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Abstract

A compelling body of evidence suggests that the worldwide obesity epidemic is underpinned
by excessive sugar consumption, typified by the modern western diet. Furthermore, evi-
dence is beginning to emerge of maladaptive changes in the mesolimbic reward pathway of
the brain in relation to excess sugar consumption that highlights the importance of examin-
ing this neural circuitry in an attempt to understand and subsequently mitigate the associ-
ated morbidities with obesity. While the basolateral amygdala (BLA) has been shown to
mediate the reinforcing properties of drugs of abuse, it has also been shown to play an
important role in affective and motivated behaviours and has been shown to undergo mal-
adaptive changes in response to drugs of abuse and stress. Given the overlap in neural cir-
cuitry affected by drugs of abuse and sucrose, we sought to examine the effect of short- and
long-term binge-like sucrose consumption on the morphology of the BLA principal neurons
using an intermittent-access two-bottle choice paradigm. We used Golgi-Cox staining to
impregnate principal neurons from the BLA of short- (4 week) and long-term (12 week)
sucrose consuming adolescent rats and compared these to age-matched water controls.
Our results indicate possibly maladaptive changes to the dendritic architecture of BLA prin-
cipal neurons, particularly on apical dendrites following long-term sucrose consumption.
Specifically, our results show reduced total dendritic arbor length of BLA principal neurons
following short- and long-term sucrose consumption. Additionally, we found that long-term
binge-like sucrose consumption caused a significant reduction in the length and complexity
of apical dendrites. Taken together, our results highlight the differences between short- and
long-term binge-like sucrose consumption on BLA principal neuron morphology and are
suggestive of a perturbation in the diverse synaptic inputs to these neurons.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 1/17


https://doi.org/10.1371/journal.pone.0183063
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0183063&domain=pdf&date_stamp=2017-08-16
https://doi.org/10.1371/journal.pone.0183063
https://doi.org/10.1371/journal.pone.0183063
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.6084/m9.figshare.4955699
http://www.arc.gov.au/
https://www.nhmrc.gov.au/
https://www.nhmrc.gov.au/

@° PLOS | ONE

Binge-like sucrose consumption alters rat basolateral amygdala morphology

Introduction

Increased sugar intake is considered one of the fundamental and principal factors of the cur-
rent worldwide obesity epidemic [1]. While a compelling body of evidence suggests that
heightened consumption of sugar partly influences weight gain among adults [2] and more
notably in children and adolescents [3, 4], recent studies suggest that high sugar consumption
may also result in neural changes in brain regions involved in reinforcement and determining
incentive salience of sweetened food [5, 6]. Indeed, consumption of sugar and sweetened food
in humans can cause cravings similar to those produced by addictive substances such as alco-
hol, nicotine or cocaine, primarily by activating the mesolimbic reward pathway [7]. In addi-
tion, previous studies that have examined the effects of sucrose and diet-induced obesity on
incentive and motivation mediated by the NAc and glutamatergic plasticity in the NAc, have
shown that diets high in fat or sucrose enhance AMPA receptors in the NAc [8, 9]. Further-
more, other studies have shown enhanced striatal dopamine release in response to increased
insulin [10], as well as the involvement of the NAc in response to highly palatable food types
[11].

The mesolimbic reward pathway is a collection of highly interconnected brain nuclei
including the nucleus accumbens (NAc), the ventral tegmental area (VTA) and the amygdala
that encode emotional states such as anticipation of reward and motivation [12]. In relation to
sugar consumption, this reward pathway has been shown to display an exaggerated incentive
salience response to cues for sucrose [13-15]. There is also evidence that suggests long-term
consumption of highly palatable food can cause adaptations in the brain reward pathways, sug-
gestive of an imbalance in the normal reward processing homeostasis [6, 16, 17]. While we
have previously shown that medium spiny neurons in the NAc undergo morphological
changes following long-term sucrose consumption [18], other studies have also implicated the
amygdala in incentive learning and motivational behaviors associated with the rewarding
effects of addictive substances [19, 20]. In particular recent studies have highlighted the influ-
ence of the basolateral amygdala (BLA) to reward learning and the association with adaptive,
goal-directed and emotional behavior [21].

In addition to afferents from the medial prefrontal cortex, thalamus and hippocampus [22-
25], the BLA also receives dopaminergic input from the VTA [26]. Additionally, the BLA
sends glutamatergic efferents to the medium spiny neurons in the NAc, a key region of the
mesolimbic reward pathway [27-29]. It is suggested that synaptic connectivity between the
BLA and NAc is critically involved in reward-seeking behavior [19]. These circuits may under-
lie behavioral changes due to drug addiction and therefore warrant a closer examination in
relation to sucrose consumption. Given that our previous studies have shown significant
changes in NAc neuron morphology following long-term binge-like sucrose consumption
[18] as well as altered responsiveness in relation to the accumbal cholinergic tone due to pro-
longed sucrose consumption [30], we hypothesized that sucrose-consumption-mediated mor-
phological changes may also occur in the BLA, a key region that facilitates reward-seeking
behavior. We used Golgi-Cox staining to impregnate primary neurons from the BLA of short-
(4 week) and long-term (12 week) 5% sucrose consuming rats on an intermittent-access para-
digm and compared these to age-matched water controls. Our results indicate possibly mal-
adaptive changes to the dendritic architecture of BLA principal neurons, particularly on apical
dendrites following long-term sucrose consumption. Taken together, our results demonstrate
the differences between short- and long-term binge-like sucrose consumption on BLA princi-
pal neuron morphology and are suggestive of an imbalance in the diverse inputs received by
these neurons.
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Materials and methods
Ethics statement

All experimental procedures were carried out in accordance with the Australian Code for the
Care and Use of Animals for Scientific Purposes, 8th Edition (National Health and Medical
Research Council, 2013). The protocols were approved by the Queensland University of Tech-
nology Animal Ethics Committee and the University of Queensland Animal Ethics
Committee.

Animals and housing

Five-week-old (adolescent) male wistar rats (Control: 176.5 + 5.0 g; Sucrose: 178.1 £ 5.1 g)
(ARC, WA, Australia), were individually housed in ventilated dual level Plexiglas®™ cages. The
rats were acclimatized to the individual housing conditions, handling, and reverse-light cycle 5
days before the start of the experiments. All rats were housed in a climate-controlled 12-hr
reversed light/dark cycle (lights off at 9 a.m.) room with standard rat chow and water available
ad libitum as described in detail previously [18, 30].

Intermittent-access two-bottle choice drinking paradigm

The intermittent access 5% sucrose two-bottle choice drinking paradigm [30, 31] was adapted
from [32]. All fluids were presented in 300 ml graduated plastic bottles with stainless-steel
drinking spouts inserted through two grommets in the front of the cage following the com-
mencement of the dark reverse-light cycle. Weights of each bottle were recorded prior to bottle
presentation. Two bottles were presented simultaneously: one bottle containing water; the sec-
ond bottle containing 5% (w/v) sucrose. To control for side preferences, the placement of the
5% (w/v) sucrose bottle was alternated on each exposure. Bottles were weighed 24 h after the
fluids were presented, and measurements were taken to the nearest 0.1 g. The weight of each
rat was also measured to calculate the grams of sucrose intake per kilogram of body weight.
On day 1 of the drinking period, rats (n = 7) were given access to one bottle of 5% (w/v)
sucrose and one bottle of water. After 24 h, the sucrose bottle was replaced with a second water
bottle that was available for the next 24 h. This pattern was repeated on Wednesdays and Fri-
days. The rats had unlimited access to water on all other days and was accompanied by stable
baseline drinking levels based on body weight [20 + 5 g/kg of 5% (w/v) sucrose] during the
short-term [~4 weeks (13 drinking sessions)] and long-term [~12 weeks (37 drinking ses-
sions)] drinking periods. A separate group of control rats (n = 7) were given access to water in
both bottles (i.e., no sucrose) under the same conditions described above. The mean body
weight of control and sucrose consuming rats at the end of short-term exposure was

426.0 + 36.9 g and 439.2 + 24.7 g respectively. At the end of long-term exposure, the mean
body weight for control and sucrose groups was 590.0 + 58.2 g and 617.8 £ 36.4 g.

Golgi-Cox staining

Golgi-Cox staining was performed as described previously [18]. Briefly, following the last
drinking session, rats were sacrificed by sodium pentobarbital overdose (60-80 mg/kg, i.p.
Vetcare, Brisbane, Australia) and intracardially perfused with ~300 ml artificial cerebro-spinal
fluid that contained, (in mM): 130 NaCl, 3 KCl, 26 NaHCO3, 1.25 NaH,PO,, 5 MgCl,, 1
CaCl,, and 10 D-glucose. Brains were incubated in the dark in Golgi-Cox solution that con-
tained 5% potassium dichromate, 5% potassium chromate, and 5% mercuric chloride (all
chemicals from Sigma-Aldrich). Brains from short-term sucrose consuming animals were
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incubated for 6 days at 37°C, whilst brains from long-term sucrose consuming animals were
incubated for 10 days, with one change to fresh Golgi-Cox solution after 4 days of incubation.

Following incubation, 300 um coronal sections were cut using a vibrating Zeiss Hyrax V50
microtome (Carl Zeiss, Germany). Slices were then placed sequentially in 24-well plates filled
with 30% (w/v) sucrose in 0.1 M phosphate buffered saline and processed as outlined previ-
ously [33]. The sections were then cleared in CXA solution (1:1:1 chloroform:xylene:alcohol)
for 10 min and mounted in DPX (Sigma-Aldrich) on Superfrost Plus slides (Menzel-Glaser,
Lomb Scientific, Australia) and cover-slipped (Menzel-Glaser, Germany). The slides were left
in the dark to dry at room temperature overnight.

Neuronal selection and tracing within the BLA

As described in detail previously [18], coronal slices between bregma -2.54 and -3.24 were sur-
veyed for principal neurons within the BLA, using the internal capsule and the external capsule
as landmarks with the aid of a rat brain atlas [34]. The contour function in Neurolucida 7
(MBEF Bioscience, VT, USA) was used to demarcate the BLA and the LA in each slice. Between
2 and 6 neurons were sampled from the anterior and posterior basolateral amygdaloid nuclei
within the BLA from each animal (Fig 1) and were traced for dendritic length parameters
using a 63x objective or for spine densities (reported as spines per 100 pm) using a 100x objec-
tive on a Zeiss Axioskop II (Carl Zeiss, Germany) using an automated xyz stage driven by Neu-
rolucida™ 7 software (MBF Biosciences, VT, USA). All tracing was performed in a blinded
fashion with respect to treatment. Morphological parameters of Golgi-Cox impregnated neu-
rons were analyzed in a manner similar to previous reports [35].

Statistical analysis

Mean and standard error of the mean (SEM) were calculated for each data set with the animal
as 1, using the mean morphometry data from all the BLA principle neurons (n = 7 for control
and n = 7 for sucrose). Where indicated, unpaired two tailed Student’s ¢-tests or two-way
ANOVAs with Bonferroni post-tests were conducted for all analyses involving the comparison
of group means, using GraphPad Prism version 6.02 (GraphPad Software, San Diego, CA).
Statistical significance was accepted at P< 0.05. All data in the results section are presented as
means + SEM. Percentage changes are calculated as relative to the control value.

Results

Following short-term (4 weeks) sucrose consumption, the total dendritic arbor length of prin-
cipal neurons in the BLA was decreased by 31% compared to water consuming controls
(Water: 1928 + 211 pm, n = 7; Sucrose 1337 + 84 um, n = 7, P = *0.0229, two-tailed unpaired
Student’s t-test, Fig 2A, Table 1). Comparison of the mean number of dendritic bifurcations
(nodes) and dendritic endings between the water and sucrose groups revealed a significantly
reduced level of dendritic complexity in the principal neurons of the BLA (nodes: Water
9.4+ 12n=7,Sucrose 5.7 £ 1.0 n =7, P = *0.0349; endings: Water 11.4 + 1.2 n = 7, Sucrose
7.7+ 1.0n =7, P="0.0385, two-tailed unpaired Student’s ¢-test, Table 1). Also, mean dendritic
tree length was significantly reduced in the sucrose group compared to the water consuming
controls (Water 550 + 53 n = 7, Sucrose 417 + 26 n = 7, P = *0.0451, Fig 2B, Table 1). There
was no change in total spine density (P = 0.1353). These morphometric parameters are detailed
in Table 1, and graphically represented in Fig 2 (Sucrose—open circles; Control—open
squares).

Following long-term (12 weeks) sucrose consumption, the total dendritic arbor length of
principal neurons in the BLA was decreased by 32% compared to water consuming controls
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Fig 1. Map showing locations of principal neurons sampled from the basolateral amygdala (BLA) of 4 and 12 week sucrose
consuming rats and age-matched controls. Top two panels show locations of neurons sampled from the BLA of 4 week control
(triangles) and sucrose (circles) rats. Bottom two panels show locations of neurons sampled from the BLA of 12 week control (triangles) and

sucrose (circles) rats.

https://doi.org/10.1371/journal.pone.0183063.9001
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Fig 2. Decreased dendritic arbor length of principal neurons from the basolateral amygdala (BLA) of short-term
sucrose consuming rats compared to control rats. A shows a scatter-plot of decreased total dendritic arbor (mean + SEM)
from the BLA in short-term sucrose rats (open squares) compared to controls (open circles) (Unpaired two-tailed Students t-
test,* P< 0.05, n=7; control and n=7; 4 week sucrose). B shows a scatter-plot of decreased mean dendritic tree length
(mean + SEM) from the BLA in short-term sucrose rats (squares) compared to controls (circles) (Unpaired two-tailed Students
ttest, * P < 0.05, n=7; control and n= 7; 4 week sucrose). Branch order analysis (mean + SEM) showing decreased number
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of dendritic segments per branch order for basal dendrites (C) and apical dendrites (D) from sucrose consuming rats (squares)
and water control rats (circles) (two-way ANOVAs, n=7; control and n= 7; short-term sucrose). E and F show representative
brightfield z-stack mosaics of Golgi-Cox impregnated principal neurons from the BLA (63x magnification) of control (water)
and short-term (4 week) sucrose drinking rats respectively. Scale Bars: (E, F) = 100 um.

https://doi.org/10.1371/journal.pone.0183063.9002

(Water: 2023 + 173 pm, n = 7; Sucrose 1384 + 143 ym, n = 7, P = 0.0146, two-tailed unpaired
Student’s t-test, Fig 3A, Table 2). Comparison of the mean number nodes and dendritic end-
ings showed reduced dendritic complexity in BLA principal neurons from the sucrose
group compared to water controls (nodes: Water 5.0 + 0.2 n =7, Sucrose 3.8 £ 0.3 n =7,
P =%%0.0032; endings: Water 7.4 £ 0.2 n =7, Sucrose 5.9 + 0.4 n = 7, P = **0.0042, two-tailed
unpaired Student’s t-test, Table 2). Further analysis revealed that dendritic complexity was sig-
nificantly reduced in the apical but not basal dendrites of BLA principal cells (Apical nodes:
Water 4.1 £ 0.5 n =7, Sucrose 2.7 £ 0.4 n =7, P = *0.0338; Apical endings: Water 5.1 £ 0.5
n=7,Sucrose 3.7 £ 0.4 n = 7, P = *0.0416; Basal nodes: Water 5.9 + 0.4 n =7, Sucrose 4.9 + 0.7
n =7, P =0.2095; Basal endings: Water 9.6 + 0.8 n =7, Sucrose 8.2 £ 0.8 n =7, P = 0.2109, two-
tailed unpaired Student’s t-test, Table 2). Also, the mean dendritic tree length was significantly
reduced in the sucrose group compared to the water consuming control (Water 601 + 55
n =7, Sucrose 385 + 45 n = 7, P = **0.0099, Fig 3B, Table 2). Further analysis revealed a signifi-
cant reduction in the mean dendritic tree length of BLA apical dendrites from sucrose con-
suming rats compared to controls (Water 847 + 123 n =7, Sucrose 504 + 87 n =7, P = *0.0423,
Table 2). A trend towards reduced mean dendritic tree length of basal dendrites was also
observed in the sucrose group compared to the control group (Water 355 + 36 n = 7, Sucrose
266 +20 n =7, P=0.0516, Table 2). Total spine densities (P = 0.3171) of BLA principal neu-
rons from long-term sucrose consuming rats were not different compared to the water con-
trols. These morphometric parameters are detailed in Table 2, and graphically represented in
Fig 3 (Sucrose—open circles; Control—open squares). Representative images of BLA principal
neuron architecture are depicted in Figs 2E and 2F & 3F and 3G.

Subsequent to the analysis of the short-term and long-term dendritic morphology of
sucrose consuming principal neurons in the BLA, we examined the dendritic arborizations

Table 1. General morphologic parameters of principal neurons from the BLA of short-term sucrose consuming rats and age-matched water

controls.

Parameter Water (n) Sucrose (n) P-value
Total dendritic length (um) 1928 £ 211 (7) | 1337 £ 83 (7) 0.0229*
Meantreelength (um) 550£83(7) M7E6(7) 00451%
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Basal 891#35(7) . 286%23(7) . 0028
Apical 709 + 98 (7) 547 + 45 (7) 0.1614
Nodes 94%12(7) . 5TEIM) 00349*
___________________________________________________________________ Basal  12£18() . 78#16() . 00811
Apical : 6.8+1.2(7) é 42+0.7 (7) 0.0827
ENdings Max12(7) o TTEN@) 00385*
_______________________________________________________________________ Basal 154#16() . 108#17() . 00569
Apical : 7.7+1.2(7) 5.2+0.7 (7) 0.0887
SpinesPer100pm 443%29(7) o 49.9%2(7) 01383 ...
....................................................................... Basal. 444%36(7) . 508%17(7) . 01308
Apical : 44.3+3.2(7) 49+3.1(7) 0.3046

(*: p<0.05, two-tailed unpaired Student’s t-test)

https://doi.org/10.1371/journal.pone.0183063.t001
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Fig 3. Decreased dendritic arbor length and distal branch number of principal neurons from the basolateral
amygdala (BLA) of long-term sucrose consuming rats compared to control rats. A shows a scatter-plot of decreased
total dendritic arbor (mean + SEM) from the BLA in long-term sucrose rats (open squares) compared to controls (open circles)
(Unpaired two-tailed Students t-test,* P< 0.05, n=7; control and n=7; 12 week sucrose). B shows a scatter-plot of decreased
mean dendritic tree length (mean + SEM) from the BLA in long-term sucrose rats (squares) compared to controls (circles)
(Unpaired two-tailed Students t-test, **P < 0.01, n=7; control and n=7; 12 week sucrose). Branch order analysis

(mean + SEM) showing no change in the number of dendritic segments for basal dendrites (C), but decreased dendritic
segment number for apical dendrites from sucrose drinking rats (square) compared to water controls (triangles) (D, two-way
ANOVA). E shows decreased dendritic spine density per branch order for basal dendrites from long-term sucrose rats
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compared to controls (two-way ANOVA). Bonferroni post-tests revealed a significant reduction in the apical segment number
at distal 4™ order branches in long-term sucrose consuming rats compared to controls (D) (two-way ANOVA with Bonferroni
post-tests,* P < 0.05, n=7; control and n= 7; long-term sucrose). F and G show representative brightfield z-stack mosaics of
Golgi-Cox impregnated principal neurons from the BLA (63x magnification) of control (water) and long-term (12 week) sucrose

drinking rats respectively. Scale Bars: (F, G) = 100 pm.

https://doi.org/10.1371/journal.pone.0183063.9003

and spine densities in relation to branch order. Our analysis assessed the number of dendritic
segments per branch order, the mean length of dendritic segments per branch order and mean
spine density per branch order of the basal and apical dendrites of the BLA principal neurons
from short- and long-term sucrose consuming rats compared to their age-matched controls.

Results are summarised in Tables 3-6 and described below.

The mean dendritic branch segment number per branch order of BLA principal neuron
apical dendrites significantly decreased in short-term and long-term sucrose consuming rats
compared to water controls (4-weeks: P = *0.0467, two-way ANOVA. 12 weeks: P = **0.0022,
two-way ANOVA, Figs 2 and 3). Bonferroni post-tests revealed a non-significant decrease in
the number of branch segments at 4™ order branches (Water: 4.0 + 0.6, n = 7; Sucrose
29+0.4,n=7,P=0.0829, Fig 2D, Table 4) in short-term sucrose rats, while a significant
reduction in branch segments at 4™ order branches (Water: 2.2 £ 0.4, n = 7; Sucrose 1.2 + 0.3,
n=7,P="70.0191, Fig 3D, Table 6) was found in BLA principal cell apical dendrites from
long-term sucrose rats compared to water controls. The mean dendritic branch segment num-

ber per branch order of BLA principal neuron basal dendrites was significantly decreased in
short-term sucrose consuming rats (P = *0.046, two-way ANOVA, Fig 2C) and a trend to a
reduction was observed in long-term sucrose consuming rats compared to water controls

(P = 0.053, two-way ANOVA, Fig 3C).

The mean dendritic segment length per branch order of BLA principal neurons showed a
trend towards reduced branch segment length in long-term sucrose consuming rats compared
to water controls (P = 0.0604, two-way ANOVA) in apical dendrites. Furthermore, branch
order analysis showed a significant decrease in dendritic spine density in the basal dendrites of
BLA principal neurons of long-term sucrose consuming rats compared to controls (P =

Table 2. General morphologic parameters of principal neurons from the BLA of long-term sucrose consuming rats and age-matched water

controls.

Parameter Water (n)
Total dendritic length (um) 2023173 (7)
Mean tree length (um) 601 + 55 (7)

Sucrose (n)
1384 £ 143 (7)
385145 (7)

P-value
0.0146*
0.0099%*

355 + 36 (7)

266 + 20 (7)

847 +123(7)
5+0.2(7)

504 + 87 (7)
3.8+0.3(7)

4.9+0.7(7)

2.7+0.4(7)
5.9+0.4(7)

Spines Per 100 um 77.3+6.5(7)

3.7+0.4(7)
66.8+7.8(7)

80.2+7.4(7)

65+7.6(7)

745158 (7)
(*: p<0.05, **: p<0.01, two-tailed unpaired Student’s t-test)

https://doi.org/10.1371/journal.pone.0183063.t002

68.6+8.4(7)
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Table 3. Branch order characteristics of basal dendrites from short-term sucrose and water drinking rats.

Branch Order Properties

1st order branch segments

1st order mean branch segment length (um)

1st order branch spine density

2nd order branch segments

2nd order mean branch segment length (um)
2nd order branch spine density

3rd order branch segments

3rd order mean branch segment length (um)
3rd order branch spine density

4th order branch segments

4th order mean branch segment length (um)

4th order branch spine density

5th order branch segments

5th order mean branch segment length (um)
5th order branch spine density

https://doi.org/10.1371/journal.pone.0183063.t003

Table 4. Branch order characteristics of apical dendrites from short-term sucrose and water drinking rats.

Branch Order Properties

1st order branch segments

1st order mean branch segment length (um)

1st order branch spine density

2nd order branch segments

2nd order mean branch segment length (um)
2nd order branch spine density

3rd order branch segments

3rd order mean branch segment length (um)
3rd order branch spine density

4th order branch segments

4th order mean branch segment length (um)

4th order branch spine density

5th order branch segments

5th order mean branch segment length (um)
5th order branch spine density

https://doi.org/10.1371/journal.pone.0183063.t1004

Water (7)
3.2+0.3
33.5+34
545+7.1
5.9+0.7
61.6+9.6
58.2+8.0
7.3+1.1
47.7+4.8
42.8+4.8
54+0.8
37.3+5.7
23.3+7.1
3.3x0.4
35.4+5.2
21.0+6.9

Sucrose (7)
2.8+0.1
49674
59.3+3.3
4.9+0.5
54.3+8.8
45.1+6.8
5.0+1.0
484 +6.7
36.8+6.4
3.7+0.6
452+9.7
35.7+4.1
41+1.0
40.2+4.4
22.7+3.5

Adjusted P-value

>0.9999
0.5256
>0.9999
>0.9999
>0.9999
0.6393
0.1119
>0.9999
>0.9999
0.5051
>0.9999
0.7493
>0.9999
>0.9999
>0.9999

*0.0183 two-way ANOVA, Fig 3E). Bonferroni post-tests revealed a non-significant trend
towards reduced spine density at distal 3" order branches (Water: 80.5 + 9.4, n = 7; Sucrose

51.7+7.6,n="7,P=0.074, Table 5).

Lastly, comparison of short-term (4 weeks) and long-term (12 weeks) control groups reveal
no significant differences in the total dendritic arbor length or mean tree length, either in the
basal or apical dendrites. There was, however, a significant decrease in nodes (both basal and
apical) and endings (only basal). Furthermore, there was a significant increase in spine density
in the 12-week control group as compared to the 4-week control group, in both the basal and
apical dendrites. Analysis of branch order characteristics revealed a significant increase in
branch segment length and spine density concomitant with a significant decrease in number
of branch segments (3" branch order and above) of long-term (12 week) controls compared

to short-term (4 week) controls, in both the basal and apical dendrites.

Water (7)
1.0+£0.0
243+2.8
58.1+8.9
2.0+0.0
69.5+11.3
47.0+4.5
34+0.3
65.4+4.4
33.8+4.6
4.0+0.6
38.1+6.0
38.3+6.4
3.0+0.3
46.6+7.2
36.1+2.0

Sucrose (7)
1.0£0.0
57.3+15.8
54.2+5.1
2.0+0.0
92.6+17.5
43.4+2.1
29+0.2
58.2+4.7
38.9+75
29+0.4
43.7+9.2
48.0+7.7
26+0.4
38.3+4.9
50.2+1.3

Adjusted P-value

>0.9999

0.0926
>0.9999
>0.9999

0.4783
>0.9999
>0.9999
>0.9999
>0.9999

0.0829
>0.9999
>0.9999
>0.9999
>0.9999

0.3913
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Table 5. Branch order characteristics of basal dendrites from long-term sucrose and water drinking rats.

Branch Order Properties Water (7) Sucrose (7) Adjusted P-value
1st order branch segments 3.5+0.4 3.3+0.2 >0.9999
1st order mean branch segment length (um) 49.1£4.8 60.8+7.9 >0.9999
1st order branch spine density 101.7+7.6 87.2+13.0 >0.9999
2nd order branch segments 55+0.6 45+0.3 0.4317
2nd order mean branch segment length (um) 88.0+5.6 67.8+x11.1 0.5964
2nd order branch spine density 74.5+6.1 56.2+6.2 0.583
3rd order branch segments 3.8+0.5 3.0+0.6 0.951
3rd order mean branch segment length (um) 69.6+7.2 64.7+11.2 >0.9999
3rd order branch spine density 80.5+9.4 51.7+7.6 0.074
4th order branch segments 1.7+£0.2 1.6+0.5 >0.9999
4th order mean branch segment length (um) 39.6+10.2 21.0+7.7 0.7456
4th order branch spine density 58.4+9.2 61.1+6.6 >0.9999
5th order branch segments 1.0+£0.2 0.5+0.3 >0.9999
5th order mean branch segment length (um) 27.8+9.6 19.7+11.8 >0.9999
5th order branch spine density 44.6+1.0 41.2+8.9 >0.9999

https://doi.org/10.1371/journal.pone.0183063.t005

Taken together, results from our present study indicate that short-term binge-like sucrose
consumption has a significant effect on the general morphology parameters of principal neu-
rons in the BLA. Additional changes, particularly in apical dendrites, are also observed in BLA
principal neurons from long-term sucrose consuming rats compared to age-matched controls.
Furthermore, branch structure analysis revealed a reduced number of apical and distal 4™
order branches in long-term sucrose consuming rats. In contrast, the morphological parame-
ters of basal dendrites were not as responsive to the effects of short- and long-term sucrose
consumption, although, we did observe an overall reduction in spine density in basal dendrites
when analysed with respect to branch order.

Table 6. Branch order characteristics of apical dendrites from long-term sucrose and water drinking rats.

Branch Order Properties Water (7) Sucrose (7) Adjusted P-value
1st order branch segments 1.0+0 1.0+0 >0.9999
1st order mean branch segment length (um) 43.6+8.4 45.0+16.2 >0.9999
1st order branch spine density 117.3+8.3 123.0+15.0 >0.9999
2nd order branch segments 200 1.9+£0.2 >0.9999
2nd order mean branch segment length (um) 104.1£22.3 78.8+17.4 >0.9999
2nd order branch spine density 70.0+6.7 70.9+9.2 >0.9999
3rd order branch segments 24+0.3 1.7+£0.2 0.1856
3rd order mean branch segment length (um) 78.7+12.9 67.2+18.5 >0.9999
3rd order branch spine density 772+7.7 58.2+7.3 0.6421
4th order branch segments 22+04 1.2+0.3 0.0191*
4th order mean branch segment length (um) 51.2+14.7 33.1+£10.5 >0.9999
4th order branch spine density 78.3+5.6 61.2+6.6 0.8579
5th order branch segments 1.2+0.3 0.6+0.2 0.4459
5th order mean branch segment length (um) 54.6+16.0 16.7+7.4 0.4058
5th order branch spine density 80.5+11.1 64.6+5.4 >0.9999

(*: p<0.05, two-way ANOVA with Bonferroni post-hoc analysis)
https://doi.org/10.1371/journal.pone.0183063.t006
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Discussion

Obesity and its related pathologies are showing increasing trends worldwide. While the contri-
bution of genetics, epigenetics as well as socio-economic factors towards weight gain cannot
be understated, several studies have shown a positive association between weight gain and the
consumption of sugar-sweetened food and beverages [3, 36-40], particularly in children [41-
43]. Interestingly, in humans, the consumption of sugar and sweetened food can cause crav-
ings similar to those produced by addictive substances such as alcohol, nicotine or cocaine, pri-
marily via activation of the mesolimbic reward pathway [7]. We therefore used a model of
binge-like sucrose consumption in rats to determine the effects of short- (4 weeks) and long-
term (12 weeks) intake on neuronal morphology of principal neurons in the BLA, a key com-
ponent of the overlapping reward circuitry that is also modulated by addictive drugs. We show
that principal neurons from the BLA of short- and long-term sucrose consuming rats have sig-
nificantly decreased dendritic length and complexity. Surprisingly, we found that the total
spine densities of BLA principal cells were not affected by binge-like consumption of sucrose.
Overall, these findings demonstrate the contribution of long-term binge-like sucrose intake on
neuronal morphology of the BLA principal neurons and also underscore the possibly detri-
mental effects of diets containing excess amounts of sugar.

The BLA, which forms part of the amygdala, is comprised mainly of principal neurons,
which are morphologically characterized by a pyramidal (or piriform) cell body with a “thick”
apical dendrite and “thinner” basal dendrites [44-48]. These pyramidal cells form ~80% of the
population of neurons in the BLA, the remainder of which are comprised of GABAergic inter-
neurons. The generation of emotional responses in the BLA is largely dependent on the bal-
ance of excitatory and inhibitory afferents to the primary neurons [49], with the GABAergic
interneurons providing tight regulation of the inhibitory tone within the BLA [50, 51]. The
BLA plays an important role in adaptive, goal-directed behavior [21], and is critical for the
production of directed emotional responses and the processing of emotional memories [52].
Furthermore, synaptic connectivity between the BLA and NAc has been suggested to be essen-
tial in reward-seeking behavior [19]. Given that BLA principal cell apical dendrites receive dis-
tal glutamatergic inputs that play a pivotal role in the formation of emotional and associative
memories, it is interesting to note that our study revealed significant restructuring of apical
distal branches. A change in the level of excitatory inputs received by BLA principal neurons is
likely to influence their neuronal activity. Whether long-term sucrose induced reductions in
dendritic length and branching of BLA principal neurons, particularly in the distal apical den-
drites are associated with reductions in their excitatory activity and neuronal output is an
interesting possibility that warrants further investigation.

In relation to morphological changes of BLA neurons, various studies have examined the
effect of drug-intake. For example, [53] demonstrated that chronic nicotine exposure produces
age-dependent dendritic remodeling in the rodent basolateral amygdala (also reviewed here—
[54]). Also, evidence suggests that prenatal ethanol exposure alters dendritic morphology in
the BLA of rat offspring [55]. Bergstrom and colleagues (2010) showed that chronic nicotine
exposure reduced dendritic complexity, a finding similar to our results. In contrast, they
reported increased total dendritic length, an observation also noted in chronic alcohol expo-
sure [55]. In addition, chronic immobilization stress (CIS) has also shown to induce greater
total dendritic length concomitant with enhanced dendritic arborisation [56]. Therefore, it is
possible that the observed alteration to dendritic morphology seen in our study could mirror
the effects seen with drugs of abuse. Indeed, our previous study that examined the effects of
sucrose consumption in the NAc [18] identified lower total dendritic length and increased dis-
tal spine density, hallmarks of morphological changes seen in response to drugs of abuse such
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as alcohol, cocaine and amphetamines. Interestingly, studies have also shown that not only
drugs of abuse but also a diet high in fat attenuates dendritic spine density in regions mediat-
ing reward and motivation [57] as well as decreased inhibitory synaptic transmission [58] in
the lateral orbitofrontal cortex that is part of the prefrontal cortex, a key region intricately
involved with processing reward and motivation. Taken together, this suggests the possibility
of overlapping neural pathways for drugs of abuse and certain foods types. Additionally, lower
dendritic complexity as well as reduced total dendritic length, both findings observed in our
study, are noted in reversal of stress-induced anxiety [59], suggesting that dendritic hypotro-
phy in the BLA may act as a resilience marker [60]. While the changes observed in our study
resemble some changes due to drugs of abuse, the absence of changes in spine density in our
study, particularly at distal dendritic branches suggest that additional changes are specific to
high sucrose intake. In particular, altered neuronal pruning could be an additional factor that
may play a role in the observed changes to the morphometry of BLA principal neurons, espe-
cially following long-term binge-like sucrose consumption. It is also noteworthy that exposure
to various drugs of abuse as well as various types of stress can cause an increase in distal spine
density in the BLA principal neurons [61, 62]. In contrast, studies with fatty acid amide hydro-
lase (FAAH) deficient rodents are marked by an absence in spine density change by those very
same stressors [63], but coupled with an increased sucrose consumption [64]. This inverse
relationship between increased sucrose consumption and reduced function of FAAH, and the
concomitant absence of spines in FAAH deficient paradigms, may provide an explanation for
the absence of spine density changes seen in our study. However, further studies are required
to investigate these effects in more detail.

Lastly, It is noteworthy to take into consideration that the present study’s experimental
model utilised rodents that started consuming sugar in adolescence. Other studies that have
examined neuronal morphological parameters, found changes in response to food as well,
albeit in adults [57]. Furthermore, enhanced excitability of NAc medium spiny neurons in
response to diet-induced obesity has been noted in adult but not adolescent rats [8]. It is par-
ticularly relevant to note that sucrose consumption increases synaptic abundance of AMPA
receptors in nucleus accumbens in adults [9]. Taken together, these studies, in conjunction
with our present study, highlight the importance of studying critical periods of development in
terms of neuron development and function.

In conclusion, although further functional studies are needed to ascertain the mechanisms
underpinning the morphological changes seen in our study, these results demonstrate signifi-
cant neuronal effects due to binge-like sucrose consumption at the level of the BLA. Given
the importance of the BLA in encoding emotional salience and its involvement in adaptive
goal-directed behaviours especially via afferents to the NAc, our study highlights the impor-
tance of examining the effects of excessive sugar consumption (particularly following long-
term intake) on brain regions that modulate the reward circuitry, in order to provide a greater
understanding of the neuronal effects contributing to the obesity epidemic and its attendant
morbidities.

Acknowledgments

We would like to thank Dr Matthew Fogarty for his general involvement and technical contri-
bution to this study.

Author Contributions

Conceptualization: Masroor Shariff, Paul Klenowski, Arnauld Belmer, Selena E. Bartlett.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 13/17


https://doi.org/10.1371/journal.pone.0183063

@° PLOS | ONE

Binge-like sucrose consumption alters rat basolateral amygdala morphology

Data curation: Masroor Shariff, Paul Klenowski, Michael Morgan, Omkar Patkar, Arnauld
Belmer.

Formal analysis: Masroor Shariff, Paul Klenowski, Arnauld Belmer.

Funding acquisition: Selena E. Bartlett.

Investigation: Masroor Shariff, Paul Klenowski, Michael Morgan, Arnauld Belmer.
Methodology: Masroor Shariff, Paul Klenowski, Michael Morgan, Erica Mu, Arnauld Belmer.
Project administration: Paul Klenowski, Selena E. Bartlett.

Resources: Selena E. Bartlett.

Software: Selena E. Bartlett.

Supervision: Mark Bellingham, Arnauld Belmer, Selena E. Bartlett.

Validation: Masroor Shariff, Arnauld Belmer.

Writing - original draft: Masroor Shariff, Arnauld Belmer, Selena E. Bartlett.

Writing - review & editing: Masroor Shariff, Paul Klenowski, Arnauld Belmer, Selena E.
Bartlett.

References

1. WHO. Obesity: preventing and managing the global epidemic. Report of a WHO consultation. World
Health Organization technical report series. 2000; 894:i—xii, 1-253. Epub 2001/03/10. PMID:
11234459.

2. TeMorengal, Mallard S, Mann J. Dietary sugars and body weight: systematic review and meta-
analyses of randomised controlled trials and cohort studies. BMJ (Clinical research ed). 2013; 346:
e7492. Epub 2013/01/17. https://doi.org/10.1136/bmj.e7492 PMID: 23321486.

3. Malik VS, Popkin BM, Bray GA, Despres JP, Hu FB. Sugar-sweetened beverages, obesity, type 2 dia-
betes mellitus, and cardiovascular disease risk. Circulation. 2010; 121(11):1356—-64. Epub 2010/03/24.
https://doi.org/10.1161/CIRCULATIONAHA.109.876185 PMID: 20308626.

4. Bray GA, Popkin BM. Dietary sugar and body weight: have we reached a crisis in the epidemic of obe-
sity and diabetes?: health be damned! Pour on the sugar. Diabetes care. 2014; 37(4):950-6. Epub
2014/03/22. https://doi.org/10.2337/dc13-2085 PMID: 24652725.

5. Lutter M, Nestler EJ. Homeostatic and hedonic signals interact in the regulation of food intake. The Jour-
nal of nutrition. 2009; 139(3):629-32. Epub 2009/01/30. https://doi.org/10.3945/jn.108.097618 PMID:
19176746.

6. Kenny PJ. Reward mechanisms in obesity: new insights and future directions. Neuron. 2011; 69
(4):664—79. Epub 2011/02/23. https://doi.org/10.1016/j.neuron.2011.02.016 PMID: 21338878.

7. Volkow ND, Wang GJ, Fowler JS, Tomasi D, Baler R. Food and drug reward: overlapping circuits in
human obesity and addiction. Current topics in behavioral neurosciences. 2012; 11:1-24. Epub 2011/
10/22. https://doi.org/10.1007/7854_2011_169 PMID: 22016109.

8. Oginsky MF, Maust JD, Corthell JT, Ferrario CR. Enhanced cocaine-induced locomotor sensitization
and intrinsic excitability of NAc medium spiny neurons in adult but not in adolescent rats susceptible to
diet-induced obesity. Psychopharmacology. 2016; 233(5):773-84. https://doi.org/10.1007/s00213-015-
4157-x PMID: 26612617.

9. Peng XX, Lister A, Rabinowitsch A, Kolaric R, Cabeza de Vaca S, Ziff EB, et al. Episodic sucrose intake
during food restriction increases synaptic abundance of AMPA receptors in nucleus accumbens and
augments intake of sucrose following restoration of ad libitum feeding. Neuroscience. 2015; 295:58—71.
https://doi.org/10.1016/j.neuroscience.2015.03.025 PMID: 25800309.

10. Stouffer MA, Woods CA, Patel JC, Lee CR, Witkovsky P, Bao L, et al. Insulin enhances striatal dopa-
mine release by activating cholinergic interneurons and thereby signals reward. Nature communica-
tions. 2015; 6:8543. https://doi.org/10.1038/ncomms9543 PMID: 26503322.

11.  Smith KL, Rao RR, Velazquez-Sanchez C, Valenza M, Giuliano C, Everitt BJ, et al. The uncompetitive
N-methyl-D-aspartate antagonist memantine reduces binge-like eating, food-seeking behavior, and
compulsive eating: role of the nucleus accumbens shell. Neuropsychopharmacology: official publication

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 14/17


http://www.ncbi.nlm.nih.gov/pubmed/11234459
https://doi.org/10.1136/bmj.e7492
http://www.ncbi.nlm.nih.gov/pubmed/23321486
https://doi.org/10.1161/CIRCULATIONAHA.109.876185
http://www.ncbi.nlm.nih.gov/pubmed/20308626
https://doi.org/10.2337/dc13-2085
http://www.ncbi.nlm.nih.gov/pubmed/24652725
https://doi.org/10.3945/jn.108.097618
http://www.ncbi.nlm.nih.gov/pubmed/19176746
https://doi.org/10.1016/j.neuron.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21338878
https://doi.org/10.1007/7854_2011_169
http://www.ncbi.nlm.nih.gov/pubmed/22016109
https://doi.org/10.1007/s00213-015-4157-x
https://doi.org/10.1007/s00213-015-4157-x
http://www.ncbi.nlm.nih.gov/pubmed/26612617
https://doi.org/10.1016/j.neuroscience.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25800309
https://doi.org/10.1038/ncomms9543
http://www.ncbi.nlm.nih.gov/pubmed/26503322
https://doi.org/10.1371/journal.pone.0183063

@° PLOS | ONE

Binge-like sucrose consumption alters rat basolateral amygdala morphology

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

of the American College of Neuropsychopharmacology. 2015; 40(5):1163—71. https://doi.org/10.1038/
npp.2014.299 PMID: 25381776.

Berridge KC. From prediction error to incentive salience: mesolimbic computation of reward motivation.
The European journal of neuroscience. 2012; 35(7):1124—43. Epub 2012/04/11. https://doi.org/10.
1111/1.1460-9568.2012.07990.x PMID: 22487042.

Tindell AJ, Berridge KC, Zhang J, Pecina S, Aldridge JW. Ventral pallidal neurons code incentive moti-
vation: amplification by mesolimbic sensitization and amphetamine. The European journal of neurosci-
ence. 2005; 22(10):2617-34. Epub 2005/11/26. https://doi.org/10.1111/j.1460-9568.2005.04411.x
PMID: 16307604.

Wyvell CL, Berridge KC. Intra-accumbens amphetamine increases the conditioned incentive salience
of sucrose reward: enhancement of reward "wanting" without enhanced "liking" or response reinforce-
ment. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2000; 20
(21):8122-30. Epub 2000/10/26. PMID: 11050134.

Wyvell CL, Berridge KC. Incentive sensitization by previous amphetamine exposure: increased cue-
triggered "wanting" for sucrose reward. The Journal of neuroscience: the official journal of the Society
for Neuroscience. 2001; 21(19):7831-40. Epub 2001/09/22. PMID: 11567074.

Kenny PJ. Common cellular and molecular mechanisms in obesity and drug addiction. Nature reviews
Neuroscience. 2011; 12(11):638-51. Epub 2011/10/21. https://doi.org/10.1038/nrn3105 PMID:
22011680.

Avena NM, Rada P, Hoebel BG. Evidence for sugar addiction: behavioral and neurochemical effects of
intermittent, excessive sugar intake. Neuroscience and biobehavioral reviews. 2008; 32(1):20-39.
Epub 2007/07/10. https://doi.org/10.1016/j.neubiorev.2007.04.019 PMID: 17617461.

Klenowski PM, Shariff MR, Belmer A, Fogarty MJ, Mu EW, Bellingham MC, et al. Prolonged Consump-
tion of Sucrose in a Binge-Like Manner, Alters the Morphology of Medium Spiny Neurons in the Nucleus
Accumbens Shell. Frontiers in behavioral neuroscience. 2016; 10:54. https://doi.org/10.3389/fnbeh.
2016.00054 PMID: 27047355.

Everitt BJ, Parkinson JA, Olmstead MC, Arroyo M, Robledo P, Robbins TW. Associative processes in
addiction and reward. The role of amygdala-ventral striatal subsystems. Annals of the New York Acad-
emy of Sciences. 1999; 877:412-38. PMID: 10415662.

Robbins TW, Everitt BJ. Limbic-striatal memory systems and drug addiction. Neurobiology of learning
and memory. 2002; 78(3):625-36. PMID: 12559840.

Wassum KM, Izquierdo A. The basolateral amygdala in reward learning and addiction. Neuroscience
and biobehavioral reviews. 2015; 57:271-83. https://doi.org/10.1016/j.neubiorev.2015.08.017 PMID:
26341938.

Likhtik E, Pelletier JG, Paz R, Pare D. Prefrontal control of the amygdala. The Journal of neuroscience:
the official journal of the Society for Neuroscience. 2005; 25(32):7429-37. https://doi.org/10.1523/
JNEUROSCI.2314-05.2005 PMID: 16093394.

Vertes RP. Interactions among the medial prefrontal cortex, hippocampus and midline thalamus in emo-
tional and cognitive processing in the rat. Neuroscience. 2006; 142(1):1-20. https://doi.org/10.1016/j.
neuroscience.2006.06.027 PMID: 16887277.

Orsini CA, Kim JH, Knapska E, Maren S. Hippocampal and prefrontal projections to the basal amygdala
mediate contextual regulation of fear after extinction. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 2011; 31(47):17269-77. https://doi.org/10.1523/JNEUROSCI.4095-11.
2011 PMID: 22114293.

Turner BH, Herkenham M. Thalamoamygdaloid projections in the rat: a test of the amygdala’s role in
sensory processing. The Journal of comparative neurology. 1991; 313(2):295-325. https://doi.org/10.
1002/cne.903130208 PMID: 1765584.

Juarez B, Han MH. Diversity of Dopaminergic Neural Circuits in Response to Drug Exposure. Neurop-
sychopharmacology: official publication of the American College of Neuropsychopharmacology. 2016.
https://doi.org/10.1038/npp.2016.32 PMID: 26934955.

Kirouac GJ, Ganguly PK. Topographical organization in the nucleus accumbens of afferents from the
basolateral amygdala and efferents to the lateral hypothalamus. Neuroscience. 1995; 67(3):625-30.
PMID: 7675191.

French SJ, Totterdell S. Individual nucleus accumbens-projection neurons receive both basolateral
amygdala and ventral subicular afferents in rats. Neuroscience. 2003; 119(1):19-31. PMID: 12763065.

Britt JP, Benaliouad F, McDevitt RA, Stuber GD, Wise RA, Bonci A. Synaptic and behavioral profile of
multiple glutamatergic inputs to the nucleus accumbens. Neuron. 2012; 76(4):790-803. https://doi.org/
10.1016/j.neuron.2012.09.040 PMID: 23177963.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 15/17


https://doi.org/10.1038/npp.2014.299
https://doi.org/10.1038/npp.2014.299
http://www.ncbi.nlm.nih.gov/pubmed/25381776
https://doi.org/10.1111/j.1460-9568.2012.07990.x
https://doi.org/10.1111/j.1460-9568.2012.07990.x
http://www.ncbi.nlm.nih.gov/pubmed/22487042
https://doi.org/10.1111/j.1460-9568.2005.04411.x
http://www.ncbi.nlm.nih.gov/pubmed/16307604
http://www.ncbi.nlm.nih.gov/pubmed/11050134
http://www.ncbi.nlm.nih.gov/pubmed/11567074
https://doi.org/10.1038/nrn3105
http://www.ncbi.nlm.nih.gov/pubmed/22011680
https://doi.org/10.1016/j.neubiorev.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17617461
https://doi.org/10.3389/fnbeh.2016.00054
https://doi.org/10.3389/fnbeh.2016.00054
http://www.ncbi.nlm.nih.gov/pubmed/27047355
http://www.ncbi.nlm.nih.gov/pubmed/10415662
http://www.ncbi.nlm.nih.gov/pubmed/12559840
https://doi.org/10.1016/j.neubiorev.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26341938
https://doi.org/10.1523/JNEUROSCI.2314-05.2005
https://doi.org/10.1523/JNEUROSCI.2314-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16093394
https://doi.org/10.1016/j.neuroscience.2006.06.027
https://doi.org/10.1016/j.neuroscience.2006.06.027
http://www.ncbi.nlm.nih.gov/pubmed/16887277
https://doi.org/10.1523/JNEUROSCI.4095-11.2011
https://doi.org/10.1523/JNEUROSCI.4095-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22114293
https://doi.org/10.1002/cne.903130208
https://doi.org/10.1002/cne.903130208
http://www.ncbi.nlm.nih.gov/pubmed/1765584
https://doi.org/10.1038/npp.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/26934955
http://www.ncbi.nlm.nih.gov/pubmed/7675191
http://www.ncbi.nlm.nih.gov/pubmed/12763065
https://doi.org/10.1016/j.neuron.2012.09.040
https://doi.org/10.1016/j.neuron.2012.09.040
http://www.ncbi.nlm.nih.gov/pubmed/23177963
https://doi.org/10.1371/journal.pone.0183063

@° PLOS | ONE

Binge-like sucrose consumption alters rat basolateral amygdala morphology

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Shariff M, Quik M, Holgate J, Morgan M, Patkar OL, Tam V, et al. Neuronal Nicotinic Acetylcholine
Receptor Modulators Reduce Sugar Intake. PloS one. 2016; 11(3):e0150270. https://doi.org/10.1371/
journal.pone.0150270 PMID: 27028298.

Simms JA, Steensland P, Medina B, Abernathy KE, Chandler LJ, Wise R, et al. Intermittent access to
20% ethanol induces high ethanol consumption in Long-Evans and Wistar rats. Alcoholism, clinical and
experimental research. 2008; 32(10):1816—23. Epub 2008/08/02. https://doi.org/10.1111/j.1530-0277.
2008.00753.x PMID: 18671810.

Wise RA. Voluntary ethanol intake in rats following exposure to ethanol on various schedules. Psycho-
pharmacologia. 1973; 29(3):203—-10. Epub 1973/01/01. PMID: 4702273.

Ranjan A, Mallick BN. A modified method for consistent and reliable Golgi-cox staining in significantly
reduced time. Frontiers in neurology. 2010; 1:157. Epub 2011/01/14. https://doi.org/10.3389/fneur.
2010.00157 PMID: 21228908.

Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 6th ed. Amsterdam; Boston;: Aca-
demic Press/Elsevier; 2007.

Klenowski PM, Fogarty MJ, Belmer A, Noakes PG, Bellingham MC, Bartlett SE. Structural and func-
tional characterization of dendritic arbors and GABAergic synaptic inputs on interneurons and principal
cells in the rat basolateral amygdala. Journal of neurophysiology. 2015; 114(2):942-57. Epub 2015/06/
05. https://doi.org/10.1152/jn.00824.2014 PMID: 26041829.

Martin-Calvo N, Martinez-Gonzalez MA, Bes-Rastrollo M, Gea A, Ochoa MC, Marti A. Sugar-sweet-
ened carbonated beverage consumption and childhood/adolescent obesity: a case-control study. Public
health nutrition. 2014:1-9. Epub 2014/02/04. https://doi.org/10.1017/s136898001300356x PMID:
24485091.

Malik VS, Hu FB. Sweeteners and Risk of Obesity and Type 2 Diabetes: The Role of Sugar-Sweetened
Beverages. Current diabetes reports. 2012. Epub 2012/02/01. https://doi.org/10.1007/s11892-012-
0259-6 PMID: 22289979.

Hu FB, Malik VS. Sugar-sweetened beverages and risk of obesity and type 2 diabetes: epidemiologic
evidence. Physiology & behavior. 2010; 100(1):47-54. Epub 2010/02/09. https://doi.org/10.1016/j.
physbeh.2010.01.036 PMID: 20138901.

Malik VS, Pan A, Willett WC, Hu FB. Sugar-sweetened beverages and weight gain in children and
adults: a systematic review and meta-analysis. The American journal of clinical nutrition. 2013; 98
(4):1084-102. Epub 2013/08/24. https://doi.org/10.3945/ajcn.113.058362 PMID: 23966427.

Hu FB. Resolved: there is sufficient scientific evidence that decreasing sugar-sweetened beverage con-
sumption will reduce the prevalence of obesity and obesity-related diseases. Obesity reviews: an official
journal of the International Association for the Study of Obesity. 2013; 14(8):606—19. Epub 2013/06/15.
https://doi.org/10.1111/0br.12040 PMID: 23763695.

Shang L, O’Loughlin J, Tremblay A, Gray-Donald K. The association between food patterns and adipos-
ity among Canadian children at risk of overweight. Applied physiology, nutrition, and metabolism = Phy-
siologie appliquee, nutrition et metabolisme. 2014; 39(2):195-201. Epub 2014/01/31. https://doi.org/10.
1139/apnm-2012-0392 PMID: 24476475.

Millar L, Rowland B, Nichols M, Swinburn B, Bennett C, Skouteris H, et al. Relationship between raised
BMI and sugar sweetened beverage and high fat food consumption among children. Obesity (Silver
Spring, Md). 2013. Epub 2013/12/10. https://doi.org/10.1002/0by.20665 PMID: 24318968.

Zheng M, Rangan A, Olsen NJ, Bo Andersen L, Wedderkopp N, Kristensen P, et al. Sugar-sweetened
beverages consumption in relation to changes in body fatness over 6 and 12 years among 9-year-old
children: the European Youth Heart Study. European journal of clinical nutrition. 2014; 68(1):77—-83.
Epub 2013/11/28. https://doi.org/10.1038/ejcn.2013.243 PMID: 24281311.

Hall E. The amygdala of the cat: a Golgi study. Zeitschrift fur Zellforschung und mikroskopische Anato-
mie. 1972; 134(4):439-58. PMID: 4638299.

McDonald AJ. Neurons of the lateral and basolateral amygdaloid nuclei: a Golgi study in the rat. The
Journal of comparative neurology. 1982; 212(3):293—-312. https://doi.org/10.1002/cne.902120307
PMID: 6185547.

McDonald AJ. Neuronal organization of the lateral and basolateral amygdaloid nuclei in the rat. The
Journal of comparative neurology. 1984; 222(4):589-6086. https://doi.org/10.1002/cne.902220410
PMID: 6199387.

McDonald AJ. Projection neurons of the basolateral amygdala: a correlative Golgi and retrograde tract
tracing study. Brain research bulletin. 1992; 28(2):179-85. PMID: 1375860.

Millhouse OE, DeOlmos J. Neuronal configurations in lateral and basolateral amygdala. Neuroscience.
1983; 10(4):1269-300. PMID: 6664494.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 16/17


https://doi.org/10.1371/journal.pone.0150270
https://doi.org/10.1371/journal.pone.0150270
http://www.ncbi.nlm.nih.gov/pubmed/27028298
https://doi.org/10.1111/j.1530-0277.2008.00753.x
https://doi.org/10.1111/j.1530-0277.2008.00753.x
http://www.ncbi.nlm.nih.gov/pubmed/18671810
http://www.ncbi.nlm.nih.gov/pubmed/4702273
https://doi.org/10.3389/fneur.2010.00157
https://doi.org/10.3389/fneur.2010.00157
http://www.ncbi.nlm.nih.gov/pubmed/21228908
https://doi.org/10.1152/jn.00824.2014
http://www.ncbi.nlm.nih.gov/pubmed/26041829
https://doi.org/10.1017/s136898001300356x
http://www.ncbi.nlm.nih.gov/pubmed/24485091
https://doi.org/10.1007/s11892-012-0259-6
https://doi.org/10.1007/s11892-012-0259-6
http://www.ncbi.nlm.nih.gov/pubmed/22289979
https://doi.org/10.1016/j.physbeh.2010.01.036
https://doi.org/10.1016/j.physbeh.2010.01.036
http://www.ncbi.nlm.nih.gov/pubmed/20138901
https://doi.org/10.3945/ajcn.113.058362
http://www.ncbi.nlm.nih.gov/pubmed/23966427
https://doi.org/10.1111/obr.12040
http://www.ncbi.nlm.nih.gov/pubmed/23763695
https://doi.org/10.1139/apnm-2012-0392
https://doi.org/10.1139/apnm-2012-0392
http://www.ncbi.nlm.nih.gov/pubmed/24476475
https://doi.org/10.1002/oby.20665
http://www.ncbi.nlm.nih.gov/pubmed/24318968
https://doi.org/10.1038/ejcn.2013.243
http://www.ncbi.nlm.nih.gov/pubmed/24281311
http://www.ncbi.nlm.nih.gov/pubmed/4638299
https://doi.org/10.1002/cne.902120307
http://www.ncbi.nlm.nih.gov/pubmed/6185547
https://doi.org/10.1002/cne.902220410
http://www.ncbi.nlm.nih.gov/pubmed/6199387
http://www.ncbi.nlm.nih.gov/pubmed/1375860
http://www.ncbi.nlm.nih.gov/pubmed/6664494
https://doi.org/10.1371/journal.pone.0183063

@° PLOS | ONE

Binge-like sucrose consumption alters rat basolateral amygdala morphology

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Davis M, Rainnie D, Cassell M. Neurotransmission in the rat amygdala related to fear and anxiety.
Trends in neurosciences. 1994; 17(5):208—14. PMID: 7520203.

Ehrlich I, Humeau Y, Grenier F, Ciocchi S, Herry C, Luthi A. Amygdala inhibitory circuits and the control
of fear memory. Neuron. 2009; 62(6):757—71. https://doi.org/10.1016/j.neuron.2009.05.026 PMID:
19555645.

Spampanato J, Polepalli J, Sah P. Interneurons in the basolateral amygdala. Neuropharmacology.
2011; 60(5):765-73. https://doi.org/10.1016/j.neuropharm.2010.11.006 PMID: 21093462.

Ryan SJ, Ehrlich DE, Rainnie DG. Morphology and dendritic maturation of developing principal neurons
in the rat basolateral amygdala. Brain structure & function. 2016; 221(2):839-54. https://doi.org/10.
1007/s00429-014-0939-x PMID: 25381464.

Bergstrom HC, Smith RF, Mollinedo NS, McDonald CG. Chronic nicotine exposure produces lateral-
ized, age-dependent dendritic remodeling in the rodent basolateral amygdala. Synapse (New York,
NY). 2010; 64(10):754—64. https://doi.org/10.1002/syn.20783 PMID: 20336623.

Smith RF, McDonald CG, Bergstrom HC, Ehlinger DG, Brielmaier JM. Adolescent nicotine induces per-
sisting changes in development of neural connectivity. Neuroscience and biobehavioral reviews. 2015;
55:432—-43. https://doi.org/10.1016/j.neubiorev.2015.05.019 PMID: 26048001.

Cullen CL, Burne TH, Lavidis NA, Moritz KM. Low dose prenatal ethanol exposure induces anxiety-like
behaviour and alters dendritic morphology in the basolateral amygdala of rat offspring. PloS one. 2013;
8(1):54924. https://doi.org/10.1371/journal.pone.0054924 PMID: 23383000.

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S. Chronic stress induces contrasting patterns of
dendritic remodeling in hippocampal and amygdaloid neurons. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2002; 22(15):6810-8. PMID: 12151561.

Dingess PM, Darling RA, Kurt Dolence E, Culver BW, Brown TE. Exposure to a diet high in fat attenu-
ates dendritic spine density in the medial prefrontal cortex. Brain structure & function. 2017; 222
(2):1077-85. https://doi.org/10.1007/s00429-016-1208-y PMID: 26983815.

Thompson JL, Drysdale M, Baimel C, Kaur M, MacGowan T, Pitman KA, et al. Obesity-Induced Struc-
tural and Neuronal Plasticity in the Lateral Orbitofrontal Cortex. Neuropsychopharmacology: official
publication of the American College of Neuropsychopharmacology. 2017. https://doi.org/10.1038/npp.
2016.284 PMID: 28042870.

Ashokan A, Hegde A, Mitra R. Short-term environmental enrichment is sufficient to counter stress-
induced anxiety and associated structural and molecular plasticity in basolateral amygdala. Psycho-
neuroendocrinology. 2016; 69:189-96. https://doi.org/10.1016/j.psyneuen.2016.04.009 PMID:
27128967.

Mitra R, Adamec R, Sapolsky R. Resilience against predator stress and dendritic morphology of amyg-
dala neurons. Behavioural brain research. 2009; 205(2):535—43. https://doi.org/10.1016/j.bbr.2009.08.
014 PMID: 19686780.

Padival M, Quinette D, Rosenkranz JA. Effects of repeated stress on excitatory drive of basal amygdala
neurons in vivo. Neuropsychopharmacology: official publication of the American College of Neuropsy-
chopharmacology. 2013; 38(9):1748-62. https://doi.org/10.1038/npp.2013.74 PMID: 23535779.

Padival MA, Blume SR, Rosenkranz JA. Repeated restraint stress exerts different impact on structure
of neurons in the lateral and basal nuclei of the amygdala. Neuroscience. 2013; 246:230—42. https://doi.
org/10.1016/j.neuroscience.2013.04.061 PMID: 23660193.

Hill MN, Kumar SA, Filipski SB, Iverson M, Stuhr KL, Keith JM, et al. Disruption of fatty acid amide
hydrolase activity prevents the effects of chronic stress on anxiety and amygdalar microstructure.
Molecular psychiatry. 2013; 18(10):1125-35. https://doi.org/10.1038/mp.2012.90 PMID: 22776900.

Vinod KY, Xie S, Psychoyos D, Hungund BL, Cooper TB, Tejani-Butt SM. Dysfunction in fatty acid
amide hydrolase is associated with depressive-like behavior in Wistar Kyoto rats. PloS one. 2012; 7(5):
€36743. https://doi.org/10.1371/journal.pone.0036743 PMID: 22606285.

PLOS ONE | https://doi.org/10.1371/journal.pone.0183063  August 16, 2017 17/17


http://www.ncbi.nlm.nih.gov/pubmed/7520203
https://doi.org/10.1016/j.neuron.2009.05.026
http://www.ncbi.nlm.nih.gov/pubmed/19555645
https://doi.org/10.1016/j.neuropharm.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21093462
https://doi.org/10.1007/s00429-014-0939-x
https://doi.org/10.1007/s00429-014-0939-x
http://www.ncbi.nlm.nih.gov/pubmed/25381464
https://doi.org/10.1002/syn.20783
http://www.ncbi.nlm.nih.gov/pubmed/20336623
https://doi.org/10.1016/j.neubiorev.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26048001
https://doi.org/10.1371/journal.pone.0054924
http://www.ncbi.nlm.nih.gov/pubmed/23383000
http://www.ncbi.nlm.nih.gov/pubmed/12151561
https://doi.org/10.1007/s00429-016-1208-y
http://www.ncbi.nlm.nih.gov/pubmed/26983815
https://doi.org/10.1038/npp.2016.284
https://doi.org/10.1038/npp.2016.284
http://www.ncbi.nlm.nih.gov/pubmed/28042870
https://doi.org/10.1016/j.psyneuen.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27128967
https://doi.org/10.1016/j.bbr.2009.08.014
https://doi.org/10.1016/j.bbr.2009.08.014
http://www.ncbi.nlm.nih.gov/pubmed/19686780
https://doi.org/10.1038/npp.2013.74
http://www.ncbi.nlm.nih.gov/pubmed/23535779
https://doi.org/10.1016/j.neuroscience.2013.04.061
https://doi.org/10.1016/j.neuroscience.2013.04.061
http://www.ncbi.nlm.nih.gov/pubmed/23660193
https://doi.org/10.1038/mp.2012.90
http://www.ncbi.nlm.nih.gov/pubmed/22776900
https://doi.org/10.1371/journal.pone.0036743
http://www.ncbi.nlm.nih.gov/pubmed/22606285
https://doi.org/10.1371/journal.pone.0183063

