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ABSTRACT: Excessive consumption of added sugars negatively impacts
metabolic systems; however, effects on cognitive function are poorly
understood. Also unknown is whether negative outcomes associated with
consumption of different sugars are exacerbated during critical periods of
development (e.g., adolescence). Here we examined the effects of sucrose
and high fructose corn syrup-55 (HFCS-55) intake during adolescence or
adulthood on cognitive and metabolic outcomes. Adolescent or adult
male rats were given 30-day access to chow, water, and either (1) 11%
sucrose solution, (2) 11% HFCS-55 solution, or (3) an extra bottle
of water (control). In adolescent rats, HFCS-55 intake impaired
hippocampal-dependent spatial learning and memory in a Barne’s maze,
with moderate learning impairment also observed for the sucrose group.
The learning and memory impairment is unlikely based on nonspecific
behavioral effects as adolescent HFCS-55 consumption did not impact
anxiety in the zero maze or performance in a non-spatial response learn-
ing task using the same mildly aversive stimuli as the Barne’s maze. Pro-
tein expression of pro-inflammatory cytokines (interleukin 6, interleukin
1b) was increased in the dorsal hippocampus for the adolescent HFCS-55
group relative to controls with no significant effect in the sucrose group,
whereas liver interleukin 1b and plasma insulin levels were elevated for
both adolescent-exposed sugar groups. In contrast, intake of HFCS-55 or
sucrose in adults did not impact spatial learning, glucose tolerance, anxi-
ety, or neuroinflammatory markers. These data show that consumption of
added sugars, particularly HFCS-55, negatively impacts hippocampal
function, metabolic outcomes, and neuroinflammation when consumed
in excess during the adolescent period of development. VC 2014 Wiley Peri-
odicals, Inc.
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INTRODUCTION

Consumption of a “Western diet” high in saturated
fatty acids (SFA) and simple sugars (mono- and disac-
charides) is associated with the development of obe-
sity, Type 2 Diabetes, and cardiovascular disease (Hu
et al., 2001; Landsberg et al., 2013). Emerging evi-
dence derived from both humans and nonhuman ani-
mal models shows that in addition to these negative
health outcomes, Western diet consumption is also
associated with impairments in various cognitive
domains, particularly learning and memory processes
that rely on the integrity of the hippocampus
(Molteni et al., 2002; Gunstad et al., 2006; Kanoski
et al., 2007; Granholm et al., 2008; Stranahan et al.,
2008; Murray et al., 2009; Kanoski and Davidson,
2010; Kanoski et al., 2010; Francis and Stevenson,
2011; Benito-Leon et al., 2013; Darling et al., 2013).
In some cases, intake of a Western diet leads to
hippocampal-dependent memory disruption following
only very short periods of consumption [e.g., less
than 2 weeks (Murray et al., 2009; Kanoski and
Davidson, 2010)], suggesting that dietary factors can
have negative impacts on cognitive function independ-
ent of (or prior to) the development of obesity and
related metabolic derangements.

Consumption of added sugars can lead to hyperac-
tivation of brain reward circuitry (Avena et al., 2008;
Veldhuizen et al., 2011; Rudenga and Small, 2013;
Stice et al., 2013) and, in some cases, increased overall
kcal intake (Avena et al., 2012; la Fleur et al., 2014).
Consumption of simple carbohydrates, particularly
sugars present in soft drinks and other sugar-
sweetened beverages (SSBs), has increased substantially
in the past 30 years (Duffey and Popkin, 2007;
Marriott et al., 2010; Bray, 2013). While the harmful
metabolic outcomes of excessively consuming SSBs
and other added sugars are coming to light (Bray
et al., 2004; Johnson et al., 2009; Bocarsly et al.,
2010; Bray, 2013; Goran et al., 2013; Te Morenga
et al., 2013), the impact of consuming different sugars
on cognitive function is poorly understood. Intake of
Western diets high in SFAs and sugars can lead to
substantial memory deficits in both humans and ani-
mal models [see (Kanoski and Davidson, 2011;
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Kanoski, 2012; Francis and Stevenson, 2013; Freeman et al.,
2013; Martin and Davidson, 2014) for reviews]. However, the
relative impact of added sugars vs. SFA consumption on cogni-
tion is unclear given that intake of these dietary factors typi-
cally co-varies in human populations (Kant, 2003; Reedy and
Krebs-Smith, 2010), and the majority of controlled animal
model studies compare consumption of Western diets to low-
fat, complex carbohydrate rodent diets. The present investiga-
tion specifically examines the impact of two different sugars
[sucrose and high fructose corn syrup-55 (HFCS-55)], the
most commonly used added sweeteners in the United States,
on hippocampal-dependent spatial memory function, as well as
metabolic and neuronal outcomes. These sugars differ primarily
in the ratio of fructose to glucose, with 50:50 for sucrose and
55:42 for HFCS-55, and in the fact that fructose and glucose
are “free” monosaccharides in HFCS-55 and are “bound”
within the disaccharide sucrose. This latter distinction may
contribute to differential metabolic impacts of the two sweet-
eners (Sanchez-Lozada et al., 2010; Sheludiakova et al., 2012).

Emerging evidence demonstrates that the negative impact of
Western diet consumption on metabolic outcomes may be exa-
cerbated during critical periods of development [see (Goran
et al., 2013; Boersma et al., 2014) for review]. Several animal
model experiments show that maternal sugar intake during ges-
tation or lactation can have a negative impact on peripheral
glucose regulation, body weight gain, and development of neu-
ronal reward circuitry in offspring (Jen et al., 1991; Rawana
et al., 1993; Vucetic et al., 2010; Vickers et al., 2011; Sun
et al., 2012; Grissom et al., 2014). Adolescence, defined in
rodents as beginning around postnatal day (PN) 28 and
extending to PN60 (Tirelli et al., 2003; Brenhouse and Ander-
sen, 2011) [or to PN42 by other accounts (Spear, 2000)], is
another important critical period, as rapid maturation and
remodeling of neurobiological systems make this period espe-
cially sensitive to perturbation (Spear, 2000; Chambers et al.,
2003). Recent research has demonstrated that in addition to
increased risk for developing metabolic disorders, intake of
Western diets during adolescence also impairs learning and
memory processes in both human and animal models (Privitera
et al., 2011; Boitard et al., 2012; Valladolid-Acebes et al.,
2013; Baym et al., 2014). However, the effect of consuming
SSBs and other added sugars (independent of elevated fat
intake) during adolescence on metabolic and cognitive out-
comes is poorly understood. The present research uses a rat
model to examine the effects of sucrose or HFCS-55 consump-
tion during adolescence or adulthood on cognitive (spatial
memory function, anxiety, response learning) and metabolic
(blood glucose regulation, and hepatic inflammation) out-
comes. To examine a potential neurobiological mechanism for
cognitive deficits, we also investigated the effects of added
sugar consumption on protein markers of inflammation in the
dorsal subregion of the hippocampus, a brain region critically
involved with spatial learning and memory (Fanselow and
Dong, 2010). The concentrations of sucrose and HFCS-55
used in the present experiments (11%) are comparable to that
of SSBs typically consumed by humans in modern Western

cultures. Results provide novel information about the potential
detrimental impact of added sugars/SSB consumption during
critical periods of development on cognitive, metabolic, and
neuronal outcomes.

MATERIALS AND METHODS

Animals and Diets

Thirty-eight adolescent male (50–70g; PN 30) and 38 adult
male (250–270 g; PN 60) Sprague-Dawley rats (Charles River,
Wilmington, MA) were housed individually in 12-h light/dark
cycle. Animals had ad libitum access to chow (LabDiet 5001,
St. Louis, MO) and water except where noted otherwise. All
procedures received approval from the University of Southern
California Animal Care and Use Committee.

Adult or adolescent rats (n 5 12–13 per group) were given
30-days ad libitum access to water, low-fat chow, and either:
(1) a 2nd water bottle (controls), (2) sucrose, or (3) HFCS-55
solution. Sucrose and HFCS-55 solutions were prepared to
contain equal carbohydrate weight/volume (11%) as described
in (Ackroff and Sclafani, 2011). Measurement of body weight,
chow intake, water intake, and sugar solution intake was
recorded every 2 or 3 days. Animals underwent behavioral
training and testing (see below) following the 30-day sugar
exposure period, during which lab chow and water were freely
available. Access to the sugar solutions was given ad libitum for
the HFCS-55 and sucrose groups throughout the behavioral
procedures, however, intake levels were only monitored during
the 30-day exposure period before behavioral training.

Behavioral Procedures

Barnes maze

The Barnes maze is an elevated white circular platform
(Diameter: 122 cm Height: 140 cm) with 18 uniform holes
(9.5 cm diameter) spaced every twenty degrees around the out-
side edge (Med Associates; St Albans, VT). A hidden black
escape box [38.73-cm long 3 11.43-cm wide 3 7.62-cm
depth (5.08-cm to step)] is placed underneath one hole. Four
distinguishable spatial cues (Black and white stripes, a white
circle, a red triangle, and an assortment of irregular shapes) are
present on each wall of the room surrounding the maze and
were readily visible to the animal. An upside-down opaque
black start box is attached to a pulley system, allowing the
experimenter (from a separate room) to initiate a trial and
release the animal for training and testing with minimal experi-
menter interaction. Each rat was assigned a specific escape hole
according to the position of the spatial cues with the location
counterbalanced across groups. Animals were transported from
the home cage in plastic bins with wood chip bedding to the
Barnes maze room. Each animal first underwent a habituation
session that consisted of 1 min inside the transport bin placed
under the maze, 2 min underneath the start box in the center
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of the maze, and 3 min inside the escape box. One day after
the habituation session, animals underwent 6 days of Barnes
maze training. Training consisted of 2 trials per day, during
which the rat is required to locate the assigned designated
escape hole according to the spatial cues on the walls. Mildly
aversive stimuli (120W bright overhead light and 75db white
noise) are utilized to provide motivation to locate the escape
hole (Rosenfeld and Ferguson, 2014). At the start of each
video-recorded trial, the animal is placed within the start box
at the center of the maze. After 30 sec, the start box is raised
by an experimenter in a separate room, and the animal is free
to traverse the maze. Once the animal finds the escape hole
(which is free from overhead illumination), the white noise is
shut off by an experimenter in a separate room monitoring via
live video feed and the animal is allowed to remain in the
escape box for 1 min. The animal is then removed and placed
in a separate room for 2 min, and the maze surface and escape
box are cleaned with 10% ETOH and the maze is rotated 180
degrees (to eliminate olfactory strategies). The procedure is
then repeated for the 2nd trial. If the animal failed to find the
escape hole in 2 min, the experimenter places the animal inside
the escape hole for 1 min. Latency (time to reach the escape
hole) was calculated by an experimenter (in a separate room;
monitoring live video feed) blind to experimental groups.

To assess spatial memory retention, a probe test was con-
ducted two days after the last Barnes maze training session.
Procedures were as described above, except over the two trials,
no escape box is present. In each trial, the animal is allowed to
explore the maze for 2 min. The dependent variable is the %
of correct hole investigations (calculated by the experimenter
blind to experimental groups). Correct hole investigations were
defined a priori as investigations of the correct hole, or the
holes immediately adjacent to it. The percentage of correct
hole investigations was then calculated by dividing the number
of correct investigations by the total number of hole
investigations.

Zero maze

To test for potential anxiety effects associated with SSB con-
sumption, the same rats underwent testing in a zero maze
(63.5-cm fall height, 116.8-cm outside diameter) two days after
Barnes maze memory probe test. The zero maze is an elevated
circular track, divided into four equal length sections. Two sec-
tions were open with 3-cm high curbs, whereas the two other
closed sections contained 17.5-cm high walls. Animals were
placed in the maze for 5 min while the experimenter records
the total time spent in open sections (defined as the head and
front two paws in open arms).

Response task (Y-maze)

A separate group of rats underwent a non-spatial response
task in a Y-maze (each arm width 5 14 cm; 29-cm high walls,
54.6-cm arm length) after 30-day adolescent (beginning PN30,
as above) access to either 11% HFCS solution or water (con-
trol) (n 5 10/group). The purpose of this task was to deter-

mine whether learning and memory impairments associated
with adolescent SSB consumption are specific to hippocampal-
dependent spatial tasks, or rather, extend to other behavioral
tasks that utilize the same mildly aversive stimuli, and involve
learning and memory processes (response learning) that are not
impacted by hippocampal lesions (Chang and Gold, 2003).
Procedures are modified from (Chang and Gold, 2003;
Kanoski et al., 2011). Briefly, animals placed in the Y-maze
(which is stationed on top of the Barnes maze in the same
room as Barnes maze training) are required to find an escape
box that is consistently located at the end of the right arm rela-
tive to the starting position. During each trial, animals are sub-
jected to the same mildly aversive stimuli presented in the
Barnes Maze (bright overhead light and white noise). Following
a habituation session (1-min underneath the maze, 3-min con-
fined in the escape box, no aversive stimuli presentation), ani-
mals underwent 1 day of training and 1 day of testing. In
training, trials ended when one of the following occurred: (1)
the rat located the escape box by entering the right (correct)
arm and traversing to the escape box; or (2) the rat entered the
incorrect (left) arm. Animals were required to complete five
consecutive correct trials before ending the session. After mak-
ing a correct response, the animal is allowed to remain in the
escape box for 1 min (free from overhead light and white
noise), and is then removed and placed in a separate room for
2 min. Before the beginning of the next trial, the starting arm
and escape box location are changed randomly (with escape
box always to the right of starting arm) to minimize the effect
of extra-maze cues, and the maze, platform, and escape box are
cleansed with 10% ETOH. After each incorrect response, the
animal is placed in a bin next to the maze and exposed to the
overhead light and white noise for 30 sec, and the trial is
repeated until a correct response is made. Memory retention
testing occurred under the same conditions two days after the
training session. The dependent variables were the number of
trials required to reach criterion (Trials to criterion), and
latency to find the escape box during correct trials. This latter
dependent variable served as a control for potential groups dif-
ferences in sensitivity to the stimuli and/or motivation to
escape the stimuli. Latency and accuracy were scored by an
experimenter (blind to the experimental groups) watching live
video feed in a separate room. Consistent with the first cohort,
body weights did not significantly differ between the adolescent
HFCS-exposed and control groups at the time of testing or at
any point during the 30-day exposure period.

IP Glucose Tolerance Test (IPGTT)

Animals were food deprived 24 h before a glucose tolerance
test that occurred two days after zero maze testing. Immedi-
ately before the test, baseline blood glucose readings were
obtained from tail tip and recorded by a blood glucose meter
(One touch Ultra2, LifeScan, Milpitas, CA). Each animal was
then intraperitoneally (IP) injected with dextrose solution
(0.923 g/kg body weight, 1 mL/kg) and blood glucose readings
were obtained at 30, 60, 90, and 120 min after IP injections.
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Tissue Collection

Following a 6-hour fast, brains were rapidly removed from
the skull after decapitation and placed on a brain matrix (Kopf
Instruments, Tujunga, CA) for coronal sectioning (2-mm sec-
tions). Tissue from the dorsal hippocampus was extracted bilat-
erally from one 2-mm thick section using a 2-mm inner
diameter tissue punch (Ted Pella, Redding, CA). The brain tis-
sue was immediately flash frozen in cooled isopentane and
stored in 280!C until further processing. Immediately after
decapitation trunk blood was collected and centrifuged at
15,000g for 10 min to collect serum. Plasma was extracted and
stored in 280!C. Liver tissue was collected by cutting off an
approximate volume of 0.5cm3 from the tip of the largest lobe,
and stored at 280!C.

Immunoblotting

Proteins in the brain tissue lysates were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis. The proteins
were transferred onto poly-vinylidene difluouride membranes and
subjected to immunodetection analysis using enhanced chemilu-
minescence (Chemidoc XRS, BioRad, Hercules, CA). An anti-
Interleukin-1b antibody (1:500, Catalog #ab9787, Abcam,
Cambridge, MA) was used to evaluate the concentration of
interleukin-1b (IL-1b) relative to a loading control signal
detected by an anti-b tubulin antibody (1:5000, Catalog
#2128S, Cell Signaling, Danvers, MA). An anti-interleukin-6
antibody (1:500, Catalog # ab6672, Abcam, Cambridge, MA)
was used to evaluate the concentration of interleukin-6 (IL-6) rel-
ative to a loading control signal detected by an anti-b actin anti-
body (1:5000, Catalog # NB600-503, Novus biological,
Littleton, CO). Blots were quantified with densitometry analysis
using National Institutes of Health software (Image J).

Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of IL-1b and IL-6 in liver tissue lysates were
evaluated using IL-1b (Catalog #ab100768, Abcam, Cam-
bridge, MA) and IL-6 (Catalog #ab100713, Abcam, Cam-
bridge, MA) ELISA kits, respectively. Concentration of insulin
in plasma was evaluated using an Insulin ELISA kit (Catalog
#10–1250-01, Mercodia, Winston-Salem, NC). Procedures
were conducted as per the manufacturer’s instructions.

Data Analyses

Barne’s Maze training was analyzed using repeated-measures
analysis of variance (ANOVA), with Group as a between-subjects
variable and Trial as a within-subjects variable. Individual trials
were analyzed separately via one-way ANOVA using Newman
Keuls posthoc analyses to compare individual groups when over-
all Group effects were significant. Overall ANOVAs were con-
ducted across the 1st half of training (1st six trials; before
asymptote performance), and separately across the 2nd half of
training. Chow intake, SSB intake, total kcal intake, body weight,
IPGTT were also analyzed using a similar repeated-measures

ANOVA strategy with Time Period as a within-subjects variable.
Plasma insulin, hippocampal and liver cytokine levels, zero maze
performance, and response task performance were analyzed with
one-way ANVOA; Newman Keuls posthoc analyses compared
individual groups when overall Group effects were significant.
Statistical significance was declared at P< 0.05.

RESULTS

Spatial Learning and Memory (Barnes Maze)

The adolescent-exposed HFCS-55 group was impaired in
acquisition of the spatial Barnes Maze task relative to controls
(Fig. 1a). A significant Group main effect was observed across
the first six trials (P< 0.05); posthoc analyses confirmed that
the group effect was based on a significant difference between
the HFCS-55 and the control group (P< 0.05). Individual
trial analyses showed that the sucrose group demonstrated
increased latency on the 3rd trial compared to controls, whereas
significant differences were observed between the HFCS-55
and control groups on trials, 3, 4, and 6. The HFCS-55 group
was also impaired in the memory probe test relative to controls
[Fig. 1b; Significant Group main effect (P< 0.05) and posthoc
HFCS-55 vs. control effect (P< 0.05)].

There were no significant differences between the adult-
exposed sucrose or HFCS-55 groups and controls for Barnes
maze acquisition performance (Fig. 1c), nor for memory probe
test performance (Fig. 1d).

Anxiety (Zero Maze)

No significant differences were obtained between adolescent-
(Fig. 2a) or adult- (Fig. 2b) exposed SSB and control groups
for Zero maze test of anxiety.

Non-Spatial Response Task (Y-maze)

For both training and testing, no significant differences were
found between adolescent-exposed HFCS-55 and control
groups for either of the dependent variables (trials to criterion,
average correct trial latency) (Figs. 2c,d). Both HFCS-55 and
control groups demonstrated improvement in this task in the
memory retention test, reflected by significant decreases in
both dependent variables during the testing phase compared to
the training phase (Figs. 2c,d; ps< 0.05).

Added Sugar kcals, Chow kcals, Total kcals, and
Body Weight

Added sugar kcal consumption was comparable between the
adolescent-exposed HFCS-55 and sucrose groups across the 30-
day exposure period (Fig. 3a). The sucrose group consumed
slightly more than the HFCS-55 group across later Time Peri-
ods (significant Group difference on the 8th and 14th Time
Period, ps< 0.05); however, there were no overall significant
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Group, or Group 3 Time Period effects. Both added sugar
groups compensated for sugar kcal intake by consuming less
chow than the control group (Fig. 3b), such that total kcal
consumption was not different among the three groups (Fig.
4a), nor was the rate of body weight gain or terminal body
weight (Fig. 4b). Carbohydrate intake broken down by mono-
saccharide showed that fructose consumption did not differ
between the adolescent SSB groups, whereas glucose intake was
significantly lower in the HFCS-55 vs. the sucrose group
(P< 0.01; data not shown).

The adult sucrose group consumed more sugar kcals across
earlier Time Points compared to the HFCS-55 group (Fig. 3c).
While a significant difference was only obtained on the 2nd Time
Period, the overall pattern led to a Group 3 Time Period signifi-
cant interaction (P< 0.01). Adult-exposed added sugar groups
also compensated by consuming less chow than the controls (Fig.
3d); however, this caloric compensation was less accurate than for
adolescent-exposed rats, leading to significantly higher total kcal
consumption for both added sugar groups vs. controls [Fig. 4c;
significant overall Group effect (P< 0.01) and significant HFCS-
55 vs. control (P< 0.01) and Sucrose vs. control (P< 0.01) post-

hoc effects]. While terminal body weights did not significantly
differ between the adult SSB groups and controls, the rate of
body weight gain was higher for the SSB groups vs. the control
group [Fig. 4d; significant Group 3 Time Period interaction
(P< 0.01)]. Similar to adolescent-exposed rats, fructose consump-
tion for adults did not differ between the SSB groups, whereas
glucose intake was significantly lower in the HFCS-55 vs. the
sucrose group (P< 0.01; data not shown).

Glucose Regulation (IPGTT and Plasma Insulin)

The adolescent-exposed SSB groups had higher plasma insu-
lin levels compared to controls [Fig. 5b; significant Group
main effect (P< 0.05); significant posthoc comparisons for
both groups vs. controls, ps< 0.05)]. Glucose tolerance was
also altered for the HFCS-55 group vs. controls [Fig. 5a; sig-
nificant Group 3 Time Period interaction; significant Group
main effect at 30min (P< 0.05); posthoc HFCS-55 vs. control
comparison at 30min P< 0.05]. A trend was also observed for
higher blood glucose levels at 30 min for the Sucrose group vs.
controls (posthoc comparison, P< 0.08).

FIGURE 1. Latency to find the escape box (seconds) during 6-day Barnes maze training
and the percentage of correct hole investigations during a non-reinforced memory probe test
following 30-day adolescent (A,B) or adult (C,D) exposure to SSBs (HFCS-55 or sucrose) or
control. Data are mean 6 SEM; P < 0.05 Sucrose vs. Control, *P < 0.05 HFCS-55 vs. Control.
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No group differences were obtained in the adult-exposed
groups for the IPGTT (Fig. 5c). However, a significant main
effect was obtained for plasma insulin levels [Fig. 5d; signifi-
cant Group main effect (P< 0.05)], which was based on a dif-
ference between the Sucrose and control group (posthoc
comparison, P< 0.05).

Liver Cytokines

IL-1b protein levels were increased in the liver for both
adolescent-exposed SSB groups vs. controls [Fig. 6a; significant
Group main effect; significant posthoc comparisons to controls
for both groups (P< 0.05)]. No differences were observed for
liver IL-6 protein levels for the adolescent-exposed SSB groups
(Fig. 6b), nor were any differences observed for the adult
groups for either cytokine (Fig. 6c,d).

Hippocampus Cytokine Levels

A significant main effect of Group was observed in
adolescent-exposed groups for both IL-1b and IL-6 levels in

hippocampus (Fig. 7a,b). In both cases the effect was based on
elevated protein levels for the HFCS-55 vs. the controls group
(posthoc comparisons, ps< 0.05) with no difference between
sucrose and control groups. No group differences were
obtained for the adult groups for either cytokine (Fig. 7c,d).

DISCUSSION

This study demonstrates that consumption of added sugars
during adolescence impairs hippocampal-dependent spatial
learning and memory in rats. A 30-day period of ad libitum
access to 11% solutions of sucrose or HFCS-55 during adoles-
cence impaired spatial learning rate in a Barnes maze task rela-
tive to controls. Moreover, during a non-reinforced memory
retention probe test, the adolescent-exposed HFCS-55 group
showed evidence of memory impairment relative to controls.
These learning and memory deficits were not accompanied by
differences in anxiety based on performance in the Zero maze

FIGURE 2. Time spent in open arms during a Zero maze anxiety test following 30-day, (A)
adolescents or (B) adult SSB access period. Trials before criterion (C) and average correct trial
latency (D) during non-spatial response task training and testing following 30-day adolescent
exposure to HFCS-55 or control. Data are mean 6 SEM.
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test. Further, no learning and memory differences were
observed in a non-spatial response task using the same mildly
aversive stimuli and escape parameters as the Barnes maze, sug-
gesting that memory deficits were specific to hippocampal-
dependent processes and were not based on nonspecific motiva-
tional or performance differences. Interestingly, adult rats given
30-day access to the same added sugar solutions showed no sig-
nificant impairment in spatial learning and memory, nor did
they display anxiety differences relative to controls. These find-
ings indicate that (1) consumption of added sugars, independ-
ent of elevated fat intake, can produce detrimental effects on
hippocampal function, and (2) adolescence is a critical period
of development during which learning and memory processes
are particularly susceptible to the effects of added sugars.

The learning and memory deficits associated with adolescent
sugar consumption are unlikely to be secondary to increased
overall kcal consumption, nor to increased overall adiposity
and obesity. The adolescent experimental groups consumed
approximately 35% of their total kcals from the added sugars;
however, they efficiently compensated by reducing their total
chow consumption such that total kcal intake matched the
control group. Similarly, the adolescent experimental groups
did not differ from controls in terms of body weight gain

across the 30-day exposure period. On the other hand, caloric
compensation in the adult sugar-exposed groups was less accu-
rate. While chow intake was reduced in adult experimental
groups compared to controls, total daily kcal intake for both
the adult HFCS-55 and sucrose groups was significantly higher
than controls throughout most of the 30-day exposure period.
This pattern led to an increased rate of body weight gain for
adult SSB groups compared to controls; however, terminal
body weights did not differ by group. Overall, these data
strongly suggest that the cognitive impairment induced by SSB
consumption during adolescence occurs independently of exces-
sive total kcal intake and obesity. A related possibility is that
the memory impairment in rats exposed to SSBs during adoles-
cence was due to nutrient deficiency. While the rats in the
present study were not restricted calorically, the SSB-exposed
groups consumed "30 to 35% fewer chow kcals than the con-
trols. This account is unlikely, however, for several reasons.
First, adolescent SSB consumption did not produce differences
in body weight from the controls, indicating the absence of
any substantial nutrient deficiency that would restrict growth.
Second, 40% caloric restriction during a comparable develop-
mental period (PN25–67) did not impact spatial learning or
memory in rats in a previous study (Alamy et al., 2005). It is

FIGURE 3. Average 24 h kcal intake for adolescent groups of, (A) sucrose or HFCS-55
solution, (B) solid food (chow), and average 24 h kcal intake for adult groups of, (C) sucrose
or HFCS-55 solution, and (D) chow. Data are mean 6 SEM; P < 0.05 Sucrose vs. Control,
*P < 0.05 HFCS-55 vs. Control, #P < 0.05 Sucrose vs. HFCS-55.
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also unlikely that potential nutrient restriction in the
adolescent-exposed SSB groups contributed to the metabolic
and neuroinflammation outcomes, as post weaning caloric
restriction in rodent models is protective against obesity-related
metabolic phenotypes later in life (Schroeder et al., 2010; Liu
et al., 2013).

Adolescence is a critical period for the development for a
multitude of behavioral and biological systems (Spear, 2000;
Chambers et al., 2003; Sun et al., 2012; Boersma et al., 2014).
Previous data show that adolescent Western diet intake in rats
yields contextual memory impairment in a conditioned place
preference paradigm (Privitera et al., 2011), as well as in
hippocampal-dependent spatial memory tasks (Boitard et al.,
2012; Valladolid-Acebes et al., 2013). These studies highlight
adolescence as a sensitive period for Western diet-induced cog-
nitive perturbations; however, they do not address the effects of
sugar consumption independent of elevated fat intake. Impor-
tantly, these studies also observed elevated body weight gain
following adolescent Western diet consumption, a consequence
that was not produced by adolescent SSB consumption in this
study. In humans, a recent study reported that habitual con-
sumption of SFAs in prepubescent children had negative corre-

lations with performance in hippocampal-dependent relational
memory tasks, even after adjustment for body mass index
(Baym et al., 2014). Present data expand these results by show-
ing that added sugars can also negatively impact hippocampal
function independent of excessive total kcal intake and body
weight gain, and further, that adolescence is a critical period
where metabolic and neuronal systems are particularly vulnera-
ble to dietary sugar. Future studies are needed to establish
whether the cognitive and biological impact of simple carbohy-
drate consumption is also heightened during other critical peri-
ods of development (e.g., prenatal, infancy).

The impact of elevated sucrose vs. elevated fat ingestion
(independently) on learning and memory function has been
previously examined in a series of studies where adult rats were
given 5–8 week ad libitum access to either a high fat food
(Crisco) or a 32% sucrose solution in addition to their normal
chow diet (Jurdak et al., 2008; Jurdak and Kanarek, 2009).
While both groups consumed more kcal and gained more
weight than controls, only rats given the sucrose solution
showed significant impairment in novel object recognition and
the Morris water maze (a hippocampal-dependent spatial mem-
ory task). A series of studies from Ross and coworkers

FIGURE 4. (A) Adolescent total 24 h kcal average intake (SSB 1 chow), (B) adolescent
body weight gain, (C) adult total average 24 h kcal intake (SSB 1 chow), and (D) adult body
weight gain during 30-day access period. Data are mean 6 SEM; P < 0.05 Sucrose vs. Control,
*P < 0.05 HFCS-55 vs. Control.
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demonstrated that 3–4 months access to a high (60% kcal)
fructose diet (fat content equal to control diet), beginning
either immediately before adolescence at PN21 (Ross et al.,
2012) or in young adulthood at PN"60 (Ross et al., 2009),
impaired learning and memory in a Morris water maze task.
Another study (Kendig et al., 2013) reported that 10%
sucrose solution access either during adolescence or young
adulthood impaired spatial memory in a Morris water maze
relative to a control group that was given daily access to an
artificial sweetener. Collectively these studies suggest that
sugar consumption can have considerable impact on hippo-
campal function, and in some conditions, can be more effec-
tive than elevated fat intake for producing deleterious effects
on memory. Our data extend these findings and show that
adolescence is a particularly vulnerable period for the detri-
mental effects of sugar consumption on cognitive function.
Four weeks ad libitum access to 11% sucrose or 11% HFCS-
55 solution, the most commonly used sweeteners in the
United States, had no impact on spatial memory when con-
sumed for 30 days during young adulthood, whereas this was
not the case for adolescent-exposed rats.

Other results in this study show that adolescent (but not
adult) consumption of added sugars disrupts peripheral glucose
regulation and elevates hepatic inflammatory markers, both of
which are associated with excessive sugar consumption (Tran
et al., 2009; Wang et al., 2013; Shawky et al., 2014; Vasiljevic
et al., 2014). Adolescent rats given 11% HFCS-55 solution
demonstrated impaired glucose tolerance, whereas consumption
of either sucrose or HFCS-55 yielded increased fasting plasma
insulin levels and increased protein expression of the pro-
inflammatory cytokine, IL-1b, in the liver. Interestingly, we
also observed increased plasma insulin levels in the adult
sucrose exposed group, however, this group did not demon-
strate concurrent glucose intolerance, cognitive impairment, or
elevated inflammatory markers. Overall, these results suggest
that adolescent exposure to simple sugars increases the risk for
peripheral metabolic dysfunction and hepatic inflammation
independent of consuming a high fat diet, and also independ-
ent of excess overall kcal intake and/or body weight gain. The
extent that these biological alterations are causally related to
the observed learning and memory deficits requires further
investigation. Indeed, both peripheral and central insulin

FIGURE 5. (A) Depicts the percentage change in baseline blood glucose levels following IP
injections of dextrose solution and, (B) depicts plasma insulin levels in the adolescent groups;
(C) and (D) depict comparable data for the adult groups. Data are mean 6 SEM; P < 0.05
Sucrose vs. Control, *P < 0.05 HFCS-55 vs. Control.
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resistance are strongly associated with cognitive impairment
and Alzheimer’s pathology [see (Watson and Craft, 2004;
Craft, 2005, 2007) for review].

In addition to elevated expression of IL-1b in liver tissue,
the adolescent-exposed HFCS-55 group also demonstrated
increases in protein expression of the pro-inflammatory cyto-
kines, IL-6 and IL-1b, in the dorsal hippocampus, the subre-
gion of the hippocampus that is particularly important for
spatial learning and memory (Bannerman et al., 2004; Fanse-
low and Dong, 2010). Neuroinflammatory markers in the hip-
pocampus typically precede hippocampal dysfunction and
Alzheimer’s pathology (Shaftel et al., 2008; McNaull et al.,
2010), and this has been purported as a potential mechanism
for Western diet-induced memory dysfunction (White et al.,
2009; Pistell et al., 2010). Previous findings show that Western
diet intake during critical periods of development can elevate
neuroinflammation later in life. Rat dams fed a high fat diet
for 4 weeks before mating and throughout pregnancy produced
offspring with increased pro-inflammatory cytokine protein
expression in the hippocampus and cortex at birth and into
weaning and adulthood (White et al., 2009; Bilbo and Tsang,
2010). The current study demonstrates that adolescence is also
a critical period of development for dietary influences on neu-

roinflammation, representing a potential neurobiological mech-
anism for the hippocampal-dependent memory impairment in
rats consuming HFCS-55 during adolescence.

While adolescent exposure to either the HFCS-55 or sucrose
solution increased circulating insulin levels and hepatic pro-
inflammatory cytokine expression, spatial learning, and mem-
ory deficits relative to control rats were more marked in the
HFCS-55 group, as were markers of neuroinflammation in the
hippocampus. Taken together, these results suggest that neuro-
inflammation in the hippocampus may be more indicative of
memory impairment than measures of glucose intolerance and
hepatic inflammation. Given that overall levels of fructose
intake were not significantly different between the adolescent-
exposed sucrose and HFCS-55 groups, whereas glucose intake
was lower in the HFCS-55 group, the ratio of fructose to glu-
cose consumption may influence memory function. However,
we note that interpretations regarding the differential effects of
HFCS-55 vs. sucrose in our study should be made with cau-
tion given that significant differences in Barnes maze perform-
ance and hippocampal cytokine expression were observed
between the HFCS-55 and the control group, but not between
the HFCS-55 and the sucrose group. Systematic follow-up
work is required to determine the relative impact of consuming

FIGURE 6. Protein concentrations (pg/mL) of IL-1b and IL-6 in liver tissue for the (A, B)
adolescent group and (C, D) adult group. Data are mean 6 SEM; P < 0.05 Sucrose vs. Con-
trol, *P < 0.05 HFCS-55 vs. Control.
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fructose, glucose, and varying fructose–glucose ratios on cogni-
tive and neurobiological outcomes.

The adolescent rats in this study consumed approximately
35–40% of their total kcal from SSBs. This is higher than the
estimated average intake among U.S children (ages 12–19
years), who consume approximately 17% of their total kcal
intake from added sugars (Ervin et al., 2012). Therefore, pres-
ent data are more relevant to individuals consuming SSBs in
excess than to those consuming SSBs in moderation. Overall,
our results show that excessive consumption of added sugars
during adolescence (in concentrations commonly consumed in
human populations in SSBs) alters peripheral glucose metabo-
lism, impairs hippocampal-dependent memory function, and
increases hepatic and hippocampal markers of inflammation in
rats. These negative behavioral and biological outcomes were
not observed when sucrose and HFCS were consumed for the
same period of time in adult rats. Overall these data have
important implications regarding the impact of consuming
added sugars in excess during critical periods of development,
and highlight the fact that both cognitive and metabolic dis-

ruptions can arise from adolescent consumption of HFCS-55
and sucrose.
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