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In this study we sought to determine the effect of daily sucrose consumption in young rats on their subsequent performance
in tasks that involve the prefrontal cortex and hippocampus. High levels of sugar consumption have been associated with the
development of obesity, however less is known about how sugar consumption influences behavioral control and high-order
cognitive processes. Of particular concern is the fact that sugar intake is greatest in adolescence, an important neurodevelopmental period. We provided sucrose to rats when they were progressing through puberty and adolescence. Cognitive
performance was assessed in adulthood on a task related to executive function, a rodent analog of the Stroop task. We
found that sucrose-exposed rats failed to show context-appropriate responding during incongruent stimulus compounds
presented at test, indicative of impairments in prefrontal cortex function. Sucrose exposed rats also showed deficits in an
on object-in-place recognition memory task, indicating that both prefrontal and hippocampal function was impaired.
Analysis of brains showed a reduction in expression of parvalbumin-immunoreactive GABAergic interneurons in the hippocampus and prefrontal cortex, indicating that sucrose consumption during adolescence induced long-term pathology,
potentially underpinning the cognitive deficits observed. These results suggest that consumption of high levels of sugarsweetened beverages by adolescents may also impair neurocognitive functions affecting decision-making and memory, potentially rendering them at risk for developing mental health disorders.

Excessive consumption of high sugar foods and drinks, which are
both cheap and readily available, plays a central role in development of obesity in humans. Increasing sugar consumption affects
the majority of the developed and developing world (Lustig et al.
2012; Basu et al. 2013) and a major contributor to this increase is
the widespread availability of relatively cheap sugar-sweetened
beverages or soft drinks (Guthrie and Morton 2000; Popkin and
Nielsen 2003). Consumption of soft drinks has been shown to
contribute to 80% of the increase in added sugar consumption
during the period 1962–2000 in the U.S. (Popkin and Nielsen
2003) and today are the largest single source of added sugar consumption (Yang et al. 2014).
While the consequences of sugar overconsumption on physical health, including weight gain, diabetes, metabolic syndrome,
and cardiovascular diseases are well known (Berkey et al. 2004;
Dubois et al. 2007), less is known about how sugar affects cognition, behavior, and mental health. Adults consuming high levels
of soft drinks (.500 mL/d) had 60% greater risk of suffering
from depression, stress-related problems, suicidal ideation, psychological distress, or indeed some current mental health condition than those not consuming soft drinks (Shi et al. 2010), and
odds ratios for depressive symptoms were greater in adults consuming high levels of soft drinks (Guo et al. 2014; Yu et al.
2014). Of particular concern is the fact that sugar intake is higher
among adolescents than in any other age group (Frary et al. 2004;
Bremer and Lustig 2012). Moreover, odds ratios for measures of
mental distress, hyperactivity, and conduct problems were highest in adolescents self-reporting the greatest levels of soft drink

consumption (.800 mL/d (Lien et al. 2006)). Furthermore, a recent study of adolescents used a Go/No Go task to measures response control and sustained attention, and found greater
inhibitory problems in males, but not females, who consumed
larger volumes of soft drinks (Ames et al. 2014). Rodent models
have shown that animals who over-consumed sugar during adolescence, but not in adulthood, were less motivated to respond
for sweet (saccharin) and nonsweet solutions (maltodextrin),
but not cocaine self-administration as adults (Vendruscolo et al.
2010). This reduction in motivation, or anhedonia, is viewed as
a central symptom in neuropsychiatric disorders including
depression, schizophrenia, eating disorders, and drug addiction,
raising the possibility that excessive sugar consumption in adolescence could be a risk factor for a core characteristic of such
disorders.
Sugar is a potent natural reward, and allowing rats access to
sugar over several weeks has been shown to produce neurobiological perturbations characteristic of addiction such as reduced dopamine D2 receptors in the striatum and increased D1 receptor
binding in the nucleus accumbens (NAc) core and shell (Colantuoni et al. 2001). Brain reward systems including the mesocorticolimbic dopamine system mediate both the motivation to
procure (wanting) and the hedonic impact (liking) of both psychoactive drugs and natural rewards such as palatable drinks
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and foods (Koob and Volkow 2010; Berridge 2012). However, sepand then assessing their memory for this configuration by changarate neural mechanisms that underpin self-administration of
ing the locations occupied by the objects. Object-in-place recognifood and drugs such as cocaine have been observed. Dopamine
tion memory has been shown to be disrupted in patients with
transporter knockout mice have low rates of cocaine self-adminisAlzheimer’s disease (Fowler et al. 2002) and schizophrenia
tration, but no difference in responding for sucrose (Thomsen
(Wood et al. 2002; Burglen et al. 2004). Specific lesions of the hipet al. 2009) and contrasting roles of subsets of NAc neurons
pocampus and interconnected cortical regions, such as the PFC
have been observed when rats respond for natural or drug rewards
and perirhinal cortex have been shown to impair object-in-place
(Cameron and Carelli 2012). Furthermore, chronic exposure to
memory (Barker and Warburton 2008, 2013).
drugs of abuse is associated with deficits in cognitive function
The final aim was to assess the effect of sucrose consumption
and behavioral control (Nelson and Killcross 2006; Parsegian
during adolescence on the density of parvalbumin-containing
et al. 2011; Porter et al. 2011). Thus, it is possible that consumpg-aminobutyric acid (GABA)-ergic interneurons in the prefrontal
tion of diets high in sugar or exposure to psychoactive drugs
cortex and hippocampus. Expression of parvalbumin-expressing
during critical periods of brain development (e.g., adolescence)
GABAergic interneurons are integral to higher-order forms of
may produce enduring changes in the brain reward system and
behavioral control and have been implicated in attentional setalso in cognitive control (Smith 2003; Vendruscolo et al. 2008;
shifting (Bissonette et al. 2014) and working memory (Timofeeva
Iniguez et al. 2009; Zamberletti et al. 2014). We sought to deterand Levin 2011). These cognitive functions are mediated by the
mine whether consumption of sweetened drinks earlier in life
dorsolateral PFC, and deficits in these various high-order cognimight also produce similar persistent changes in brain regions intive processes are also core features of neuropsychiatric diseases
volved in high-order cognition in adulthood. We used a limited
including schizophrenia (Curley and Lewis 2012; Lewis et al.
access schedule in which rats were provided access to sucrose for
2012). Therefore, we sought to determine whether intermittent
2 h each day for 28 d. This schedule has been shown to impair peraccess to sucrose during adolescence leads to long-lasting changes
formance by adult rats in a task that relies upon frontostriatal
in their level of expression.
function, specifically goal-directed responding that relies upon
behavior (Kendig et al. 2013). Regions of particular interest are
the prefrontal cortex (PFC), and the hippocampus, brain regions
Results
critical for decision-making and various forms of memory, respecSucrose consumption
tively (Euston et al. 2012; Yu and Frank 2014).
The present experiment had three aims. The first was to exRats provided with daily access to sucrose consumed significantly
amine whether limited daily access to a sucrose solution across
greater amounts over time (F(3,9) ¼ 49.9, P , 0.001). The amount
adolescence exerted long-term effects on the use of contextual
consumed (grams) per kilogram body weight differed across weeks
cues to disambiguate responding to stimulus compounds using a
(F(3,12) ¼ 4.672, P , 0.05) and was significantly greater in week 3
biconditional discrimination task. This
behavioral assay models elements of response conflict seen in the Stroop task
(Stroop 1935), a cognitive task that is often used to study interference and attention in humans and is highly sensitive to
frontal lobe dysfunction (MacLeod 1991;
MacLeod and MacDonald 2000; Stuss
et al. 2001). The rodent analog of the
Stroop task examines choice behavior
under conditions of cue and response
conflict, and depends on the integrity
of the medial PFC (Haddon and Killcross
2006; Reichelt et al. 2013b). On the basis
of anatomical criteria including granular
cytoarchitecture and connectivity with
the mediodorsal thalamus, there is general agreement that rodents have a frontal
region that bears homologies to the
primate PFC (e.g., Groenewegen 1988;
Uylings et al. 2003). Functionally, the
dorsolateral PFC and ventromedial PFC
are thought to be integrated within rodent medial PFC (Uylings et al. 2003).
Disruption of the rodent mPFC impairs
the use of task-setting cues to control
the selection of responses in conflict
situations (Haddon and Killcross 2006,
2007; Marquis et al. 2007; Reichelt et al.
2013b).
The second aim was to assess the Figure 1. (A) Time line of experimental manipulations. (B) Line graph illustrates sucrose intake per
long-term effects of sucrose access on cage of four rats each week (gram solution/cage/day) while the histogram reports gram sucrose consumed per kilogram body weight. (C) Mean 24-h energy consumption (kilojoules) per cage of four rats
an object-in-place recognition task. This in week 4 (chow in solid and sucrose in open bar). (D) Mean weights of rats in control and sucrose access
task consists in exposing rats to ob- groups. (E) Mean distance traveled during 20-min locomotor testing. Error bars represent SEM, Control
jects that occupy particular locations N ¼ 16, Sucrose ¼ 16. (∗ ) P , 0.05.
www.learnmem.org
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of access (t ¼ 3.573, P , 0.01) as shown in Figure 1B. Sucrose consumed per body weight (grams/kilograms) was calculated by dividing the mean weekly sucrose consumption (grams per cage)
by the total weight of the rats in the cage (kilograms). Total energy
intake between sucrose and control rats did not differ (t , 1) as
shown in Figure 1C. All rats gained weight over time (F(7,259) ¼
2089.0, P , 0.001), and the sucrose exposed rats were significantly
heavier as shown in Figure 1D (main effect group: F(1,37) ¼ 5.2, P ,
0.05, group × time interaction F(7,259) ¼ 9.3, P , 0.001). Sucrose
exposed rats were significantly heavier from week 6 onward
(F’s . 8.0). Furthermore, postmortem dissection of retroperitoneal and gonadal fat pads showed that sucrose fed rats had significantly greater white adipose tissue deposits than control rats
(means [SEM] Control: 7.8 g [0.47], Sucrose: 10.1 g [0.46] P ¼
0.001).

cant differences between the groups, (F , 1), or a significant
group × lever interaction (F(1,23) ¼ 2.55, P ¼ 0.124).

Incongruent performance
Consistent with previous reports (Haddon and Killcross 2006;
Reichelt et al. 2013a; Nelson et al. 2014), control rats used contextual cues to disambiguate the conflicting response information,
responding according to the stimulus element that had previously
been trained in that same test context (Fig. 2B). However, rats with
a history of sucrose exposure did not make more responses to the
correct than incorrect lever during the incongruent compound.
Analysis revealed no significant effects of group (F , 1) or lever
(F(1,23) ¼ 1.262, P ¼ 0.273) but, importantly, the interaction between group and lever was significant (F(1,23) ¼ 4.909, P , 0.05).
Inspection of the simple effects of the group × lever interaction
revealed a significant effect of lever in control rats (F(1,23) ¼
6.332, P , 0.05); however, there was no significant effect of lever
in rats with a history of sucrose exposure (F , 1).

Locomotor activity
Analysis of the distance traveled (centimeters) shown in Figure 1E
revealed that locomotor activity did not differ between rats with
or without a history of sucrose or between rats provided with access 25 or 1 h before testing (F’s , 1), and there was no significant
interaction between groups and time between sucrose exposure
and test (F(1,28) ¼ 1.074, P ¼ 0.31).

Single stimulus elements
Both groups showed accurate conditional discrimination performance when single training stimulus elements were presented
(Fig. 2C), i.e., when tested on the stimulus elements acquired during training and when there was no conflict. Consequently, both
groups produced more correct responses (F(1,23) ¼ 43.7, P , 0.001)
with no effect of group or interaction (both F , 1).

Acquisition of conditional discriminations
Three rats in the sucrose group and four in the control group failed
to acquire the visual discrimination (no consistent preference
for the correct lever across all eight blocks of training, and during
the final block of training prior to test the rats pressed the incorrect lever more than the correct lever) and were excluded from
all behavioral analyses.
The remaining rats in each group acquired the visual and
auditory conditional discrimination tasks, as shown by their
preference for the correct lever (F(1,23) ¼ 155.9, P , 0.001) during
the unreinforced CS1 period, and there were no significant
between-group differences in acquisition or group × repeated
measures interaction, F’s , 1). There
was an overall increase in responding
across the blocks of training (F(7,161) ¼
8.4, P , 0.001), indicating progressively greater preference for the correct lever (lever × session interaction, F(7,161) ¼
19.8, P , 0.001).

Magazine activity
No significant differences were observed in overall magazine responding (F , 1) (mean entries per min [ + SEM] Control: 8.1
[2.5]; Sucrose access: 8.9 [2.1]). When responding to stimuli was
examined separately (mean entries per min [ + SEM] Control:
Congruent 6.3 [2.0], Incongruent 8.3 [2.4], Single element 8.5
[2.6]; Sucrose access: Congruent 7.6 [2.0], Incongruent 7.8 [1.8],
Single element 9.6 [2.4]) a significant difference between stimulus

Extinction test performance
Rats received test sessions in which
compounds of the training stimuli were
presented under extinction. These compounds combined stimulus elements
that dictated either the same (“congruent”) or different (“incongruent”)
instrumental responses during initial
training. The mean response rates (correct vs. incorrect) for each of the three trial types (single element, congruent, and
incongruent) were analyzed.

Congruent performance
As shown in Figure 2A, rats made significantly more responses to the correct
than incorrect lever during the congruent compound presentations (F(1,23) ¼
66.4, P , 0.001). There were no signifiwww.learnmem.org

Figure 2. Test levels of lever pressing during (A) congruent, (B) incongruent compound, and (C )
single-element presentations in control and sucrose access rats. Data presented as log21(x 2 1) of
mean transformed data. (D) Instrumental responding in the contexts associated with the nondevalued
(black bars) and devalued (open bars) food rewards. Error bars represent SEM, Control N ¼ 12, Sucrose
N ¼ 13. (∗ ) P , 0.05, (∗∗ ) P , 0.01.
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types was observed (F(2,46) ¼ 3.4, P , 0.05), indicating that the
single elements provoked more magazine entries than the congruent and incongruent compounds, but there was with no effect of
group or interaction (both F , 1).

Parvalbumin immunohistochemistry
Rats exposed to intermittent sucrose throughout adolescence
had significantly fewer parvalbumin immunopositive cells in
the hippocampus, both overall (F(1,29) ¼ 27.6, P , 0.001) and in
its subregions (CA1: F(1,29) ¼ 21.3, P , 0.001; CA3: F(1,29) ¼ 12.3,
P ¼ 0.001; dentate gyrus: F(1,29) ¼ 13.1, P ¼ 0.001) as shown in
Figure 4A,B. Rats exposed to intermittent sucrose throughout adolescence also had significantly fewer parvalbumin immunopositive cells in the mPFC overall (F(1,29) ¼ 10.4, P ¼ 0.003) and in the
prelimbic (PrL) PFC (F(1,29) ¼ 8.359, P , 0.01), but not in the infralimbic (IL) PFC (F(1,29) ¼ 3.97, P ¼ 0.056); as shown in Figure 5A,B.

Context devaluation
To determine whether there were any differences between the
groups in their ability to discriminate the two test contexts, we assessed the effect of outcome prefeeding on instrumental responding in the contexts. Rats from each group consumed comparable
amounts of the reward pellet outcomes (mean [ + SEM] Control:
10.7 g [0.7]; sucrose access 11.4 g [0.5]). Both groups (Fig. 2D) displayed intact context–outcome associations as they made fewer
lever-press responses during extinction when prefed the outcome
that had previously been earned in that test context compared
with when prefed the outcome associated with the other context
(F(1,23) ¼ 7.77, P ¼ 0.01). There was no effect of group or any interaction with group (both F , 1). Magazine entries did not significantly differ (F , 1) between groups (mean [ + SEM] Control:
devalued 11.3 [2.4]; nondevalued 9.4 [1.4]; Sucrose access: devalued 11.5 [3.0]; nondevalued 9.5 [2.1]) and there was no overall effect of devaluation (F(1,23) ¼ 1.4, P ¼ 0.251)

Discussion
This experiment exposed young rats to a 10% sucrose solution for
a limited period of time each day across their adolescence and examined their subsequent performance on tasks that required
the use of (1) contextual information to disambiguate response
conflict and (2) of spatial relations between objects to identify
what has changed in the environment. Conflict control was examined by simultaneously presenting pairs of stimuli that had
each controlled opposing (“incongruent”) responses due to their
initial conditional discrimination training in different contexts.
Consistent with previous reports (Haddon and Killcross 2006;
Marquis et al. 2007; Reichelt et al. 2013a), control rats were able
to use contextual information to resolve this conflict task. Rats
that had been exposed to intermittent sucrose across adolescence
learned the biconditional discriminations just as well as control
rats, but, in contrast to the control rats, failed to use the contextual information to discriminate between the context-appropriate
and context-inappropriate levers during incongruent trials. No
differences were observed in latency to make responses during
the discriminations, suggesting that the performance deficit to
incongruent compounds in the sucrose exposed rats was not
due to increased impulsivity. Furthermore, the observation that
daily limited exposure to sucrose across adolescence exerts longterm effects upon PFC function in the form of impairments in
response-conflict resolution further extends the known effects
of high sucrose diet consumption beyond that of the hippocampus. This conclusion derives from the finding that rat hippocampal lesions can enhance, rather than disrupt, incongruent-trial
performance on the present Stroop-based task (Haddon and
Killcross 2007) potentially due to the hippocampus not being required to utilize contextual cues as a task-setting cue to guide responding. However, PFC-dependent control appears to be best
characterized as an explicit goal-directed process in which contextual or task-setting cues are used as the basis of higher-order rules
to enable the appropriate control of choice responses (Haddon
and Killcross 2007). Thus, it is possible that high sucrose diet in
adolescence may exert long-term adverse effects on a variety of
neural structures involved in high-order cognitive control of
behavior, including the PFC.
We used devaluation of one outcome to assess whether the
sugar intake across adolescence had impaired subsequent ability
to discriminate between contexts, thereby impairing the use of
contextual information to solve response conflict in the Strooplike task (Bar and Aminoff 2003). However, we found that rats
that had received sucrose across their adolescence showed greater
instrumental responses in the context associated with the nondevalued outcome than in the context associated with the now devalued outcome. This indicates that the history of sucrose had not
impaired the subsequent ability to use contextual information to
guide responding in a goal-directed manner. This is a novel finding, as previous studies have provided evidence that goal-directed
instrumental actions are disrupted in rats provided with 2 h daily

Object-in-place memory
Exploration times during the familiarization phase did not differ
between the control and sucrose access groups (F , 1) (mean
[ + SEM]: Control ¼ 50.9 sec [3.1]; Sucrose ¼ 52.4 sec [4.8]). At
test, the discrimination ratios significantly differed between control and sucrose groups (t ¼ 9.33, df ¼ 30, P , 0.001), such that
control rats spent more time exploring the moved objects (B
and C) than the ones that remained in the same location (A and
D), whereas sucrose access rats spent just as much time exploring
B and C as they did A and D (Fig. 3B). Furthermore, the total
amount of time spent exploring the objects during the test phase
(mean [ + SEM] Control: 41.6 sec [3.3], Sucrose access: 32.5 sec
[3.4]) did not significantly differ between groups (t ¼ 1.93, df ¼
30, P ¼ 0.064). These results show that rats in both groups spent
similar amounts of time exploring but differed in how this time
was distributed across the objects, indicating that the impairment
among the sucrose exposed rats was not due to a change in the
motivation to explore.

Figure 3. (A) Schematic of the object-in-place memory task. (B) Mean
discrimination ratio (d2) at test in control and sucrose access rats. Error
bars represent SEM, Control N ¼ 16, Sucrose N ¼ 16. (∗∗∗ ) P , 0.001.
www.learnmem.org
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Figure 4. Results of parvalbumin immunohistochemistry in dorsal hippocampus. (A) Mean number
of parvalbumin immunopositive cells in control and sucrose exposed rats in the hippocampus overall
(A) and in the hippocampal subfields CA1, CA3, and dentate gyrus (B). (C) Photomicrographs show
representative hippocampal staining of control and sucrose exposed rats, 4× magnification, marker
represents 250 mm. (D) Regions of the hippocampus studied. (E) Photomicrograph showing parvalbumin stained neurons in the CA1 of a control rat at 20× magnification, marker represents 25 mm.

access to a high fat/high sugar condensed milk solution (Furlong et al.
2014) or to a 10% sucrose solution
(Kendig et al. 2013), suggesting that 2 h
daily access to these beverages accelerates
the development of habitual instrumental behaviors compared with rats with
constant sucrose access. Acceleration of
habitual responses has also been observed following sensitization of the
dopaminergic system by d-amphetamine
(Nelson and Killcross 2006). Previous
studies have indicated that frequent intake of high-fat and high-sugar foods
is associated with decreased dopamine
D2-receptor sensitivity and expression
in the striatum of rodents and obese humans, paralleling the effects seen after
chronic exposure to psychostimulants
(Bello et al. 2002, 2003). D2 receptors
are implicated in controlling behavioral
flexibility (Yawata et al. 2012) and their
down-regulation therefore could contribute to loss of goal-directed control.
Thus, in light of our observations
that sucrose consumption impairs behavioral flexibility and previous studwww.learnmem.org

ies indicating goal-directed instrumental
behavioral deficits following sucrose
consumption, it is possible that the expression of frontostriatal D2 receptors
are chronically down-regulated by daily
restricted access to sucrose consumption.
This suggestion warrants further exploration by analysis of dopamine receptor
mRNA and potentially through administration of D2 receptor agonists to ameliorate cognitive deficits.
Rats exposed to sucrose for 2 h a day
during adolescence also exhibited a subsequent deficit in an object-in place
memory task. In this task, rats are first exposed to four objects, A, B, C, and D occupying distinct locations in a familiar
environment. After a brief retention interval, they are reexposed to the objects,
two of which, B and C, now occupy
each other’s previous locations, while
the other two, A and D, continue to occupy their original locations. Control rats
spent more time exploring the objects
whose locations were changed, B and C,
than the objects that remained in the
same locations. In contrast, rats exposed
to sucrose across adolescence spent just
as much time exploring both pairs of
objects. Previous studies have provided
evidence that this object-in-place recognition memory involves several brain regions. These include the hippocampus,
which codes spatial relations between
the objects (Barker and Warburton
2011), the perirhinal cortex, which constructs a representation of the identities

Figure 5. Results of parvalbumin immunohistochemistry in PFC. (A) Mean number of parvalbumin
immunopositive cells in control and sucrose exposed rats in the PFC overall (A) and in the PFC subfields
prelimbic PFC (PrL) and infralimbic PFC (IL) (B) Photomicrographs show representative PFC staining of
control and sucrose exposed rats. (C ) Regions of the mPFC studied. (D) Photomicrographs show representative parvalbumin stained neurons in the PrL PFC of a control rat and sucrose exposed rat 20× magnification, marker represents 25 mm.
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of the objects (Barker et al. 2007), the mPFC, which may integrate
the spatial and object information (Kesner and Ragozzino 2003;
Barker et al. 2007), as well as interactions between these regions,
especially, those between hippocampus and the mPFC (Barker
and Warburton 2011). The object-in-place memory deficit observed in sucrose exposed rats could not be attributed to hyperactivity, as the sucrose fed rats did not differ in their levels of
locomotor behavior from control rats, nor to a lack of motivation
to explore as the sucrose fed rats did not differ in the total time
spent exploring from control rats.
Immunohistochemical analysis performed 8 wk after termination of the intermittent sucrose access revealed a significant
deficit in parvalbumin-immunoreactive cell density in the hippocampus and PFC. Consistent with these findings, other studies
have reported correlations between reductions in parvalbumin
expression and impairments in fear conditioning (Courtin et
al. 2014) and attentional set formation (Bissonette et al. 2014).
Studies in postmortem schizophrenia patients and rodent models
have also demonstrated a reduction in parvalbumin expression in
the mPFC (Lewis et al. 2005) and the hippocampus (Lodge et al.
2009; Konradi et al. 2011). A recent study by Boley et al (2014) indicated that a lentiviral delivered short hairpin RNA-induced
knockdown of parvalbumin expression in the ventral hippocampus in rats led to downstream increases in spontaneous dopamine
neuron population activity in the VTA and an enhanced locomotor response to amphetamine administration. Sugar-induced alteration of the dopamine system has been previously reported
in rats maintained on a daily 20-min sugar-feeding schedule,
this alteration included increased dopamine turnover in the nucleus accumbens (Hajnal and Norgren 2002) and up-regulation
of DA transporter mRNA in the ventral tegmental area and nucleus accumbens (Bello et al. 2002, 2003). Dopamine is critical for
modulating cortical GABA mediated inhibition and glutamate
mediated excitation in the PFC and other cortical regions (O’Donnell 2010). This dopamine directed control of the excitation–
inhibition balance within the cortex and hippocampus is refined during adolescence (Tseng and O’Donnell 2007; O’Donnell
2010). Thus, alterations in dopamine turnover and activity
may contribute to the observed loss of parvalbumin-expressing
GABA-interneurons, leading to alterations in the maturation of
circuits during adolescence that are responsible for excitation–inhibition balance in the PFC, leading to cortical disinhibition and
behavioral impairments (O’Donnell 2011).
Taken together, these findings indicate that perturbations in
parvalbumin expression are associated with cognitive deficits and
alterations in dopamine signaling. These findings also provide
additional support for the suggestion that sucrose access during
adolescence can produce enduring neuropathological changes
in the rat and that these changes underpin our observed deficits
in response conflict resolution and object-in-place recognition
memory. However, further studies are needed to establish the extent of changes, whether these extend to other regions involved
in reward learning and behavioral flexibility, and, indeed, whether such changes are causally related to the cognitive deficits observed here.
High-sugar diets have been implicated in weight gain and
obesity, by increasing energy consumption to an extent that exceeds energy output, thereby distorting mechanisms controlling
energy balance (DiMeglio and Mattes 2000). Behavior was tested
6 wk after sucrose exposure ceased, thus it is likely that any effects
on blood sugar had dissipated at this time. Blood glucose levels
were not measured in this study, however it has recently been
shown that rats exposed to 10% sucrose continuously for 30 d
had a decreased ability to tolerate an oral glucose load
(Sheludiakova et al. 2012). Furthermore, a recent study indicated
that plasma insulin levels remained elevated after sucrose access
www.learnmem.org

ceased in adolescent, but not adult sucrose exposed rats (Hsu
et al. 2015).
Importantly, the impairments in cognitive control observed
in our current study indicate that sucrose access for a limited period each day can induce subsequent deficits in decision-making
and behavioral flexibility. The present results may have implications for mental health and neurodevelopmental disorders although it must be acknowledged that a range of variables
contribute to mental health in people and that disorders of mental health have a complex atiology. Nevertheless, the finding that
daily consumption of sucrose in rats led to various cognitive deficits provides support for the proposal that sugar consumption in
children and adolescents may likewise have adverse effects on
cognitive development. The World Health Organisation’s guideline for sugar intake is 25 g per day (10% of total energy intake),
but a single can of standard soft drinks may contain as much as
40– 50 g of sugar. There is growing evidence that the pathophysiology of many mental disorders might emerge from maturational
aberrations of normal neurodevelopmental changes in the adolescent brain, particularly in the PFC (Paus et al. 2008). Thus, high
levels of sugar-sweetened beverages consumed during adolescence may pose a risk factor for the development of mental health
disorders, perhaps by impairing neurocognitive functions affecting decision-making and memory.

Materials and Methods
Subjects
Male albino Sprague Dawley rats (Animal Resources Centre,
Western Australia) were used (n ¼ 32). Rats arrived in the laboratory at 3 wk of age (mean weight 80 g). They were housed in plastic
cages 26 × 40 × 60 cm, with four rats per cage in a colony room
that was on a 12-h light– dark cycle (lights on at 07:00), maintained at a temperature of 21 + 2˚C and a humidity of 55 + 5%.
Rats were acclimated to the laboratory for 7 d during which they
were handled each day. Training and testing occurred in the light
phase between 09:00 and 17:00. The experimental procedures
were approved by the University of New South Wales Animal
Ethics Committee in accordance with the Animal Code of
Practice for the Care and Use of Animals for Scientific Purposes.

Sucrose access
Figure 1A illustrates the experimental time line. Rats were acclimated to their housing conditions for 7 d (P21– P27) prior to access to a 10% sucrose solution. From P28 rats in the sucrose
access condition (N ¼ 16) were permitted 2 h access in their
home cage to 200 mL of 10% sucrose (w/vol; CSR white sugar).
Fresh sucrose was prepared daily and was available between 8.00
a.m. and 10.00 a.m. for 28 d until P56. The caloric density of
the sucrose (1.7 kJ/mL) was similar to that of commonly available
sugar-sweetened beverages. Consumption was recorded by weighing the bottles before and after the 2 h sucrose access period. All
rats had ad lib access to chow and water at all times. At P58 rats
were food restricted. This consisted in providing each home
cage with a total of 60 g (80% of regular intake) of chow.
Water continued to be available ad libitum.

Locomotor behavior
Locomotor behavior was assessed on P48, following 20 d of exposure to sucrose. We assessed whether access to sucrose affected locomotor activity; we also tested whether any such effect was
influenced by the time between the last sucrose access and test
by examining rats at 1 and 25 h post sucrose. This was undertaken
in both control rats and those in the sucrose access group.
Specifically, half of the rats in each group (control [N ¼ 8] and
sucrose [N ¼ 8]) were provided with 2 h of sucrose access in their
home cages 25 h prior to testing; the other half of the rats in
each group (control [N ¼ 8] and sucrose [N ¼ 8]) received 2 h
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access to sucrose 1 h prior to testing. Locomotor activity was assessed in four identical square arenas (43.2 cm height × 43.2
cm, Med Associates) located in sound-attenuating chambers
(Med Associates). Each arena was equipped with three 16 beam infrared arrays located on both the X and Y axes for positional tracking and Z axis for rearing detection. The duration of the test was
20 min.

Table 1. Experimental design indicating biconditional training
and test stimuli
Test sessions

Context
C1

Biconditional discrimination

C2

Stimuli and apparatus
Biconditional instrumental training took place from P62 in eight
chambers (Med Associates) each measuring 30 cm wide, 21 cm
high and 24 cm deep, located in sound-attenuating boxes (Med
Associates) that were arranged in a two-by-four array in a room
which remained dark throughout the experiment. The ceiling,
door, and back wall of each chamber were clear Perspex and the
left and right walls were stainless steel. The floor of each chamber
was constructed of 19 stainless steel rods (4.8 mm in diameter,
spaced 16 mm apart). In four of the chambers, the floor remained
as stainless steel rods (Context 1), in the other four a stainless steel
mesh was located on the stainless steel rods (Context 2). The right
hand side wall of the chambers contained a recessed magazine
where grain or sucrose pellets (45 mg; P.J. Noyes) were delivered.
Two retractable levers were located to the left and right of the
magazine. Above each lever was a 2-cm diameter panel light.
Entries to the magazine were detected by an infrared sensor and
the roof of the magazine contained a green LED light. A 3 W house
light was located at the top center of the left wall. Auditory stimuli
consisted of a 2-kHz tone and 10-Hz train of clicks, both delivered
through speakers in the left wall at 75 db. Visual stimuli consisted
of either illumination of the two panel lights plus illumination of
the magazine light, or illumination of the house light. A computer
equipped with MED-PC software (version IV; Med Associates Inc.)
controlled the experimental events and recorded data.

Biconditional
training
A1: LP1
A2: LP2
V1: LP1
V2: LP2






Congruent
probe

Incongruent
probe

A1V1
A2V2
A1V1
A2V2

A1V2
A2V1
A1V2
A2V1

O1
O2
O1
O2

Single
element
reinforced
A1, A2
V1, V2

C1/C2, O1/O2, LP1/LP2, A1/A2, and V1/V2 refer to different experimental
chambers (contexts), outcomes, levers, and auditory and visual stimuli respectively. The specific schedule of events was counterbalanced across
animals.

(tone or clicker [A1 or A2]) during which the correct lever-press responding (left or right [LP1 or LP2], counterbalanced) led to an
outcome (O1; food pellets). During the visual discrimination
lever-press responding (LP1 and LP2, counterbalanced) led to reward (O2; sucrose pellets) in the presence of visual cues (V) (illumination of the house light, or two stimulus lights plus the
magazine light [V1 and V2]). Rats received one morning session
in C1 and one afternoon session in C2.
Each session lasted 48 min in total and consisted of 24 trials
(six of each trial type; A1 and A2 or V1 and V2) with a variable intertrial interval (range 40–60 sec; mean, 50 sec). Stimuli were presented for 60 sec, during which both levers were present.
Reinforcement was unavailable for the first 10 sec (CS1) and was
then available during the final 50-sec period (CS2) on the RI15
schedule. The levers were retracted at the end of the 60 sec stimulus presentation and remained retracted during the intertrial interval. Rats received 16 sessions of each stimulus condition, two
sessions per day, for 16 d.

Behavioral procedure
Test sessions and probe stimuli

Pretraining

Test stimuli were congruent and incongruent stimulus compounds or single training stimulus elements previously associated
with each training context as described previously (Reichelt et al.
2013a). For example, if C1 was previously associated with auditory
stimuli A1 and A2, these single stimulus elements were presented
during the test; in the alternative context (C2) visual stimuli V1
and V2 were presented as single elements. The compound test
stimuli were categorized as either congruent or incongruent depending on the responses previously required during training.
Congruent stimulus compounds were composed of stimulus elements which had each signaled the same lever-press response–
outcome relation during training on the biconditional discrimination task. Thus, the elements previously presented in A1V1
and A2V2 compounds had each signaled the same lever-press responses in training (LP1 and LP2, respectively). Incongruent stimulus compounds, A1V2 and A2V1 were composed of stimulus
elements which had signaled different, and thus conflicting,
lever-press responses during biconditional discrimination training. “Correct” responding to incongruent compounds is defined
by responding according to the stimulus element previously
trained in the appropriate context. Thus, if during the test session
the context had been previously associated with the visual discrimination, the visual stimulus element (V1 or V2) of the incongruent compound (A1V2 or A2V1) was the correct cue. For
example, if presentations of A1V2 occurred in the context where
A1 had been presented during the biconditional training, selection of the lever appropriate to A1, rather than V2, was deemed
to be correct. Therefore, for the rats to respond correctly to the
incongruent stimulus element compounds they must utilize contextual information provided by the test context to disambiguate
responding.
Following acquisition of the biconditional discrimination, rats received probe test trials within training sessions. Rats

Rats received two 48-min sessions of magazine training. Food pellet rewards (grain or sucrose) were delivered on a random time
120-sec schedule. Magazine training occurred in a morning session in one context (e.g., rod floors with grain pellets) and, 3 h later, an afternoon session in the alternative context (e.g., mesh
floors and sucrose pellets). This allocation of contexts and their associated outcome remained consistent throughout training and
was counterbalanced across animals (see below). After magazine
training, the rats were trained to respond during alternating presentations of the left and right levers. Each session lasted 48
min and consisted of twenty-four 60 sec trials (12 each of the
left and right lever presentation). Rats received two training sessions per day, one in the morning and the other, 3 h later, in
the afternoon. On the first day lever pressing was reinforced on
a continuous schedule (CRF) and on the second day was reinforced on a random interval 15-sec schedule (RI15). Rats then progressed to biconditional discrimination training.

Biconditional discrimination training
Rats were trained on two simultaneous biconditional discriminations (see Table 1). All elements were counterbalanced across rats.
For half the rats, the floor of context 1 (C1) consisted of stainless
steel rods, while the floor of context 2 (C2) consisted of stainless
steel mesh; for the other half of the rats, the mesh floor was C1
and the floor with rods was C2. Previous studies (Reichelt et al.
2013b) have shown that these contexts with their distinct floors
are highly discriminable for rodents. Half of the rats in each of
these allocations received the auditory discrimination in C1 and
the visual discrimination in C2, and this allocation was reversed
for the other half of each subset of rats. During the auditory
discrimination rats received presentations of auditory (A) cues
www.learnmem.org
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Analysis

received two test sessions per day, one in each context. Test sessions consisted of four extinction probe trials consisting of presentations of congruent and incongruent audio-visual compounds of
training stimuli (A1V1, A2V2, A1V2, A2V1) and eight reinforced
training trials of single training elements associated with the context (A1, A2 or V1, V2), presented in a manner identical to training trials. Test session duration was 24 min and trial order was
randomized; each extinction probe trial was presented once during the test session. Testing took place over 4 d.

Exploration was defined as the rat’s head within 2 cm of the object
with the neck extended and vibrissae moving around the object.
Other behaviors such as sitting on or resting against the object
were not scored. Data were scored using Macropod ODlog software by the experimenter and a second observer naı̈ve to group allocation. The correlation between the two observers was high (r .
0.90). Data are reported as the Exploration Ratio, which was the
difference between the time spent exploring the moved objects
(B and C)—unmoved objects (A and D) divided by the time spent
exploring all the objects (A, B, C, and D) (tmoved 2 tunmoved)/
(tmoved + tunmoved). This discrimination ratio thus takes into account individual differences in the total amounts of time spent
exploring (Ennaceur and Delacour 1988).

Analysis
To assess whether the history of sucrose access selectively disrupted incongruent, but not congruent compound performance,
within-subjects ANOVAs were performed on congruent and incongruent compound responses separately. As the variance of
test data was found to increase with the mean, data were subject
to a logarithmic transformation (Log10 (x + 1)) to correct for the
heterogeneity of variance before performing any further analyses
(Howell 2013).

Parvalbumin immunohistochemistry
Immediately following the behavioral testing (8 wk after the termination of sucrose access), rats were deeply anesthetized with
sodium pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 150 mL of 0.9% saline, containing heparin (5000 IU/
mL), followed by 400 mL of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were post-fixed for 1 h in the
same fixative and placed in 20% sucrose solution overnight.
Brains were frozen and sliced to 40 mm coronal sections.
Sections (40 mm) from the prefrontal cortex (bregma +2.7 mm)
and dorsal hippocampus (bregma 23.5), determined using a rat
brain atlas (Paxinos and Watson 2006) were stained for parvalbumin immunoreactivity. Sections were washed in 0.1M PBS and
blocked with 5% normal horse serum diluted in 0.1 M PBS
containing 0.1% Triton X-100. After incubation at 4˚C with a
mouse monoclonal antibody against parvalbumin (Millipore)
at a dilution of 1:10,000 in PBS for 48 h, biotinylated secondary
antibody (dilution 1:200) was added. Sections were processed
by the Streptavidin– Horseradish peroxidase method (Vector
Laboratories, UK) and peroxidase was visualized using 3′ ,3′ -diaminobenzadine (DAB) intensified with nickel chloride. No immunoreactivity could be detected in control sections, in which
the primary antibody was omitted from the staining protocol.
Sections were mounted onto 4% gelatin-coated slides, dehydrated, cleared in histolene, and coverslipped with Entellan. All slides
were coded and analyzed blind to treatment. Total PFC and hippocampal counts of parvalbumin-positive neurons were measured
using ImageJ (v1.46; http://imagej.nih.gov/ij); within the PFC,
the infralimbic (IL), and prelimbic (PrL) cortices were examined,
and within the hippocampus, the CA1, CA3, and dentate gyrus
(DG) were examined.

Selective reward devaluation on contextual conditioning
Rats prefed one food reward (i.e., grain or sucrose pellets) to satiety
show a selective reduction in instrumental responding for the
sated reward associated with that particular context (Haddon
and Killcross 2006; Reichelt et al. 2013b). To assess whether the
sucrose history influenced this contextually specific devaluation
effect, we subjected rats to two 10-min extinction sessions during which both levers were available. Prior to each extinction session, the rats received 40-min free access to one of the two rewards
(20 g of sucrose or grain pellets) earned during training. This access occurred in individual cages located in a separate room.
Each rat was tested in both contexts (Context 1 and Context 2),
with testing order (devalued versus nondevalued) counterbalanced. We expected that control rats would produce more leverpress responses in the context associated with the nondevalued
outcome. The question of interest was whether those with a history of sucrose access would also behave in this outcome valuespecific manner.

Object-in-place memory
The object-in-place task is a procedure developed to test rodent
memory that combines the elements of traditional measures of
object recognition and object placement by interrogating memory for the recognition of objects together with the spatial context
in which they occur (Barker and Warburton 2013). The apparatus
consisted of an open-field arena (60 × 60 × 60 cm) constructed
from black PVC plastic. One wall was covered in white opaque
Perspex and served as a spatial cue (Good and Hale 2007). A video
camera positioned directly above the arena recorded the behavior
of each rat to a DVD. The room was dimly lit (25 Lux) by an overhead light. The objects used were commercial products (e.g., beer
bottles, coffee mugs, water bottles, cans), made of a variety of materials (aluminium, glass, plastic, and ceramic) and varying in
both height (7.5– 15 cm) and width (4.5–8 cm). Rats were acclimatized to the empty arena for 10 min per day on two consecutive
days, and testing commenced the next day.
Testing consisted in a familiarization phase followed by test.
During the familiarization phase, each rat was placed into the
middle of the arena with four different objects (A, B, C, D) located
equidistantly from the center and allowed to explore for 5 min.
The rat was then removed for 5 min (retention interval) and the
arena and objects were cleaned with 80% ethanol to remove
odors. For the test phase, an identical set of four objects were
placed in the arena, but the locations of B and C were switched
(see Fig. 4A). The test phase was 3 min in duration. If rats remember the original configuration, they will spend more time exploring the two objects whose locations have been reversed (B and C)
than the two objects that remain in the same locations (A and D).
www.learnmem.org

Statistics
Statistical comparisons were made using a repeated measures
analysis of variance (ANOVA) or independent t-tests (two-tail),
where appropriate (SPSS version 22, IBM). All statistical analyses
used a significance level of 0.05.
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