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Daily access to sucrose impairs aspects of spatial
memory tasks reliant on pattern separation and
neural proliferation in rats
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High sugar diets reduce hippocampal neurogenesis, which is required for minimizing interference between memories,

a process that involves “pattern separation.” We provided rats with 2 h daily access to a sucrose solution for 28 d and

assessed their performance on a spatial memory task. Sucrose consuming rats discriminated between objects in novel

and familiar locations when there was a large spatial separation between the objects, but not when the separation was

smaller. Neuroproliferation markers in the dentate gyrus of the sucrose-consuming rats were reduced relative to controls.

Thus, sucrose consumption impaired aspects of spatial memory and reduced hippocampal neuroproliferation.

[Supplemental material is available for this article.]

The hippocampus is critically involved in many learning and
memory processes. Hippocampal-dependent forms of learning
and memory are particularly vulnerable to the detrimental effects
of the overconsumption of high fat and high sugar diets (Molteni
et al. 2002; Beilharz et al. 2014; Hsu et al. 2015; Reichelt et al.
2015a,b; Abbott et al. 2016). Furthermore, these detrimental ef-
fects can be long lasting. For example, we (Reichelt et al. 2015a)
recently demonstrated that rats who consumed 10% sucrose for
2 h a day across their adolescence exhibited object-in-place mem-
ory deficits assessed 6 wk after cessation of sucrose access.

Memory involves not only remembering information over
time, but also keeping memories distinct and minimizing inter-
ference among them. The computational process of making non-
overlapping representations of events distinct has been termed
“pattern separation” (Marr 1971; Leutgeb et al. 2007; Bakker
et al. 2008; Kumaran and McClelland 2012; Kesner 2013).
However, more loosely, “behavioral pattern separation” refers to
processes that enhance discrimination among similar stimuli
(Kent et al. 2016). The dentate gyrus (DG) is a site of adult hippo-
campal neurogenesis (Kuhn et al. 1996; Cameron and McKay
2001) and is hypothesized to be a neural substrate for behavioral
pattern separation processes (Sahay et al. 2011; Tronel et al.
2015). Reductions in adult hippocampal neurogenesis by X-ray ir-
radiation impaired performance when an array of visual target
touchscreen stimuli were presented with little spatial separation,
but not when the stimuli were more widely separated in space, in-
dicating that neurogenesis is required to discriminate between
similar spatial locations (Clelland et al. 2009). Furthermore,
high sugar diets have been reported to reduce proliferation of neu-
rons measured by BrdU immunoreactivity in the DG (van der
Borght et al. 2011), suggesting that such diets may impair behav-
ioral pattern separation processes.

We examined whether 2 h daily access to 10% sucrose
(w/vol; CSR white sugar; energy density 1.7 kJ/mL) in young
male albino Sprague Dawley rats over a 28-d period affected

performance on a modified spontaneous location recognition
task (SLR) (Bekinschtein et al. 2013, 2014; Kent et al. 2015). The
rationale behind the SLR task (see Fig. 1B) is that when objects
are closer together in space it is more cognitively challenging to
form spatial representations that are distinct, and places greater
demands on behavioral pattern separation processes than when
the objects are further apart (Bekinschtein et al. 2013, 2014;
Kent et al. 2015). This task requires brain-derived neurotrophic
factor (BDNF) in the DG to allow the encoding of spatial memories
(Bekinschtein et al. 2013, 2014). Thus, such evidence suggests that
the SLR task is DG-dependent and sensitive to manipulations of
neuroplasticity and depletion of neurogenesis by disrupting
Wnt-signaling (Bekinschtein et al. 2013, 2014).

Figure 1A shows the timeline of behavioral experiments. Rats
in the sucrose consumption group had access to 10% sucrose sol-
ution for 2 h each day for 24 d, as well on each of the 4 d of behav-
ioral training and testing. Rats that consumed sucrose did not
differ in body weight from control rats (F , 1) (Fig. 1C) and the
overall energy intake between groups did not differ (F , 1), as
sucrose consuming rats reduced their chow intake (Fig. 1D).
Sucrose intake increased across the 28-d period (Fig. 1E, F(3,54) ¼

60.8, P , 0.001).
The SLR task (Fig. 1B) consisted of a 10-min sample phase in

which rats were exposed to a familiar gray plastic circular open
field arena (100 cm diameter × 50 cm high). Three identical ob-
jects (A1, A2, and A3—opaque yellow plastic bottles measuring
22-cm high, 8-cm wide), were arranged in a triangle shape (see
Supplemental Materials). The arena was surrounded by three dis-
tinctive proximal spatial cues (black and white posters with
unique patterns 35 cm high × 50 cm wide, located equidistantly
around the arena, and distal cues provided by room furniture).
In the d-SLR condition, the distance between each object was
equal (49 cm), whereas in the s-SLR condition A2 and A3 were
closer to each other (20.5 cm) than they were to A1, which was
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at an equal distance from the other two. Twenty-four hours later,
rats were tested. This consisted of rats in both conditions being ex-
posed for 5 min to two identical copies of the sample objects: one
of which (A4) remained in the same location as had been occupied
by A1 and the other (A5) located halfway between where A2 and
A3 had been located (Bekinschtein et al. 2013). In the d-SLR con-
dition, behavioral pattern separation processes would ensure that
representations of the object locations remained distinct from
each other. Hence, rats in this condition should be likely to detect
the object in the new location and spend more time exploring this
novel location. In contrast, in the s-SLR condition, the task con-
fronting pattern separation processes is more difficult. Hence, if
the history or sucrose exposure impaired these processes, then

rats with this history would be less likely
to detect the object in the new location
than control rats.

In the d-SLR task control (N ¼ 6)
and sucrose-exposed (N ¼ 6) rats spent
equal amounts of time exploring each
of the three objects (A1, A2, A3) during
the d-SLR sample phase as shown in
Figure 2A [no significant main effects of
object, group, discrimination (Fs , 1.0);
no interactions were significant (Fs ,

1)]. The control and sucrose-exposed
rats performed comparably at test—
spending more time exploring the object
in the novel location (Fig. 2C). This was
confirmed statistically by ANOVA which
revealed a significant main effect of ob-
ject (F(1,10) ¼ 33.1, P , 0.001), but no sig-
nificant main effect of sucrose (F , 1) or
object × sucrose interaction (F , 1).

In the s-SLR task control (N ¼ 6) and
sucrose-exposed (N ¼ 6) rats spent equal
amounts of time exploring each of the
three objects (A1, A2, A3) during the
s-SLR sample phase as shown in Figure
2B [no significant main effects of object,
group, discrimination (F , 1); no inter-
actions were significant (Fs , 1)]. How-
ever, in the s-SLR task, control rats
spent more time exploring the object in
the novel location, but sucrose-exposed
rats spent equal time exploring the ob-
ject moved to the new location as the
one that remained in the old location
(Fig. 2D). Repeated-measures ANOVA
demonstrated a significant main ef-
fect of object (F(1,10) ¼ 30.6, P , 0.001),
but no significant main effect of group
(F(1,10) ¼ 1.2, P ¼ 0.31). A significant
object × group interaction was observed
(F(1,10) ¼ 30.5, P , 0.001). Simple main
effects analysis demonstrated a signifi-
cant effect of object in control (F(1,10) ¼

61.1, P , 0.001) but not sucrose (F , 1)
rats.

Data were transformed to discri-
mination ratios (Fig. 2E). Significant
main effects of group (F(1,20) ¼ 12.6, P ,

0.01), test type (F(1,20) ¼ 4.6, P , 0.05),
and a significant group × test interaction
(F(1,20) ¼ 6.6, P , 0.05) were observed.
Simple main effects analysis demon-
strated a significant effect of sucrose ex-

posure during the s-SLR (F(1,20) ¼ 18.7, P , 0.001) but not the
d-SLR test (F , 1). Thus, rats exposed to sucrose were able to re-
call the original layout of the objects when tested 24 h later
as they spent more time exploring the object moved to the new
location than the one that remained in its original position.

We then assessed whether daily exposure to sucrose affected
cell proliferation in the DG. Twenty-four hours after testing, the
brains of sucrose and control rats were analyzed by immunohis-
tochemistry for proliferating cell nuclear antigen (PCNA) and
doublecortin (DCX). PCNA is a marker for neuroprogenitor cell
proliferation (Olariu et al. 2007; Snyder et al. 2009; Dimitrov
et al. 2014), which is expressed during all active phases of the
cell cycle and for a short period of time after cells become

Figure 1. (A) Timeline of experimental events. (B) Schematic of the spontaneous location recognition
task showing the relation of the extra-maze cues (1, 2, 3) and the arrangement of the objects (sample
phase: A1, A2, A3 and test phase: A4, A5) in the d-SLR and s-SLR configurations in a 100-cm diameter
open field arena. See Supplemental Information for full details of the behavioral methods. (C) Body
weights of rats across the sucrose access period. (D) Total energy consumed (kJ) per cage of four rats
in each of the diet conditions across a 24-h period. (E) Daily consumption of 10% sucrose averaged
across the three cages (each containing 4 rats) (F) Mean white adipose tissue (WAT) as percentage of
body weight in control and sucrose rats. Data are presented as means+SEM. N ¼ 12 per group. (∗)
P , 0.05.
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post-mitotic (Christie and Cameron 2006; von Bohlen und
Halbach 2011). DCX is a microtubule-associated protein that is
expressed in migrating neuronal precursor cells (Gleeson et al.
1998; Couillard-Despres et al. 2001) and is used as a marker for
new adult born neurons in the DG (Couillard-Despres et al.
2005). Rats that received daily exposure to sucrose for 28 d had
significantly fewer DCX immunopositive cells per DG (DCX+;
t(22) ¼ 3.8, P ¼ 0.001, Fig. 3A,B) and PCNA immunopositive cells
per DG (PCNA+; t(22) ¼ 2.6, P ¼ 0.016), Fig. 3C,D) in the granule
cell layer of the DG of the hippocampus than control rats.

Analysis of the retroperitoneal and gonadal fat pad weights
(Fig. 1F) revealed that rats which consumed sucrose had signifi-
cantly greater body fat than control rats (t(22) ¼ 2.3, P , 0.05).
Thus, despite consuming similar amounts of energy, rats that con-
sumed sucrose developed greater adiposity than control rats.

The behavioral results indicated that a history of sucrose con-
sumption spares spatial recognition memory in the d-SLR task.
In contrast to this, sucrose consumption impaired test perfor-

mance on the s-SLR version of the task
when the objects had been located
closer to each other during the sample
phase, indicating that sucrose had im-
paired recognition memory. Immuno-
histochemical analysis of the neuronal
proliferation marker PCNA and im-
mature neurons (DCX) showed that
consumption of 10% sucrose reduced
proliferating neuronal precursor popula-
tions, potentially underpinning the cog-
nitive deficits observed. This is in line
with the hypothesis that adult neuro-
genesis provides an added functionality
to the hippocampus when the cognitive
load is taxed (Garthe et al. 2016), thus
impairments were observed in the s-SLR
task, but not in the d-SLR task.

Despite the memory impairment on
the s-SLR task in sucrose-consuming rats,
proliferating cells were still present in
the DG, albeit at a significantly reduced
level (�80% of control levels). This
complements the observation that per-
formance on cognitive tasks relying on
pattern separation, such as a touchscreen
location discrimination task, were im-
paired by both a reduction and a com-
plete ablation of neural differentiation
by irradiation. Clelland et al. (2009) in-
fused an anti-Wnt lentivirus into the
DG to diminish neuroproliferation in
mice. This manipulation produced a
10% decrease in total cell numbers in
the DG and a spatial separation-depen-
dent impairment on the touchscreen
task. Moreover, Wnt-knockdown pro-
duced performance impairments simi-
lar to hippocampal lesions (McTighe
et al. 2009) or irradiation-induced ab-
lation of DG neurons (Clelland et al.
2009). Taken together, these results sug-
gest that there is a critical threshold of
differentiating neuron populations, be-
low which deficits in pattern separation
processes arise (Clelland et al. 2009).

Previous studies have demonstrat-
ed that diminishing adult neurogenesis

by the lentiviral-induced knockdown of Wnt-signaling impairs
performance when the cognitive load for pattern separa-
tion was high in the s-SLR task (Bekinschtein et al. 2013).
Performance in the xs-SLR task, where the distance between
the two objects, A2 and A3, was closer than in the s-SLR, was
enhanced by infusion of BDNF into the DG. Furthermore, per-
formance on both the s-SLR and the xs-SLR was enhanced by
14 d of systemic administration of the orexigenic hormone
acyl-ghrelin (Kent et al. 2015). Acyl-ghrelin treatment enhanced
both neuroproliferation measured by DCX immunoreactivity
and performance on s-SLR when measured 8–10 d after the ces-
sation of treatment (Kent et al. 2015), further indicating that
metabolic changes that influence neuroplasticity can modulate
performance of this task.

Populations of newborn neurons in the DG are regulated by
a variety of factors (Ming and Song 2005). Manipulations that
increase the number of newborn granule cells, such as physical
activity, are associated with improved cognitive performance in
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Figure 2. (A) Time spent exploring the three identical objects (A1, A2, A3) during the d-SLR sample
phase by sucrose-exposed (sucrose) and control rats. (B) Time spent exploring the three identical
objects (A1, A2, A3) during the s-SLR sample phase by sucrose-exposed and control rats. (C) Time
spent exploring the two identical objects (A4, A5) during the d-SLR test phase by sucrose-exposed
and control rats. (D) Time spent exploring the two identical objects (A4, A5) during the s-SLR test
phase by sucrose-exposed and control rats. (E) Test performance during the d-SLR and s-SLR [D2 dis-
crimination ratio ¼ Time(novel) 2 Time(familiar)/Time(novel) + Time(familiar)] by sucrose consuming and
control rats. Data show mean+SEM. (∗∗) P , 0.01, (∗∗∗) P , 0.001 compared with control rats.
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touchscreen discriminations (Creer et al. 2010) and in context fear
conditioning where discrimination between shocked and non-
shocked contexts (Sahay et al. 2011). Further studies are required
to establish the mechanisms by which daily access to sucrose im-
pairs hippocampal function. Continuous consumption of sucrose
for 4 wk decreased neurogenesis measured by reduced BrdU im-
munoreactive cells in the DG (van der Borght et al. 2011), however
this more direct assay of neurogenesis was not measured in the
current study. Neuroinflammation is another likely candidate as
it inhibits neurogenesis (Monje et al. 2003), and high sugar diets
increase levels of pro-inflammatory cytokines in the hippocam-
pus (van der Borght et al. 2011; Beilharz et al. 2014; Hsu et al.
2015). Despite consuming similar amounts of energy overall as
control rats, the rats that consumed sucrose had increased adipos-
ity. Thus, adipose derived cytokines may have contributed to an
enhanced inflammatory state (Park et al. 2005). Additionally,
the s-SLR task has been shown to depend on BDNF expression in
the DG (Bekinschtein et al. 2013, 2014). As consumption of a
high fat/high sugar diet for 8 wk reduced hippocampal BDNF
mRNA expression (Molteni et al. 2002), it is possible that the daily
access to sucrose in the present experiment likewise reduced BDNF
expression in the DG.

The maturation process of newborn neurons takes �1–2 mo
in rodents (Kempermann et al. 2004), but there are several phases
whereby the excitability of theseyoung neurons decrease concom-
itant with their integration into existing neural circuits (van Praag
et al. 2002; Ming and Song 2005). Neuronal excitability is thought
to decrease from the time that spinogenesis begins; a time which
overlaps with the development of gamma-aminobutyric acid
(GABA) receptors (Esposito et al. 2005). Fast-spiking parvalbumin-
positive GABAergic interneurons regulate early phases of adult
hippocampal neurogenesis (Song et al. 2013). Previously, we ob-
served a reduction in parvalbumin neuron immunoreactivity
within the dorsal hippocampus of rats that consumed sucrose on
a daily basis (Reichelt et al. 2015a), which may have contributed
to the reduced neuroproliferation markers observed here.

The behavioral results indicate that daily intake of sucrose in-
duces deficits in spatial memory when objects are closer together
in space, yet spares performance when memory representations
are made more spatially distinct. A “cognitive map” describes
the spatial representations of an environment (O’Keefe and
Dostrovsky 1971; Eichenbaum 2000). The representations be-
tween the distal spatial cues and objects, as shown in Figure 1B,
may have differed between the d-SLR and s-SLR. During the test
phase, the rats may use spatial cue 1 to identify A4 as familiar,
whereas the new object A5 does not have a stored association
with the extra-maze cues, and hence elicits exploration. Thus,
the reduction in the distance between the A2 and A3 objects,
during the sample phase in the s-SLR task, also reduced the dis-
tances between the extra-maze cues. The question therefore re-
mains whether the critical factor in the s-SLR was the distance
between the objects and the extra-maze cues or the distance be-
tween the objects themselves. Further studies should examine
whether increasing the proximity of the spatial cues to the
to-be-remembered locations influences performance in this task.

The present results suggest that daily intake of sugar-
sweetened drinks has adverse effects on hippocampal-dependent
forms of learning that become apparent when “cognitive load” is
challenged. Further studies might examine whether treatments
and interventions known to promote neurogenesis (such as aero-
bic exercise) reverse diet-induced cognitive deficits in the s-SLR
task. Other measures of behaviors reliant on precursor neuropro-
liferation and indicative of cognitive flexibility, such water maze
reversal learning (Garthe et al. 2009) and spatial separation-
dependent touchscreen tasks (Clelland et al. 2009) should be
assessed.

Acknowledgments
A.C.R. is the recipient of an Australian Research Council Discovery
Early Career Research Award (DE140101071). We thank Kirsten
Abbott for her assistance with collection of the behavioral data.

Figure 3. (A) Doublecortin-positive (DCX+) cells in the DG of control rats (N ¼ 12) and rats sucrose-exposed rats (N ¼ 12) (mean+SEM). (B)
Photomicrographs showing representative doublecortin immunoreactivity in the DG of control and sucrose-exposed rats (10×, Scale bar ¼ 100 mm)
and inset 40× Scale bar ¼ 25 mm. (C) PCNA-positive (PCNA+) cells in the DG of control rats and rats that consumed sucrose (mean+SEM). (D)
Photomicrographs showing representative PCNA immunoreactivity in the DG of control and sucrose consuming rats (10×, Scale bar ¼ 100 mm.
Arrows show PCNA-positive cells and inset 40× scale bar ¼ 25 mm). (∗) P , 0.05, (∗∗∗) P , 0.001 compared with control rats. See Supplemental
Information for details of the immunohistochemical methods utilized.
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