press the

large reward lever during forced-choice trials, reflective of diminished incentive for the
large reward. While the role of the BLA in assigning incentive value to rewards is well
documented (Baxter and Murray, 2002; Parkes and Balleine, 2013; Shiflett and Balleine,
2010), the data presented here unmask a specific role for BLA GABARgRs in impulsive
choice, ostensibly by altering the cost-benefit incentive structure of rewards. Although few
studies have explicitly investigated the role of GABARgRS in intertemporal choice, one study
used the GABAAR agonist muscimol in a T-maze version of an intertemporal choice task to
show that enhancing GABAAR activity in the BLA increases impulsive choice (Churchwell
et al., 2009). In the current study, specific activation of BLA GABAgRs also increased
impulsive choice. Jointly, these studies agree with others that use combinations of muscimol
and baclofen to inhibit BLA and broadly shift choice behavior away from high-value/high-
cost rewards towards low-value/low-cost rewards (i.e. smaller/less palatable food rewards
obtained after shorter delays, lower effort, or with greater probability; (Ghods-Sharifi et al.,
2009) (Hosking et al., 2014) (Hart and Izquierdo, 2017) (Janak and Tye, 2015). In contrast
to baclofen, CGP55845 did not affect impulsive choice, suggesting that tonic inhibition
mediated by GABARRS does not contribute to the role of the BLA in intertemporal choice,
although it is unlikely that these null effects were due to administration of non-effective
doses, as positive evidence for drug activity was evident in the increase in trial omissions.

4.2. Contributions of GABAgRSs in decision-making in aging

The second major finding of this study was that sensitivity to effects of baclofen on
intertemporal choice in aged rats was absent, or greatly reduced, when infusions were
directed to PrL, whereas the effects of BLA infusions were similar between young adult
and aged rats. While prefrontal GABAgRs are susceptible to decline with aging, as
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demonstrated in this study and in our prior work (Bafiuelos et al., 2014; Beas et al.,

2017; McQuail et al., 2012), the null effects of baclofen are not conclusively ascribed

to differences in the abundance or composition of GABARRS in the aged mPFC, as we
have previously determined that GABAgR ligands can significantly influence other forms
of mPFC-dependent cognition, namely working memory and cognitive flexibility, in aged
rats (Bafiuelos et al., 2014; Beas et al., 2017). Electrophysiological studies strongly suggest
that loss of GABAgRSs from aged mPFC increases tonic inhibition of layer 2/3 pyramidal
neurons (Carpenter et al., 2016; Luebke et al., 2004). However, the present findings would
indicate that enhanced tonic inhibition in the aged mPFC does not mediate the increased
willingness of aged rats to delay gratification, as GABAgR blockade with CGP55845 failed
to affect intertemporal choice. Therefore, it will be important for future work to determine
whether aging merely leads to a diminished contribution of mPFC GABARgRS to time-based
decision making and to what degree other mechanisms within the aged mPFC guide
decision-making. Indeed, our lab and others have documented age-related loss of NMDARs
from mPFC (Dyall et al., 2007; McQuiail et al., 2016b, 2021; Mitchell and Anderson, 1998;
Wenk et al., 1991) that normally contribute to intertemporal choice in young adult rats
(Isherwood et al., 2015; Yates et al., 2015, 2017, 2018a, 2018b). The present findings and
existing data suggest that further study of the age-related imbalance of excitatory-inhibitory
signaling is needed to fully understand how mPFC aging contributes to changes in choice
behavior across the lifespan.

In contrast to our findings in the mPFC, intra-BLA baclofen significantly increased
impulsive choice in both young adult and aged rats, and GABARR subunit expression was
not changed by age in this brain region. These findings suggest that aging does not alter

the role of BLA GABARRsS in intertemporal choice. As such, decision making alterations
arising across the lifespan may be better explained by changes to the functional circuitry

in the BLA rather than a specific receptor. Although BLA neuron number seems to remain
largely stable, it does undergo a number of morphological and functional alterations with
age (Lolova and Davidoff, 1991; Rubinow and Juraska, 2009; Rubinow et al., 2009; Roesch
et al., 2012; Burke et al., 2014; Prager et al., 2016). Although these changes do not appear to
extend to altered GABARR protein expression or function, age differences in intertemporal
choice could arise from a reliance on compensatory cognitive strategies or differential
processing of rewards and costs (Hernandez et al., 2019; Ldckenhoff, 2011; Mather et al.,
2012; Pachur et al., 2017; Samanez-Larkin and Knutson, 2015) independent of GABARRS.

4.3. Behavioral phenotypes of aging align with behavioral phenotypes of
neuropsychiatric disease

The neural circuitry mediating decision making is complex, and it has been shown that
communication between the mPFC and BLA is critical to intertemporal choice (Churchwell
et al., 2009). The age-related alterations to intertemporal choice reported in this study and
others (Eppinger et al., 2012; Green et al., 1994; Hernandez et al., 2017; Jimura et al.,

2011; Simon et al., 2010) may be accompanied by impairments in inhibitory signaling in
PrL and BLA circuitry (Lolova and Davidoff, 1991; Roesch et al., 2012). This would be
consistent with evidence showing that age-related impairments to several cognitive domains
manifest from perturbations in inhibitory signaling (Bafiuelos et al., 2014; Beas et al.,
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2017; Carpenter et al., 2016; McQuiail et al., 2012, 2021; Patrylo et al., 2007; Potier et
al., 1992, 2006; Spiegel et al., 2013; Stanley and Shetty, 2004; Stranahan et al., 2012;
Yates et al., 2008). Indeed, recently published data support the idea that decision making
in aging is strongly associated with impairments in other cognitive domains. For example,
performance among aged rats on the intertemporal choice task was negatively correlated
with performance on a test of cognitive flexibility (set shifting), such that rats showing a
greater preference for large, delayed rewards also showed greater impairments in cognitive
flexibility (Hernandez et al., 2017). Aged rats with a greater preference for large, delayed
rewards also showed reduced motivation to earn rewards during instrumental responding
for food on a progressive ratio schedule (Hernandez et al., 2017). Both cognitive and
motivational impairments could influence the intertemporal choice phenotype in aging.

Sustained preference for large, delayed rewards and impairments in cognitive flexibility are
found in individuals diagnosed with anorexia nervosa and trait anxiety disorders (Steinglass
etal., 2012, 2017; Steward et al., 2017). These extremes in the ability to delay gratification
are considered highly maladaptive and potentially stem from pathological increases in
inhibitory control over incentive drives (Kaye et al., 2013). The emergent intertemporal
choice phenotype in older adults may arise from similar cognitive inhibitory perturbations,
and as such, the aged phenotype of decision making may be maladaptive. Baclofen has been
approved for treatment of several clinical conditions (Baker et al., 2014; Overgard et al.,
2015; Rekand and Grgnning, 2011), some of which are strongly associated with maladaptive
decision making (Erickson et al., 2014; Kahn et al., 2009; Muzyk et al., 2012). The effects
of baclofen on intertemporal choice in aged rats reported here show promise as a therapeutic
intervention in a preclinical model of age-related maladaptive decision making. Notably,
baclofen did not excessively alter choice performance in aged rats such that they surpassed
the parametric space in which adaptive decisions were made (i. e., baclofen altered aged
rats’ choice performance to the same degree as young rats’ choice performance). On the
heels of clinical studies already using baclofen to treat maladaptive behaviors (Berry-Kravis
et al., 2012; Erickson et al., 2014; Kahn et al., 2009; Muzyk et al., 2012), a next step

in the same direction for the current study will be to follow up the current findings with
experiments designed to test the effects of systemic routes of baclofen administration,
specifically in this preclinical model of maladaptive decision making in aging. In addition,
given that there can be considerable sex differences in intertemporal choice as well as other
forms of cost-benefit decision making (Hernandez et al., 2020; Orsini and Setlow, 2017),

it will be extremely important to determine whether the effects of both age and GABAgR
manipulations differ in females and males.
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Refer to Web version on PubMed Central for supplementary material.
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ITI intertrial interval

mPFC medial prefrontal cortex

PrL prelimbic cortex
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Fig. 1.

Sc%ematic of the intertemporal choice task illustrating the choices and trial blocks across
which the duration of the delay to the large reward increased. On each trial, rats were
presented with two response levers that differed with respect to the magnitude and timing
of associated reward delivery. Presses on one lever delivered a small (one food pellet),
immediate reward, whereas presses on the other lever delivered a large (three food pellets),
delayed reward. Levers associated with a small or large reward were counterbalanced across
rats. Trials were presented in a blocked design, such that the delay to the large reward
increased across successive blocks of trials in a session.
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Fig. 2.

Choice performance under baseline conditions in a group of young and aged rats with PrL
cannula and another group of young and aged rats with BLA cannula. A) Aged rats with
cannula targeting either the PrL or BLA showed a disproportionately greater choice of the
large reward at longer delays. B) The number of trial omissions did not differ between young
and aged rats in either cannula cohort. C) Latency to choose the large and small rewards in
young (C) and aged (D) rats plotted as a function of the delay to large reward delivery. See
text for statistical details. In A, percent choice of the large rewarded (y-axis) is plotted as a
function of delay (x-axis) in young (blue lines, blue circles) and aged (red lines, red circles)
rats. In B, mean trials omitted (y-axis) is plotted as a function of age (x-axis) for young (blue
bars) and aged (red bars) rats. In C, mean response latency (y-axis) is plotted as a function
of delay block (x-axis) in young (blue lines, triangles for small reward, squares for large
reward) and aged (red lines, triangles for small reward, squares for large reward) rats. Error
bars represent the standard error of the mean (SEM).
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Fig. 3.

Ce?nnula placements targeting the PrL in both young (left) and aged (right) rats. Filled

black circles represent verified and on-target cannula placements in both groups. Cannula
placements are mapped to standardized coronal sections corresponding to +2.70 mm through
+3.20 mm from bregma according to the atlas of Paxinos and Watson (2005).
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Fig. 4.
Effects of intra-PrL microinfusions of baclofen in young and aged rats. A) The effect of

baclofen on choice performance in young rats. Baclofen impacted choice performance in a
dose-dependent manner such that 0.30 ug dose significantly increased choice of the large,
delayed reward (n = 9 young; **p < 0.01). Baclofen did not significantly affect choice
performance in aged rats (n = 9 aged). B) The effect of 0.30 ug dose of baclofen on
individual performance in young and aged rats. C) Response latency to the lever associated
with the large, delayed reward during forced choice trials. The 0.30 pg dose of baclofen
significantly decreased response latency in young and aged rats (*p < 0.05). In A, percent
choice of the large reward (y-axis) is plotted as a function of delay (x-axis) comparing
vehicle (blue lines, open circles) to different baclofen doses (blue lines, filled circles) in
young rats. In aged rats, percent choice of the large reward (y-axis) is plotted as a function
of delay (x-axis) comparing vehicle (red lines, open circles) to different baclofen doses (red
lines, filled circles). In B, vehicle (blue, open circles) is compared to the 0.30 pg baclofen
dose (blue, filled circles) in young rats, whereas vehicle (red, open circles) is compared to
the 0.30 g baclofen dose (red, filled circles) in aged rats. In C, mean response latency to
the large reward lever in seconds (y-axis) is plotted as a function of baclofen dose for young
(x-axis; blue open bars represent vehicle and blue, filled bars represent 0.3 ug baclofen) and
aged (x-axis; red open bars represent vehicle and red, filled bars represent each baclofen
dose) rats. Error bars represent the standard error of the mean (SEM).
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Fig. 5.

Effects of intra-PrL microinfusions of CGP55845 in young and aged rats. CGP55845 did
not alter choice performance in young rats (n = 9) or aged (n = 8) rats. Percent choice of

0 10 20 40 60 0 10 20 40

Delay Block (s)

60

the large rewarded (y-axis) is plotted as a function of delay (x-axis) comparing vehicle (blue
lines, open circles) to different CGP55845 doses (blue lines, filled circles) in young and

comparing vehicle (red lines, open circles) to different CGP55845 doses (red lines, filled

circles) in aged rats. Error bars represent the standard error of the mean (SEM).
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Fig. 6.

Efgfect of age on GABAGg receptor protein in the PrL. GABAgR1a and R1b protein levels
within the aged medial prefrontal cortex are reduced compared to young. In contrast, there
is no significant effect of age on the R2 isoform. Similarly, there is no age effect on vGaT
expression. Open, blue bars represent relative intensity normalized total protein in young,
whereas red bars represent relative intensity normalized to total protein in aged rats. Data are
expressed as percent of young. Error bars represent standard error of the mean (SEM).
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Fig. 7.
Cannula placements targeting the BLA in both young (left) and aged (right) rats. Filled

black circles represent verified and on-target cannula placements in both groups. Cannula
placements are mapped to standardized coronal sections corresponding to —2.80 mm through
-3.30 mm from bregma according to the atlas of Paxinos and Watson (2005).
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Fig. 8.

Effects of intra-BLA microinfusions of baclofen in young and aged rats. A) The effect of
baclofen on choice performance in young rats. Baclofen impacted choice performance in

a dose-dependent manner such that 0.1 and 0.3 g doses significantly decreased choice

of the large, delayed reward (n = 12 young; **p < 0.01). Baclofen also impacted choice
performance in a dose-dependent manner such that the 0.3 ug dose significantly decreased
choice of the large, delayed reward (n = 8 aged; *p < 0.05). B) The effect of 0.30 pg dose
of baclofen on individual performance in young and aged rats. C) Response latency to the
lever associated with the large, delayed reward during forced choice trials. The 0.30 pg dose
of baclofen significantly increased response latency in young and aged rats (*p < 0.05).

In A, percent choice of the large reward (y-axis) is plotted as a function of delay (x-axis)
comparing vehicle (blue lines, open circles) to different baclofen doses (blue lines, filled
circles) in young rats. In aged rats, percent choice of the large reward (y-axis) is plotted as
a function of delay (x-axis) comparing vehicle (red lines, open circles) to different baclofen
doses (red lines, filled circles). In B, vehicle (blue, open circles) is compared to the 0.30

ug baclofen dose (blue, filled circles) in young rats, whereas vehicle (red, open circles) is
compared to the 0.30 pug baclofen dose (red, filled circles) in aged rats. In C, mean response
latency to the large reward lever in seconds (y-axis) is plotted as a function of baclofen dose
for young (x-axis; blue open bars represent vehicle and blue, filled bars represent 0.3 pg
baclofen) and aged (x-axis; red open bars represent vehicle and red, filled bars represent
each baclofen dose) rats. Error bars represent the standard error of the mean (SEM).
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Effects of intra-BLA microinfusions of CGP55845 in young and aged rats. CGP55845 did
not alter choice performance in young (n = 12) or aged (n = 8) rats. Percent choice of

the large reward (y-axis) is plotted

as a function of delay (x-axis) comparing vehicle (blue

lines, open circles) to different CGP55845 doses (blue lines, filled circles) in young and

comparing vehicle (red lines, open

circles) to different CGP55845 doses (red lines, filled

circles) in aged rats. Error bars represent the standard error of the mean (SEM).
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Effect of age on GABAGR receptor protein in the BLA. GABAgR1a and R1b protein levels
within the aged BLA were unchanged relative to young. In contrast, there was a trending
age-related reduction in the R2 isoform (Tp = 0.075). There was no age effect on vGaT
expression. Open, blue bars represent relative intensity normalized total protein in young,
whereas red bars represent relative intensity normalized to total protein in aged rats. Data are
expressed as percent of young. Error bars represent standard error of the mean (SEM).
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Initial and final group numbers.

Experiment Region Age n o ng
Pharmacology  PrL Young 14 9
Aged 13 9

BLA Young 15 12
Aged 15 8

vGaT PrL Young 12 11

Aged 12 12

BLA Young 12 11

Aged 12 12

GABABRI1A PrL Young 12 11

Aged 12 10

BLA Young 12 11

Aged 12 12

GABABR1B PrL Young 12 11

Aged 12 10

BLA Young 12 11

Aged 12 10

GABABR?2 PrL Young 12 12

Aged 12 12

BLA Young 12 12

Aged 12 12
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Table 2
Antibody information.
Antibody Host Dilution  Company Part number
GABAgRla Rabbit 1:1000 Cell Signaling Technology 3835
GABAgR1b  Rabbit 1:1000 Cell Signaling Technology 3835
GABAgR2 Rabbit  1:1000 Cell Signaling Technology ~ 3839
vGaT Rabbit  1:2000 Millipore AB5062P
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