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Abstract

A history of intermittent, limited sucrose intake (LSI) attenuates the hypothalamic-pituitary-

adrenocortical (HPA) axis stress response, and neuronal activity in the basolateral amygdala 

(BLA) is necessary for this HPA-dampening. LSI increases the expression of plasticity-associated 

genes in the BLA; however, the nature of this plasticity is unknown. As BLA principal neuron 

activity normally promotes HPA responses, the present study tests the hypothesis that LSI 

decreases stress-excitatory BLA output by decreasing glutamatergic and/or increasing GABAergic 

inputs to BLA principal neurons. Male rats with unlimited access to chow and water were given 

additional access to 4 ml of sucrose (30%) or water twice-daily for 14 days, and BLA structural 

and functional plasticity were assessed by quantitative dual-immunolabeling and whole-cell 

recordings in brain slices. LSI increased vesicular glutamate transporter 1 (VGlut1)-positive 

(glutamatergic) appositions onto parvalbumin-positive inhibitory interneurons, and this was 

accompanied by increased expression of pCREB, a marker of neuronal activation that is 

mechanistically-linked with plasticity, within parvalbumin interneurons. LSI also increased the 

paired-pulse facilitation of excitatory, but not inhibitory synaptic inputs to BLA principal neurons, 

without affecting postsynaptic excitatory or miniature excitatory and inhibitory postsynaptic 

currents, suggesting a targeted decrease in the probability of evoked synaptic excitation onto these 

neurons. Collectively, these results suggest that LSI decreases BLA principal neuron output by 

increasing the excitatory drive to parvalbumin inhibitory interneurons, and decreasing the 

probability of evoked presynaptic glutamate release onto principal neurons. Our data further imply 

that palatable food consumption blunts HPA stress responses by decreasing the excitation-

inhibition balance and attenuating BLA output.
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Introduction

The incidence of obesity in the United States is 17% in children and 34.9% in adults with an 

estimated annual health care cost in 2008 of $147 billion (Finkelstein et al. 2009; Ogden et 

al. 2014). Additionally, as developing nations gain ready access to calorically-dense food 

options, the effects of metabolic disorders are spreading globally (World Health 

Organization 2015). Daily life stressors have been identified as a major reason for snacking 

and overeating and in these stressful situations individuals often turn to palatable foods that 

are high in sugar and/or fat to cope with stress (McCann et al. 1990; Oliver and Wardle 

1999; Epel et al. 2004; Ulrich-Lai and Ryan 2014; Ulrich-Lai 2016). Consistent with this 

idea, consumption of highly palatable food decreases emotional, behavioral and 

physiological responses to stress in humans (Gibson 2006; Macht and Mueller 2007; 

Tomiyama et al. 2011; Tryon et al. 2013) and rodents (Shide and Blass 1989; Strack et al. 

1997; Pecoraro et al. 2004; la Fleur et al. 2005; Ulrich-Lai et al. 2007; Ulrich-Lai et al. 

2010). However, the neural mechanisms by which palatable food intake reduces stress 

responses are not known.

In order to explore the mechanisms by which the consumption of highly-palatable “comfort” 

foods reduce stress, we developed a limited sucrose intake (LSI) paradigm in rats (Ulrich-

Lai et al. 2007). In this paradigm, rats with ad libitum access to standard chow and water are 

also given twice-daily access to a second drink bottle containing 4 ml of either a 30% 

sucrose solution or plain water (as water-fed controls). During the LSI paradigm, the 

sucrose-fed rats typically drink the entire amount of sucrose offered (e.g., 4 ml/session, or 8 

ml/day), which corresponds to ~10% of their total daily calories. The sucrose-fed rats also 

voluntarily reduce their food intake (approximately isocalorically to the calories obtained 

from sucrose), and therefore maintain similar body weight gain and adiposity as water 

controls (Ulrich-Lai et al. 2007). Importantly, 14 days of LSI blunts HPA axis responses to 

stress, including lowering plasma adrenocorticotrophic hormone (ACTH) and corticosterone 

responses to an acute restraint stress, as well as reducing corticotropin-releasing hormone 

mRNA expression in the paraventricular nucleus of the hypothalamus (Ulrich-Lai et al. 

2007; Ulrich-Lai et al. 2010; Ulrich-Lai et al. 2011). Moreover, the basolateral amygdala 

(BLA) is ideally positioned to mediate this LSI-induced stress relief. First, naturally 

rewarding stimuli, like sucrose consumption, alter neuronal activity in the BLA (Muramoto 

et al. 1993; Yamamoto et al. 1997; Verwey et al. 2007; Fontanini et al. 2009). Second, the 

BLA is a key stress-regulatory brain region that promotes HPA responses to stress (Coover 

et al. 1973; Feldman et al. 1983; Szafarczyk et al. 1986; Goldstein et al. 1996; Bhatnagar et 

al. 2004). Third, restraint-induced cFos mRNA expression is attenuated in the BLA by a 

history of LSI, suggesting that LSI blunts BLA activation during stress (Ulrich-Lai et al. 

2007). Fourth, bilateral, axon-sparing ibotenate lesions of the BLA prevent the HPA-

relieving properties of LSI (while ibotenate lesions that miss the BLA do not), 

demonstrating that neuronal activity in the BLA is necessary for LSI-mediated blunting of 
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the HPA response (Ulrich-Lai et al. 2010). However, the critical intra-BLA mechanisms by 

which LSI dampens HPA responses remain unknown.

Sucrose-induced synaptic plasticity within the BLA may play an important role in the LSI 

effect on the stress response. Measurement of BLA mRNA expression on the morning 

following the cessation of a 14-day LSI paradigm (by microarray with functional clustering 

analysis) indicates that the sucrose-altered genes are significantly enriched in the long-term 

potentiation-associated synaptic plasticity pathway (Ulrich-Lai et al. 2010). Consistent with 

this idea, sucrose increases the expression of multiple proteins that are strongly linked with 

functional and structural plasticity, including FosB/deltaFosB and phosphorylated cyclic 

adenosine monophosphate response element-binding protein (pCREB) (Silva et al. 1998; 

Nestler et al. 1999; Wallace et al. 2008; Ulrich-Lai et al. 2010; Christiansen et al. 2011; 

Egan and Ulrich-Lai 2015). This suggests that BLA plasticity may underlie the HPA-

blunting effects of sucrose.

The vast majority (~85%) of BLA neurons are calcium/calmodulin-dependent protein kinase 

II α (CaMKIIα)-positive, excitatory, glutamatergic principal neurons that are responsible 

for relaying information from the BLA to other brain regions (McDonald et al. 2002; 

Roozendaal et al. 2009). Furthermore, since principal neurons receive both excitatory, 

glutamatergic inputs (primarily derived from extra-BLA sources like the thalamus and 

prefrontal cortex) (Muller et al. 2007a; Muller et al. 2009; Roozendaal et al. 2009) and 

inhibitory, GABAergic inputs (primarily derived from multiple classes of intra-BLA 

interneurons, including those positive for paralbumin (PV), cholecystokinin (CCK) and 

somatostatin (SOM) (McDonald et al. 2002; McDonald and Mascagni 2002; Mascagni and 

McDonald 2003; Rainnie et al. 2006), the balance of these excitatory and inhibitory inputs 

largely determines the extent of BLA principal neuron activation. The present experiments 

investigated the LSI-induced changes in the glutamatergic and GABAergic innervation of 

BLA principal neurons using a combination of anatomical and functional assessments. We 

tested the hypothesis that LSI would either decrease the glutamatergic excitatory drive or 

increase the GABAergic inhibitory input to BLA principal neurons to cause a dampening of 

HPA-excitatory output from the BLA.

Methods

Overview

Two separate experiments were performed. Experiment 1 was performed at the University of 

Cincinnati and consisted of the anatomical assessments of BLA appositions; the LSI 

paradigm was administered to 8–10 week old, male Long-Evans rats as described in 

previous studies with the LSI paradigm (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010; 

Christiansen et al. 2011; Ulrich-Lai et al. 2011; Ulrich-Lai et al. 2015; Egan and Ulrich-Lai 

2015). A follow-up anatomical assessment was performed using brain tissue sections from 

(Egan and Ulrich-Lai 2015) to assess the impact of repeated sucrose consumption on the 

expression of pCREB-immunolabeling within PV-positive interneurons. Experiment 2 was 

performed at Tulane University and comprised the BLA electrophysiological recordings. 

This experiment was performed in 4–6 week old, male Wistar rats; this age and strain of rat 

was used in order to increase the likelihood of obtaining viable patch clamp recordings in 
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BLA slice preparations. The LSI model was first confirmed in the Wistar strain prior to 

undertaking the electrophysiological experiment. The LSI paradigm blunted the HPA 

response to an acute restraint stress in male Wister rats of this age to a similar extent as that 

seen in Long-Evans rats (Figure 1). Tulane University personnel administered the LSI 

paradigm and performed the restraint stress test in Experiment 2; plasma samples were then 

sent to the University of Cincinnati for measurement of plasma corticosterone by 

investigators blind to experimental group assignments.

Animals

As described above, the experiment performed at the University of Cincinnati (Experiment 

1) used male (8–10 weeks old), Long-Evans rats (Harlan, Indianapolis, IN). Rats were 

individually housed in an Association for the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) -accredited facility on a 12 h light/dark cycle (06:00 hr lights-on 

and 18:00 hr lights-off) with ad libitum access to rodent chow (LM-485; Harlan Teklad, 

Madison, WI) and water. The rats acclimated to the facility for at least 1 week prior to 

starting experiments. All experiments performed at the Cincinnati site were approved by the 

University of Cincinnati Institutional Animal Care and Use Committee (IACUC) and were 

performed in accordance with the National Institutes of Health (NIH) Guide for the Care and 

Use of Laboratory Animals (Guide) (National Research Council (US) Committee for the 

Update of the Guide for the Care and Use of Laboratory Animals 2011).

The experiment performed at Tulane University (Experiment 2) used male Wistar rats (4–6 

weeks old, Charles River, Wilmington, MA). Rats were individually housed in an AALAC-

accredited facility on a 12 h light/dark cycle (07:00 hr lights-on and 19:00 hr lights-off) with 

ad libitum access to rodent chow (2916; Envigo Teklad, Cambridgeshire, United Kingdom) 

and water. Rats were allowed to acclimate to the animal facility for 3–5 days prior to use. All 

experiments were approved by the Tulane University IACUC and were performed in 

accordance with the NIH Guide (National Research Council (US) Committee for the Update 

of the Guide for the Care and Use of Laboratory Animals 2011).

Limited Sucrose Intake (LSI) Paradigm

LSI was described and characterized previously (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 

2010). In brief, all rats had ad libitum access to rodent chow and water at all times. Rats 

were also given limited access to a second drink bottle twice daily (at approximately 09:30 

hr and 14:30 hr), which contained either 30% sucrose (MP Biomedicals, Solon, OH) 

dissolved in water or plain water as a control for 14 days. Rats were allowed to drink up to 4 

ml per session (for a maximum of 8 ml per day) within 30 minutes. The volume of drink 

consumed from the second bottle was recorded, and body weight was monitored on days 1, 

7, and 14 of the LSI paradigm.

Validation of LSI-induced blunting of the HPA response to stress in Wistar rats

Rats were given 14 days of LSI (n=12/group; Sucrose vs. Water). On the morning (starting 

~8:30 AM) of the 15th day, rats were given a (20-minute) restraint stress by placing them in 

a well-ventilated rodent plastic decapitation cone (AIMS Inc., Kent Scientific Corp., 

Torrington, CA). Blood samples (200 µl) were collected by tail clip (as described in (Vahl et 
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al. 2005)) into chilled tubes containing EDTA; samples were taken at 0, 20, 40, and 60 

minutes after the initiation of restraint. Blood samples were then centrifuged at 3000xg for 

15 minutes at room temperature and plasma was collected and stored at −20°C until 

measurement of corticosterone concentration by radioimmunoassay (MP Biomedicals, 

Orangeburg, NY).

Experiment 1: Anatomical assessment of appositions onto BLA neurons

Rats were given 14 days of LSI (n=12–13 rats/group; Sucrose vs. Water). On the morning of 

the following day (Day 15), rats were anesthetized with sodium pentobarbital and 

transcardially perfused with 0.9% saline (Fisher Scientific, Hampton, NH), followed by 

3.7% formaldehyde (Aqua Solutions, Deer Park, TX). The brains were removed and 

incubated in 3.7% formaldehyde overnight at room temperature, and then transferred to a 

solution of 30% sucrose in 0.1 M sodium phosphate-buffered saline (PBS) at 4°C. Brains 

were sectioned (25 µm) on a sliding microtome (Leica Microsystems; Wetzlar, Germany) in 

a 1-in-12 series, and sections were stored in cryoprotectant (0.1M PBS, 30% sucrose, 1% 

polyvinylpyrrolidone and 30% ethylene glycol) at −20°C.

Dual-immunolabeling was performed using a standard protocol that included rinsing with 50 

mM potassium phosphate-buffered saline (KPBS), blocking in 0.1% bovine serum albumin 

(BSA; Sigma-Aldrich) with 0.2% Triton X-100 (Sigma-Aldrich) in KPBS for 1 hour at room 

temperature, and incubating with primary antibodies (diluted in blocking solution) overnight 

at 4°C. (Note that the primary antibodies that were used have been previously tested for 

affinity and specificity as detailed and referenced below, and in all cases immunolabeling 

was lost when the primary antibody was omitted from the procedure). The following day, 

sections were rinsed with KPBS, incubated with fluorescence-tagged secondary antibodies 

(diluted in 0.1% BSA in KPBS) for 1 hour at room temperature in the dark, and finally 

rinsed with KPBS in the dark. Note that immunolabeling performed with the CaMKIIα 
antibody differed from the standard protocol in that Triton X-100 was omitted from the 

blocking solution and the incubation period was 2 nights followed by secondary antibody 

application and then standard protocol conditions for the application of the second primary 

antibody of interest. Sections were mounted onto slides and coverslipped using a polyvinyl 

alcohol mounting medium with DABCO (10981; Fluka/Sigma-Aldrich).

The appositional anatomical studies were performed with two primary objectives. First, 

appositions of glutamate and GABA synaptic terminals on principal neuron somata and 

neurites were assessed. Dual-immunolabeling was performed using a primary antibody 

directed against CaMKIIα (mouse monoclonal; 1:200; Clone 6G9, ab22609; abcam , 

Cambridge, United Kingdom; or 05–532; EMD Millipore, Billerica, MA) (Erondu and 

Kennedy 1985; Rostkowski et al. 2009; Giassi et al. 2012) to label BLA principal neurons, 

combined with a primary antibody directed against either the vesicular glutamate transporter 

1 (VGlut1; rabbit polyclonal; 1:1000; 135303; Synaptic Systems, Gottingen, Germany) 

(Garbelli et al. 2008) to label glutamatergic terminals (Kaneko and Fujiyama 2002) or 

glutamic acid decarboxylase (GAD; mouse monoclonal; 1:100; Hybridoma Product GAD-6 

deposited by Gottlieb, D.I., Developmental Studies Hybridoma Bank at the University of 

Iowa, Iowa City, IA) (Chang and Gottlieb 1988; Kultas-Ilinsky et al. 2011) to label 
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GABAergic terminals. Second, since GABAergic inputs to principal neurons of the BLA 

derive from multiple subtypes of inhibitory interneurons (Mascagni and McDonald 2003; 

Rainnie et al. 2006) that could undergo changes in excitatory drive in response to LSI, dual-

immunolabeling was performed to quantify glutamatergic appositions onto each of the 3 

primary BLA interneuron subtypes: SOM (D-20) (goat polyclonal; 1:250; sc-7819; Santa 

Cruz Biotechnology, Dallas, TX) (Cox et al. 2008); CCK (mouse monoclonal; 1:1000; 

ab37274; CCK8; abcam) (McDonald and Mascagni 2001); and PV (mouse monoclonal; 

1:1000; P3088, Sigma-Aldrich) (Rainnie et al. 2006). The fluorescence-labeled secondary 

antibodies that were used include: Alexa Fluor 488 Donkey Anti-Goat IgG (488 DAG) 

(1:500; A-11055, Life Technologies, Carlsbad, CA), Alexa Fluor 488 Donkey Anti-Rabbit 

IgG (488 DAR) (1:500; A21206; Life Technologies), Alexa Fluor 488 Donkey Anti-mouse 

IgG (488 DAM) (1:500; A21202, Life Technologies), Alexa Fluor 488 Goat Anti-Mouse 

IgG (488 GAM) (1:500; A11001; Life Technologies), Cy-3 AffiniPure Donkey Anti-Rabbit 

IgG (Cy-3 DAR) (1:500; 711-165-152, Jackson Immuno Research, West Grove, PA), and 

Cy-3 AffiniPure Donkey Anti-Mouse IgG (Cy-3 DAM) (1:500; 715-165-150; Jackson 

Immuno Research).

Imaging and anatomical analysis of appositions

Immunolabeling was analyzed by first capturing z-stack images (630 × magnification, 0.5 

µm optical sections) of coronal sections of the BLA (preferred level of −2.3 to −2.56 mm 

from Bregma) using an Axio Imager.M2 with Apotome.2 fluorescence microscope and Zen 

2 Pro software (Zeiss, Oberkochen, Germany). Four z-stack images of the BLA (generally 

bilateral images from 2 BLA sections) were obtained for each rat, when tissue quality 

permitted. Apposition counts were then performed for all of the labeled BLA neuronal cell 

bodies that were completely contained within their respective z-stack images (i.e., the cell 

did not extend beyond the rostral-caudal or lateral margins of the section); on average this 

yielded 4 CamKIIα-, 5 PV-, 3 SOM-, and 4 CCK-positive cells per rat. If no cells, or only 1 

cell, meeting these criteria was available for a given animal, the rat was excluded from the 

analysis due to insufficient replicates. This occurred most frequently for the analysis of 

SOM-positive cells, in keeping with the observation that they are less common than either 

PV- or CCK-positive cells, comprising just 17% of all BLA interneurons (McDonald and 

Mascagni 2002; Muller et al. 2007b).

The total numbers of appositions for each neurotransmitter type (VGlut1 or GAD) were 

counted onto each identified neuronal soma, as well as on all of the neuron’s visible 

neurites, throughout all of the optical sections of the z-stack. Appositions were defined as 

areas where there was no visible space between the immunoreactive bouton and the 

postsynaptic cell membrane, as described in (Flak et al. 2009). Care was taken to mark the 

location of each apposition on a particular optical section for comparison with those in the 

adjacent optical sections to prevent double-counting (i.e., in cases where an individual 

apposition appeared in two adjacent optical sections). The postsynaptic immunolabel filled 

each of the BLA neuron types (CamKIIα, SOM, CCK, PV) to allow clear visualization of 

appositions onto the somata or neurites. The immunolabeling and imaging protocol likely 

did not capture the entire dendritic tree, so neurite apposition counts are primarily reflective 

of proximal dendrites. In order to calculate the density of appositions onto the somata, soma 
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size was approximated by using the cell radius on the optical section in which the soma was 

largest to calculate the volume of the soma assuming a spheroid shape, as described in (Flak 

et al. 2009). The number of appositions onto each soma was then divided by the soma 

volume. In order to calculate the density of appositions onto the neurites, the length of each 

neurite was measured, and the number of appositions onto each neurite was divided by the 

neurite length (Flak et al. 2009). All anatomical analyses were performed by investigators 

blind to treatment group assignments.

Anatomical assessment of pCREB and PV co-expression

Brain tissue sections from (Egan and Ulrich-Lai 2015) were used to assess the impact of LSI 

on pCREB-immunolabeling within PV-positive interneurons. pCREB expression was 

selected because it is strongly linked with both neuronal activation and synaptic plasticity 

(Silva et al. 1998; Huang et al. 2000; Miyamoto 2006), and our prior work indicates that its 

expression is increased in the BLA of rats following repeated sucrose drink (Ulrich-Lai et al. 

2010; Egan and Ulrich-Lai 2015). Moreover, unstressed rats have little pCREB-positive 

labeling throughout brain (Kovács and Sawchenko 1996; Ahmed et al. 2006; Kwon et al. 

2006; Yang et al. 2016), suggesting that the pCREB expression that is observed in the 

present tissue primarily results from the prior drink exposure, and can be used to determine 

whether the consumption of sucrose drink vs. water induces pCREB-immunolabeling in 

BLA PV-interneurons.

In brief, rats were given 14 days of LSI (n=12 rats/group; Sucrose vs. Water). On the 

morning of day 14, at 2 hours after presentation of the second drink bottle, rats were 

anesthetized, perfused with paraformaldehyde, and brains were collected and sectioned as 

described above. Dual-immunolabeling for pCREB and PV was performed on a 1-in-4 series 

of BLA sections. Sections were rinsed in KPBS, incubated in 2% hydrogen peroxide (in 

KPBS) for 20 min, rinsed, and blocked with KPBS with 0.1% BSA and 0.2% Triton-X 100 

for 1 hour. Sections were incubated in primary antibody directed against pCREB (rabbit 

polyclonal; 1:500; 06–19; Millipore, Billerica, MA) overnight at 4°C. Sections were then 

rinsed, incubated in Biotinylated Goat Anti-rabbit IgG (1:500; BA-1000; Vector 

Laboratories, Burlingame, CA) for 1 hour, rinsed, incubated with avidin-biotin-peroxidase 

(1:1000; Vectastain ABC solution; Vector Laboratories, Burlingame, CA) for 1 hour, rinsed, 

and incubated in Cy-3 Streptavidin (1:500; 016-160-084; Jackson Immunoresearch, West 

Grove, PA) for 1 hour. Sections were then rinsed and incubated in primary antibody directed 

against parvalbumin, and 488 DAM secondary antibody, as described above. Dual 

immunolabeling was visualized using conventional fluorescent microscopy with the same 

microscope and imaging system as described above. The total number of BLA cells that 

were positive for PV, either alone or in combination with pCREB, were counted by an 

observer unaware of group assignment, in order to determine the percentage of PV-positive 

cells that co-labeled for pCREB. The cell counts were performed for all sections that 

contained the BLA, and generally resulted in bilateral counts from 3–5 BLA sections per rat, 

depending on tissue availability.
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Experiment 2: Electrophysiological recordings from BLA principal neurons following LSI

Rats were given 14 days of LSI (Sucrose vs. Water). On the morning of the following day 

(Day 15), rats were anesthetized with a mixture of ketamine/xylazine (80/5 mg/kg body 

weight, I.P.) and transcardially perfused with ice-cold modified artificial cerebrospinal fluid 

(aCSF) containing (in mM):124 NaCl, 5 KCl, 6 MgSO4, 1.2 NaH2PO4, 26 NaHCO3, 0.25 

CaCl2, 10 glucose, and bubbled with a 95% O2- 5% CO2 gas mixture. In some experiments, 

NaCl was replaced by an equimolar concentration of sucrose to improve neuronal viability. 

The brain was then rapidly collected and 3–4 coronal slices, 300 µm in thickness and 

containing the BLA, were sectioned on a vibratome (Vibratome 3000) and bisected along 

the third ventricle in the same ice-cold, modified aCSF. Slices were placed in oxygenated, 

modified aCSF at 32–34°C for recovery (20–30 min) and then transferred to a holding 

chamber in standard aCSF at room temperature (25°C), where they were allowed to 

equilibrate for at least 1 hour before being transferred to the recording chamber, one slice at 

a time. The standard aCSF contained (in mM): 124 NaCl, 5 KCl, 2 MgSO4, 1.2 NaH2PO4, 

26 NaHCO3, 2 CaCl2, 10 glucose, and bubbled with a 95% O2 −5% CO2 gas mixture; pH 

was maintained at 7.25–7.35 and the osmolarity was 300–310 mOsmol.

Neurons in the BLA were selected for recordings by their location and their roughly 

pyramidal-shaped soma under infrared-differential interference contrast optics. Whole-cell 

patch clamp recordings were performed on a fixed-stage upright microscope (Olympus 

BXW51WI) at 30–32°C. Patch pipettes were pulled on a horizontal electrode puller (P97, 

Sutter Intr.) with a tip resistance of 4–5 MΩ. The internal patch solution used for recordings 

of inhibitory postsynaptic currents (IPSCs) contained (in mM): 120 CsCl, 2 MgCl2, 1 CaCl2, 

10 EGTA, 4 Mg-ATP, and 30 HEPES. The patch solution used for recordings of excitatory 

postsynaptic currents (EPSCs) contained (in mM): 120 K-gluconate, 10 KCl, 1 NaCl, 1 

MgCl2, 1 CaCl2, 10 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES. The pH of the patch 

solutions was adjusted to 7.25–7.35 with CsOH or KOH respectively, and the osmolarity 

was adjusted to 295–300 mOsmol with D-sorbitol.

All recordings were performed in voltage-clamp mode using a Multiclamp 700A amplifier 

and pCLAMP 9 software (Molecular Devices, Sunnyvale, CA). Recordings with an unstable 

input resistance or series resistance (i.e., that changed > 20%) were not included in our 

analyses. All spontaneous and evoked postsynaptic currents were recorded at a holding 

potential of −60 mV; IPSCs were recorded in the presence of 6,7-dinitroquinoxaline-2,3-

dione (DNQX, 20 µM; Sigma-Aldrich, St. Louis, MO) and D-(−)-2-amino-5-

phosphonopentanoic acid (AP-5, 40 µM; Sigma-Aldrich) to isolate GABAergic synaptic 

currents and EPSCs were recorded in the presence of bicuculline methiodide (10 µM; 

Sigma-Aldrich) to isolate glutamatergic synaptic currents. In a subset of neurons, 

tetrodotoxin (TTX, 1 µM; Sigma-Aldrich) was applied to block action potential-dependent 

neurotransmitter release, and miniature EPSCs (mEPSCs) and miniature IPSCs (mIPSCs) 

were recorded. Electrical recordings were low-pass filtered at 2 kHz, digitized at 10 kHz, 

and stored on a computer hard drive for off-line analysis. Synaptic currents were analyzed 

for changes in mean frequency, amplitude and decay time (defined as the elapsed time from 

the peak to 63% decay to baseline) using the Minianalysis 6.0 program (Synaptosoft Inc., 

Decatur, GA). The frequency of miniature synaptic currents primarily reflects the probability 
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of spontaneous (unstimulated) presynaptic neurotransmitter release and/or the number of 

presynaptic release sites (Queenan et al. 2012); the amplitude primarily reflects the 

postsynaptic response (Queenan et al. 2012); and the decay time primarily reflects the 

amount of neurotransmitter clearance/reuptake and receptor desensitization (Takahashi et al. 

1995).

A paired-pulse paradigm was used to study the probability of evoked presynaptic 

neurotransmitter release. A concentric stimulation electrode (FHC, Bowdoin, ME) was 

placed on the external capsule (EC) neighboring the BLA. Two synaptic responses (S1 and 

S2) were evoked by a pair of stimuli (~0.2 ms, 0.2–0.4 mA) delivered every 10 s at 

interstimulus intervals of 45 ms for EPSCs and 55 ms for IPSCs. Paired-pulse facilitation 

was expressed as the ratio of the amplitude of the second synaptic response to the amplitude 

of the first synaptic response (S2/S1), with an increase or decrease in the paired-pulse ratio 

indicating a reduced or enhanced probability of evoked neurotransmitter release, 

respectively (Dobrunz and Stevens 1997; Saviane et al. 2002).

Statistical analyses

All data are expressed as means ± standard error. Plasma corticosterone, drink consumption, 

and body weight were analyzed by two-way ANOVA (comparing DRINK and TIME, with 

TIME as a repeated measures factor) followed by protected Fisher’s LSD post-hoc tests. In 

instances where variance was not homogenous, data underwent a square root transformation 

prior to ANOVA. For the integrated plasma corticosterone response to stress (area-under-the-

curve), sucrose and water were compared by one-tailed Student’s unpaired t-test based on 

the a priori directional hypothesis that sucrose reduces the corticosterone response to acute 

stress, as observed in previous work (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010; 

Christiansen et al. 2011; Ulrich-Lai et al. 2011; Egan and Ulrich-Lai 2015). For all other 

measures, sucrose and water groups were compared by two-tailed Student’s unpaired t-test; 

in instances where the variance was not homogenous, a two-tailed nonparametric Mann-

Whitney U test was used instead. p < 0.05 was considered statistically significant.

Results

Blunting of the HPA response to stress by LSI

The effect of the LSI paradigm on metabolic and HPA end points was assessed in 8–10 week 

old male Long-Evans rats and 4–6 week old male Wistar rats. When rats of both strains, 

with free access to chow and water, were given additional twice-daily access to a second 

drink bottle containing 30% sucrose drink (LSI), they drank significantly more from the 

second drink bottle than control rats that were offered water (Long-Evans: Drink F1,24 = 

148.01, p < 0.0001; Time F13,24 = 4.85, p < 0.0001; and Drink × Time interaction F13,24 = 

9.23, p < 0.0001; Sucrose > Water at all time points on post-hoc analysis, p < 0.01; Wistar: 
Drink F1,22 = 255, p < 0.0001; Time F13,22 = 5.89, p < 0.0001; and Drink × Time interaction 

F13,22 = 10.85, p < 0.0001; Sucrose > Water at all time points on post-hoc analysis, p < 0.01; 

Figure 1a,b). Sucrose intakes quickly reached the maximum allowed (i.e., 4 ml/session, or 8 

ml/day). Moreover, the LSI paradigm did not alter body weight in the Long-Evans rats 

(Drink F1,24 = 0.25, p = 0.620; Time F2,24 = 326.42, p < 0.0001; Drink × Time interaction 
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F2,24 = 0.71, p = 0.496; Figure 1c) and had minimal effects on body weight in the Wistar rats 

(Drink F1,22 = 0.09, p = 0.768; Time F2,22 = 0.14, p < 0.0001; Drink × Time interaction F2,22 

= 3.24, p = 0.048; Sucrose > Water only at the 7 day time point on post-hoc analysis, p < 

0.05; Figure 1d).

On the morning following completion of the 14-day LSI paradigm, the HPA axis response to 

an acute, 20-minute restraint stress was reduced in the LSI groups compared to the control 

groups for both Long-Evans and Wistar rats. Plasma corticosterone levels were lower at 40 

or 60 min (p < 0.01) after the initiation of stress in the LSI Long-Evans and Wistar rats, 

respectively (Long-Evans (This panel is reproduced from a cohort that was previously 

published and is shown for comparison to Wistar rats (Ulrich-Lai et al. 2010)): Drink F1,22 = 

1.86, p = 0.186; Time F3,22 = 614.71, p < 0.0001; and Drink × Time interaction F3,22 = 6.15, 

p = 0.0009; Sucrose < Water at the 40 min time point on post-hoc analysis, p < 0.01; 

Wistar: Drink F1,22 = 2.90, p = 0.103; Time F3,22 = 107.89, p < 0.0001; and Drink × Time 

interaction F3,22 = 3.48, p = 0.021; Sucrose < Water at the 60 min time point on post-hoc 

analysis, p < 0.01; Figure 1e,f). In both strains, sucrose-fed rats had a reduced integrated 

plasma corticosterone response relative to water controls (Long-Evans: t22 = 1.94, p =0.032; 

Wistar: t22 = 2.19, p = 0.019; Figure 1g,h). These results mirror those observed previously 

for this paradigm (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010; Christiansen et al. 2011; 

Ulrich-Lai et al. 2011; Ulrich-Lai et al. 2015; Egan and Ulrich-Lai 2015) and indicate that 

the LSI paradigm effectively reduces HPA axis responses to acute stress in rats of both ages 

and strains.

Experiment 1: Anatomical assessment of appositions onto BLA neurons

Analysis of appositions onto the somata and neurites of CamKIIα-positive BLA principal 

neurons revealed that the number of VGlut1-positive appositions was not altered by LSI 

(somata t18 = 1.84, p = 0.082; neurites t15 = 0.23, p = 0.818; Figure 2a,b). Similarly, the 

number of GAD-positive appositions onto the somata and neurites of CamKIIa-positive 

principal neurons was not altered by LSI (somata t21 = 0.18, p = 0.852; neurites t21 = 0.45, p 
= 0.657), Figure 2c,d). The volume of the CamKIIα-positive principal neurons was not 

altered by sucrose intake (water = 2362 ± 204.3 µm3 vs. sucrose = 2421 ± 183.2 µm3; t46 = 

0.21, p = 0.832).

While the above data suggested that total GABAergic appositions derived from all sources 

was not altered by sucrose drink, this does not preclude the possibility that sucrose may 

specifically impact a small subset of the BLA interneurons. For example, LSI may increase 

glutamatergic tone onto a particular interneuron subtype, which could then provide greater 

inhibition of the principal neurons, and this would not be detectable using measures of 

GABAergic appositions on BLA principal neurons. In order to test for this possibility, 

VGlut1-positive appositions were quantified on each of the three main subpopulations of 

BLA interneurons expressing PV, SOM, and CCK (Mascagni and McDonald 2003; Rainnie 

et al. 2006). LSI increased the number of VGlut1-positive appositions onto the neurites, but 

not the somata, of PV-positive neurons in the BLA (somata t22 = 1.00, p = 0.327; neurites t22 

= 2.23, p = 0.036, Figure 3a,b). In contrast, sucrose did not affect VGlut1-positive 

appositions onto the somata or the neurites of SOM-positive neurons (somata t8 = 0.39, p = 
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0.707, neurites t8 = 0.55, p = 0.599; Figure 3c,d) or CCK-positive neurons (somata t17 = 

1.83, p = 0.086, neurites t17 = 1.61, p = 0.125; Figure 3e,f). Interneuron cell volumes were 

not altered by sucrose intake (PV: water = 3888 ± 432.9 µm3 vs. sucrose = 3826 ± 297.3 

µm3, t22 = −0.12, p = 0.455; SOM: water = 949.0 ± 108.4 µm3 vs. sucrose = 1153 ± 130.4 

µm3, t8 = 1.20, p = 0.265; CCK: water = 354.8 ± 51.4 µm3 vs. sucrose = 396.9 ± 28.1 µm3, 

t17 = 0.74, p = 0.470).

Anatomical assessment of pCREB expression within PV-positive interneurons

The LSI-induced increase in VGlut1-appositions onto PV-positive neurons suggests that 

repeated sucrose consumption may activate PV-interneurons, leading to activity-dependent 

plasticity that increases their glutamatergic appositions. The phosphorylation and activation 

of CREB, to form pCREB, is a useful marker for this process, as pCREB expression occurs 

as a consequence of neuronal activation, and pCREB mediates activity-dependent plasticity 

at glutamatergic synapses (Silva et al. 1998; Huang et al. 2000; Miyamoto 2006). We 

therefore performed dual immunolabeling for pCREB and PV in order to determine the 

impact of repeated sucrose consumption in the LSI paradigm on pCREB expression in PV-

positive BLA neurons. The total number of PV-positive neurons that were present in the 

BLA sections was not altered by sucrose intake (water = 34.4 ± 5.3 cells vs. sucrose = 43.4 

± 3.7 cells, t22 = 1.40, p = 0.177). However, LSI increased the proportion of these PV-

positive neurons that co-expressed pCREB compared to water controls (t22 = 3.22, p = 

0.004, Figure 4a,b). These data suggest that repeated sucrose intake activates a subset of 

BLA PV-interneurons, increasing their expression of a known mediator of glutamatergic 

synaptic plasticity.

Experiment 2: Electrophysiological recordings from BLA principal neurons following LSI

Amygdala slices were prepared from control and LSI rats, and whole-cell patch clamp 

recordings were performed in principal neurons of the BLA to test for LSI-induced changes 

in passive electrical properties and GABAergic and glutamatergic synaptic inputs. No 

change in the input resistance or resting potential of the BLA principal neurons was found 

following LSI. The mean input resistance was 343.5 ± 21.3 MΩ in the water controls and 

341.6 ± 57 MΩ in the LSI group (t58 = 0.07, p = 0.94). The holding current required to 

voltage clamp the cells at −60 mV was −63.8 ± 7.3 pA in the controls and −57 ± 5.9 pA in 

the LSI group (t58 = 0.73, p = 0.47; n = 30 cells in each group for both membrane resistance 

and holding current).

When GABAergic inhibitory synaptic inputs to BLA neurons were examined, no change in 

mIPSCs was detected following LSI. There was no difference in the frequency (t57 = 0.50, p 
= 0.621, Figure 5a), amplitude (t51 = 0.96, p = 0.343, Figure 5b) or decay (t51 = 0.11, p = 

0.916, Figure 5c) of mIPSCs between sucrose and water-fed rats. Similarly, there was no 

change in the evoked IPSC paired-pulse ratio (t23 = 1.25, p = 0.222, Figure 5d) following 

sucrose treatment. Collectively, these results indicate that LSI does not alter GABAergic 

synaptic inputs to the BLA principal neurons.

Sucrose treatment also had no effect on mEPSCs, though it did alter evoked excitatory 

synaptic responses. Thus, there was no difference in the mEPSC frequency (t45 = 0.28, p = 
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0.776, Figure 5e), amplitude (t38 = 1.77, p = 0.085, Figure 5f) or decay (t38 = 0.34, p = 

0.736, Figure 5g) between LSI-treated and control rats. However, sucrose increased the 

EPSC paired-pulse ratio (U = 53, n1 = 22, n2 = 11, p = 0.009, Figure 5h). Therefore, sucrose 

consumption did not alter the probability of spontaneous glutamate release, the postsynaptic 

glutamate sensitivity, or the glutamate clearance, but it decreased the probability of evoked 

glutamate release onto BLA principal neurons.

Discussion

Sucrose consumption prior to exposure to an acute stress reduces the HPA response to the 

stress (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010), and activation of the BLA is required 

for the HPA-dampening effect of sucrose (Ulrich-Lai et al. 2010). Output from BLA 

principal neurons is primarily thought to increase stress responses (Coover et al. 1973; 

Feldman et al. 1983; Szafarczyk et al. 1986; Goldstein et al. 1996; Bhatnagar et al. 2004), so 

we postulated that sucrose acts by reducing stress-excitatory BLA output. Moreover, 

analyses of BLA mRNA and protein expression suggest that this reduced stress-excitatory 

output may be mediated by sucrose-induced neural plasticity in the BLA (Ulrich-Lai et al. 

2010; Christiansen et al. 2011; Ulrich-Lai et al. 2015; Egan and Ulrich-Lai 2015). Therefore, 

we measured indices of structural and functional plasticity in the BLA following LSI. Our 

results suggest that LSI decreases BLA output by shifting the synaptic excitation/inhibition 

balance in BLA principal neurons towards inhibition (via an enhanced excitatory drive to 

local PV inhibitory interneurons) and away from excitation (via a reduced probability of 

evoked glutamate release).

Effect of LSI on principal neurons

BLA output is determined by the activation state of the principal neurons in the BLA, which 

in turn is a function of the intrinsic excitability of the principal neurons and the balance 

between excitatory and inhibitory synaptic inputs to those neurons. We found with paired-

pulse analysis that LSI reduced the probability of stimulation-evoked glutamate release onto 

BLA principal neurons. We found no effect of LSI on the intrinsic excitability; the 

probability of unstimulated glutamate release or the number of glutamatergic release sites; or 

on the postsynaptic sensitivity to glutamate release in our recordings of mEPSCs. The LSI 

paradigm also had no effect on spontaneous or evoked inhibitory inputs to BLA principal 

neurons. Quantification of VGlut-1- and GAD-immunoreactive profiles showed no change 

in the glutamatergic and GABAergic appositions on the BLA principal neurons following 

LSI. Together, these findings indicate that LSI may act primarily via an upstream, pre-

synaptic mechanism as opposed to a post-synaptic mechanism. For example, it is possible 

that the reduced probability of evoked, but not spontaneous, glutamate release by sucrose 

treatment is due to differential modulation of different pools of synaptic vesicles. Recent 

studies suggest that spontaneous and evoked/synchronous vesicle release events are 

mediated by different pools of synaptic vesicles that are subject to distinct regulatory 

processes (reviewed in (Ramirez and Kavalali 2011; Kavalali 2015)). We recently reported 

that stress-induced glucocorticoids stimulate retrograde endocannabinoid release at 

inhibitory synapses in the BLA that differentially modulates evoked and spontaneous GABA 

release (Di et al. 2016), supporting the possibility that evoked and spontaneous glutamate 
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release in the BLA may also be regulated by distinct processes. Alternatively, it has 

previously been shown that GABAB receptor-mediated inhibition of glutamatergic terminals 

can occur in multiple brain regions, including lateral amygdala (Pan et al. 2009; Bosch and 

Ehrlich 2015). It is intriguing to speculate that LSI may reduce the probability of evoked 

glutamate release onto BLA principal neurons through a similar GABAB-mediated process, 

and further that this may be a consequence of increased activation of PV interneurons (as 

discussed below). Future work will be directed towards identifying the mechanism(s) by 

which LSI impacts evoked glutamatergic transmission.

Reducing the probability of evoked excitatory synaptic input to the BLA principal neurons 

should reduce BLA output under conditions that stimulate BLA activity. For example, BLA 

principal neurons are activated by glutamatergic inputs during acute stress exposure (Davis 

et al. 1994; Hubert et al. 2014; Masneuf et al. 2014; Ito et al. 2015), and dampening by prior 

LSI of stress-induced glutamate release would be expected to blunt principal neuron 

activation during stress, consistent with the reduction in stress-induced cFos mRNA 

expression in BLA principal neurons seen following LSI (Ulrich-Lai 2007). Furthermore, as 

BLA principal neuron output promotes HPA axis activation during stress (Coover et al. 

1973; Feldman et al. 1983; Szafarczyk et al. 1986; Goldstein et al. 1996; Bhatnagar et al. 

2004), the reduction in principal neuron activation following LSI may contribute to the LSI-

induced attenuation of stress-evoked HPA activation.

Effect of LSI on PV interneurons

While the above data suggest that the total GABAergic tone onto BLA principal neurons 

(i.e., derived from all interneuron sources) was not altered by sucrose drink, this does not 

preclude the possibility that sucrose may specifically impact a small subset of the BLA 

interneurons. For example, LSI may activate a particular interneuron subtype, which could 

then provide greater inhibition of principal neurons in a manner that is not readily detectable 

when global measures of GABAergic tone are employed. In support of this idea, sucrose 

increased the expression of pCREB, a marker of neuronal activation that is linked with 

synaptic plasticity (Silva et al. 1998; Huang et al. 2000; Miyamoto 2006), within PV-positive 

interneurons, and increased glutamatergic appositions onto BLA PV-positive interneurons. 

Together, these data imply that sucrose consumption may specifically activate PV 

interneurons, promoting plastic changes that drive greater glutamatergic stimulation 

following LSI. By extension, this recruitment of PV interneurons by sucrose could promote 

principal neuron inhibition, as PV-positive interneurons innervate the perisomatic region of 

principal neurons (Kemppainen and Pitkänen 2000; McDonald and Betette 2001; Rainnie et 

al. 2006; Muller et al. 2006) and inhibit principal neuron activity (Woodruff and Sah 2007b; 

Woodruff and Sah 2007a). Moreover, the principal neurons are the main source of the 

glutamatergic input to the PV interneurons (Smith et al. 2000; McDonald et al. 2005; 

Woodruff and Sah 2007b), providing an opportunity for reciprocal PV/principal neuron 

interactions. In fact, reciprocal PV/principal neuron interactions have been linked with 

mediating principal neuron feed-forward inhibition, which regulates the synchronized firing 

of principal neurons and may contribute to spike-timing-dependent synaptic plasticity in the 

BLA (Woodruff and Sah 2007b; Ryan et al. 2012). Thus, if sucrose promotes these PV/

principal neuron reciprocal interactions by increasing principal neuron glutamatergic inputs 
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onto PV-positive interneurons, then this has the potential to impact multiple aspects of 

principal neuron activity.

Importantly, recent studies have reported that there is considerable heterogeneity within the 

population of BLA PV interneurons in terms of their intra-BLA connectivity and 

electrophysiological properties (Woodruff and Sah 2007b; Bienvenu et al. 2012). For 

instance, some subtypes are activated by stimuli that are noxious, anxiogenic or stressful, 

whereas others are either unaffected or inhibited by these inputs (Rainnie et al. 2006; 

Reznikov et al. 2008; Hale et al. 2010; Bienvenu et al. 2012; Wolff et al. 2014). In the 

present work, repeated sucrose consumption induced pCREB-labeling within ~36% of PV-

interneurons (compared to in ~18% co-expression in water controls), supporting the idea 

that PV interneurons are a heterogeneous population, with a subset that are activated by 

sucrose. As the role of these diverse subtypes of PV-positive interneurons in stress regulation 

by the BLA is completely unexplored, further work is needed to identify if/how they each 

contribute to HPA axis activation during stress.

Potential impact of age and strain of rats

Prior work with the LSI paradigm used young-adult Long-Evans rats, and as in the present 

study, we invariably observe that these rats quickly begin to drink the sucrose in amounts 

approaching the daily maximum, and decrease their chow intake isocalorically, resulting in 

no effect on body weight gain when compared to water controls (Ulrich-Lai et al. 2007; 

Ulrich-Lai et al. 2010; Christiansen et al. 2011; Ulrich-Lai et al. 2011). When these same 

rats receive a novel restraint stress, there is a robust increase in circulating corticosterone 

that typically peaks at ~800–1000 ng/ml in the water controls, though the temporal dynamics 

vary slightly between cohorts, such that the peak corticosterone appears between 20–60 min 

after stress onset (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010; Christiansen et al. 2011; 

Ulrich-Lai et al. 2011). Moreover, prior sucrose intake in the LSI paradigm blunts this 

corticosterone response to restraint, consistently reducing the integrated (area-under-the-

curve) corticosterone response by 10–20%; and again, the exact timing of the sucrose effect 

fluctuates somewhat among cohorts, occurring at one or more time points between 20–60 

min after stress onset (Ulrich-Lai et al. 2007; Ulrich-Lai et al. 2010; Christiansen et al. 2011; 

Ulrich-Lai et al. 2011). The present work tested the LSI paradigm for the first time in 

younger (e.g., early adolescent) male Wistar rats, providing the opportunity to compare the 

impact of LSI across the two strains and ages. The younger Wistar rats also quickly began to 

drink sucrose in near-maximal amounts, and sucrose caused a subtle increase in body weight 

after 7 days of exposure, that was no longer different from water-controls by 14 days of 

drink intake. The peak plasma corticosterone response to restraint occurred at 60 min after 

stress onset and was ~800 ng/ml, a profile that falls within the historical range of several 

prior cohorts of adult Long-Evans rats (as described above). Importantly, the younger Wistar 

rats with a history of sucrose intake had a lower corticosterone response to stress that 

appeared at the 60 min post-stress time point, and the integrated corticosterone response was 

decreased by ~16%, placing the temporal dynamics and magnitude of the sucrose-induced 

corticosterone-blunting within the historical range of the adult Long-Evans rats. Prior work 

has shown that pre-adolescent rats typically have larger and/or prolonged HPA axis 

responses to stress when compared to adults, with the corticosterone response becoming 
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adult-like at ~30–40 days of age (Gomez et al. 2004; McCormick and Mathews 2007; 

Romeo et al. 2016). This may indicate that in the present study, the corticosterone response 

of the younger Wistar rats reached the adult-like stage prior to restraint testing. However, 

HPA axis tone can also vary between rat strains, and some evidence suggests that adult 

Long-Evans rats generally have greater HPA activation than adult Wistar rats (Tannahill et 

al. 1988; Tohei et al. 2003). By extension, it is possible that the younger Wistar rats had not 

yet reached their adult-like corticosterone phenotype, as this might be expected to lower 

their HPA activation compared to Long-Evans rats. Given the potential contributions of 

strain and age to HPA reactivity, it is noteworthy that the LSI paradigm produced similar 

corticosterone-blunting in the young-adult Long-Evans and early-adolescent Wistar rats, 

demonstrating that the stress-blunting effects of LSI generalize across these ages and strains 

of rats.

Perspectives

The present work identified indices of functional plasticity and structural remodeling in the 

BLA following repeated sucrose consumption. Collectively, these observations are 

suggestive of overall blunted principal neuron activation. This result is intriguing as these 

data were obtained from BLA slices taken from otherwise normal rats. That is, a history of 

repeatedly ingesting small amounts of highly-palatable food is itself sufficient to alter basal 

BLA structure/function. Future work will be directed towards understanding how these 

changes in BLA local synaptic circuitry lead to altered BLA responsivity during acute stress, 

for example by assessing the impact of LSI on acute stress-induced plasticity in the BLA. 

These studies provide critical insight into the neural and molecular mechanisms by which 

the consumption of highly-palatable food confers stress protection, and suggest a basis for 

the consumption of so-called ‘comfort’ foods for the relief of stress symptoms.
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Fig. 1. Limited sucrose intake paradigm
Long-Evans rats (male, 8–10 weeks old; a, c, e, g) and Wistar rats (male, 4–6 weeks old; b, 

d, f, h) were offered a second drink bottle with a limited portion (up to 4 ml) of 30% sucrose 

or water for 30 minutes at scheduled times twice daily for 14 days. Sucrose-fed rats readily 

drank nearly the full 8 ml they were offered each day compared to water-fed controls that 

drank little water from the second bottle (a, b). Sucrose and water-fed rats had similar body 

weight gain over this 14-day period (c, d), though post-hoc analysis revealed a small but 

significant difference between groups at 7 days for Wistar rats. The plasma corticosterone 
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response to a 20-minute restraint stress was significantly attenuated in sucrose-fed rats (e, f; 

panel e is reproduced from Figure S4 of (Ulrich-Lai et al. 2010)). The area-under-the-curve 

of the plasma corticosterone response to stress was significantly reduced in sucrose-fed rats 

(g, h). Group sizes are (a, c) 13 water and 13 sucrose rats, (e, g) 11 water and 13 sucrose 

rats, and (b, d, f, h) 12 water and 12 sucrose rats. *p < 0.05, **p < 0.01 vs. water-fed 

controls
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Fig. 2. Limited sucrose intake did not change appositions on basolateral amygdala principal 
neurons
(a) Maximum intensity projection image of calcium/calmodulin-dependent protein kinase II 

α (CaMKIIα)-labeled neuron (violet) with vesicular glutamate transporter 1 (VGlut1)-

positive appositions (green). (b) Analysis of basolateral amygdala tissue collected after 14 

days of limited sucrose intake (Sucrose) revealed no significant differences in the number of 

VGlut1-labeled appositions on either the somata or neurites of CaMKIIα-labeled neurons. 

(c) Maximum intensity projection image of CaMKIIα-labeled neuron (violet) with glutamic 

acid decarboxylase (GAD)-positive appositions (green). (d) There were no significant 

differences in the number of GAD-labeled appositions on either the somata or neurites of 

CaMKIIα-labeled neurons. Numbers in parentheses on bar graphs indicate the number of 

rats that had sufficient replicates to meet inclusion criteria. Solid arrows indicate examples 

of appositions and dotted arrows indicate immunoreactive spots that did not meet apposition 

criteria
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Fig. 3. Limited sucrose intake increased appositions on parvalbumin-labeled basolateral 
amygdala inhibitory interneurons
Immunohistochemical analysis of glutamatergic synaptic innervation of interneuron 

subtypes in the basolateral amygdala was performed following limited sucrose intake 

(Sucrose). Maximum intensity projection images of vesicular glutamate transporter 1 

(VGlut1) appositions (green) on (a) parvalbumin-, (c) somatostatin- and (e) cholecystokinin-

positive neurons in the basolateral amygdala (interneurons are labeled purple). (b) There was 

a significant increase in the number of VGlut1-labeled appositions on parvalbumin neurons, 

specifically on neurites, following sucrose treatment. However, there was no difference in 
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the number of VGlut1-labeled appositions on either the somata or neurites of somatostatin 

(d) or cholecystokinin neurons (f). Numbers in parentheses on bar graphs indicate the 

number of rats that had sufficient replicates to meet inclusion criteria. Solid arrows indicate 

examples of appositions and dotted arrows indicate immunoreactive spots that did not meet 

apposition criteria. *p < 0.05 vs. water-fed controls
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Fig. 4. Limited sucrose intake increased pCREB expression within parvalbumin-labeled 
basolateral amygdala neurons
Immunohistochemical analysis of pCREB and parvalbumin co-expression in the basolateral 

amygdala was performed following limited sucrose intake (Sucrose). (a) Image of dual-

immunolabeling for pCREB (magenta) and parvalbumin (green) in the basolateral amygdala. 

Asterisks denote neurons that expresses both pCREB and parvalbumin; a star denotes a 

parvalbumin neuron that does not express pCREB; and arrows indicate examples of pCREB-

positive cells that do not express parvalbumin. (b) There was a significant increase in the 

proportion of PV-positive neurons in the basolateral amygdala that co-expressed pCREB-

labeling. Numbers in parentheses on bar graphs indicate the number of rats per group. 

*p<0.01 vs. water-fed controls
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Fig. 5. Limited sucrose intake increased the probability of evoked excitatory input to basolateral 
amygdala principal neurons
Patch clamp recordings revealed that limited sucrose intake (Sucrose) had no effect on the 

(a) frequency, (b) amplitude, or (c) decay of mIPSCs, or on (d) the paired-pulse ratio of 

evoked IPSCs. Limited sucrose intake had no effect on mEPSC (e) frequency, (f) amplitude 

or (g) decay, but (h) increased the evoked EPSC paired-pulse ratio, suggesting a decrease in 

the probability of evoked glutamate release at excitatory synapses following sucrose 

exposure. Numbers in parentheses on bar graphs indicate the number of principal neurons 

that were recorded from rats that received prior LSI vs. water controls. Insets in panels (d) 

and (h) show representative paired eIPSCs and eEPSCs, respectively, recorded in neurons 

from control (Water) and sucrose-treated rats. Scale bars: 25 pA, 20 ms; **p < 0.01 vs. 

water-fed controls
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