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Activity-dependent  changes  in hippocampal  energy  consumption  have  largely  been  determined  using
microdialysis.  However,  real-time  recordings  of brain  energy  consumption  can  be more  accurately
achieved  using  amperometric  sensors,  allowing  for  sensitive  real-time  monitoring  of  concentra-
tion  changes.  Here,  we test  the theory  that  systemic  pre-treatment  with  glucose  in rats  prevents
activity-dependent  decreases  in  hippocampal  glucose  levels  and  thus  enhances  their performance  in
a  spontaneous  alternation  task.  Male  Sprague  Dawley  rats  were  implanted  into  the hippocampus  with
either:  1)  microdialysis  probe;  or 2) an  oxygen  sensor  and  glucose  biosensor  co-implanted  together.
Animals  were  pre-treated  with  either  saline  or  glucose  (250  mg/kg)  30 min  prior to performing  a  single  20-
min spontaneous  alternation  task  in  a  +-maze.  There  were  no  significant  differences  found  between  either
treatment  group  in terms  of  spontaneous  alternation  performance.  Additionally,  there  was  a significant
difference  found  between  treatment  groups  on  hippocampal  glucose  levels  measured  using  microdialysis
(a decrease  associated  with  glucose  pre-treatment  in control  animals)  but not  amperometry.  There  were

significant  increases  in hippocampal  oxygen  during  +-maze  exploration.  Combining  the  findings  from
both  methods,  it appears  that hippocampal  activity  in the spontaneous  alternation  task  does not  cause
an increase  in  glucose  consumption,  despite  an  increase  in  regional  cerebral  blood  flow  (using  oxygen
supply  as  an index  of  blood  flow)  and,  as  such,  pre-treatment  with  glucose  does  not  enhance  spontaneous
alternation  performance.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Implantable sensors allow for stable, long-term recording of a
umber of common analytes found in the extracellular fluid (ECF)
f the brain. Sensors have been developed that are sensitive to
nd selective for oxygen [1–4] and glucose [3,5–10], two  corre-
ates of increased neuronal activity. While sensors are limited in
erms of what analytes can be measured at any one time, there
re a number of advantages to electrochemical sensors over micro-
ialysis, the current standard in measuring neurochemical changes

n freely-moving animals. Their small size, high specificity, ability
o record at a sub-second temporal resolution along with reduced

evels of gliosis in surrounding tissue compared to microdialysis
uide cannulae and probes [11,12] makes sensors an attractive

∗ Corresponding author at: Maynooth University Department of Chemistry,
aynooth University, Maynooth, Co. Kildare, Ireland.

E-mail address: kealyjo@tcd.ie (J. Kealy).

ttp://dx.doi.org/10.1016/j.bbr.2017.02.034
166-4328/© 2017 Elsevier B.V. All rights reserved.
method for determining the relationships between neurochem-
istry, metabolism, neural activity and behaviour [13,14].

Tissue levels of oxygen in the brain can be accurately monitored
in real time using electrochemical techniques such as constant
potential amperometry that has been extensively characterised
in the rat brain [15]. In particular, carbon paste electrodes (CPEs)
have been shown to be able to detect concentrations of oxygen
in the brain with high sensitivity and selectivity at a sub-second
temporal resolution using constant potential amperometry [16].
Changes in the signal obtained from the CPE directly relate to
changes in tissue oxygen levels, which are linked to regional cere-
bral blood flow [2]. As a translational tool, such sensors can be
directly compared to changes in the blood oxygen level-dependent
(BOLD) signal obtained using functional magnetic resonance imag-
ing (fMRI) [17–21]. As with fMRI, differential changes in tissue
oxygen concentrations can be used to functionally dissociate differ-

ent regions of the brain [22]. As such, tissue oxygen levels measured
using CPEs can then be used to assess the levels of neural activity
in localised regions of the brain in freely-moving animals [23,24]
including the hippocampus [25,26].

dx.doi.org/10.1016/j.bbr.2017.02.034
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2017.02.034&domain=pdf
mailto:kealyjo@tcd.ie
dx.doi.org/10.1016/j.bbr.2017.02.034
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Similarly, changes in glucose concentration can also be
onitored in real-time with high specificity and selectivity

sing constant potential amperometry, with biosensors incor-
orating glucose oxidase being the principal type of electrode
sed [6–8]. It has been determined that a platinum/poly(o-
henylenediamine)/glucose oxidase (Pt/PPD/GOx) biosensor
esign allows for the best detection of glucose in vivo [7,9,27] with
eal-time measurements of hippocampal glucose concentration
ow possible [25,26]. Previously, direct sampling of cerebrospinal
uid using microdialysis allowed for tissue concentrations of
lucose to be determined [28] and for activity-related changes
n glucose concentrations to be assessed [29–32]. However, all
hese studies have the drawback of poor temporal resolution with
amples usually collected over the course of minutes meaning
hat fast changes in neurochemistry associated with individual
ehaviours may  be missed. Higher temporal resolution detection is
ossible with recent advances in dialysate collection and analysis
up to 60 s) but these techniques are still not approaching the
eal-time accuracy of amperometric sensors [33].

Due to the pivotal role the hippocampus plays in declarative
emory [34–36], spatial navigation [37–39] and its links to var-

ous neurological disorders [40–44], it is vital to understand how
ctivity in this region relates to function. Electrophysiological stud-
es have created a wealth of data relating to neuronal activation
nd behaviour [45] but understanding the neurochemical under-
innings of behaviour, ranging from metabolism to signalling, has
elied on either disruptive methods such as lesions, gene knock
uts and pharmacological interventions [46,47] or microdialysis, a
echnique poorly suited to looking at typical behavioural paradigms
n rodents across short time spans as animals can solve tasks or
erform multiple choices in less time than it takes to collect one
icrodialysis sample.
Focussing on energy consumption during behavioural tasks,

he microdialysis literature has suggested that there are changes
n hippocampal glucose concentration during performance in a
patial working memory task. Specifically, during a 20-min explo-
ation of a +-maze, there is a significant decrease in hippocampal
lucose compared to baseline levels [30,32]. Interestingly, McNay
nd colleagues [30] show that this activity-dependent decrease
an be blocked by pre-treating the rats with a systemic injec-
ion of glucose with a corresponding enhancement of spontaneous
lternation performance and that this activity-dependent decrease
as restricted to the hippocampus for this particular spatial task

31]. Furthermore, age-related differences in spontaneous alter-
ation performance and hippocampal glucose concentration have
lso been reported [48]. Pharmacological interventions can affect
his activity-dependent decrease in hippocampal glucose; amyloid-
(1–42)-induced impairment in the spontaneous alternation task

s not accompanied by an activity-dependent decrease in hip-
ocampal glucose [49]. Similarly, morphine-induced impairment

n the same task is not accompanied by an activity-dependent
ecrease in hippocampal glucose even though the addition of
xogenous glucose can reverse this impairment [50]. This suggests
hat neuronal activity in the hippocampus utilises extracellular glu-
ose and that performance in the spontaneous alternation task can
e improved if extracellular glucose levels are kept above a certain
hreshold.

These studies suggest a relatively straightforward relationship
etween hippocampal activity and hippocampal glucose con-
entration (with increased activity associated with decreases in
lucose). However, as all these studies assume that hippocampal
lucose concentration is usually around 1 mM based on results from

ero-net-flux experiments [51], which may  be an overestimation
f the baseline hippocampal glucose concentration. Indeed, recent
ork suggests that the concentration is lower, perhaps as low as

round 0.60 mM [25] or even 0.31 mM [52], similar to levels esti-
esearch 326 (2017) 59–68

mated for the nucleus accumbens (0.54 mM;  see [53] and [54])
and striatum (0.35 mM;  see [8]). Assuming a basal concentration
of 1.00 mM would therefore call into question any deviations from
baseline glucose levels identified using the microdialysis method
described in multiple studies [30–32,48]. There is also debate on
the validity of microdialysis and zero-net-flux as trauma caused by
implanting a microdialysis probe significantly alters the character-
istics of the surrounding tissue [55], thus making the zero-net-flux
approach less accurate than was previously appreciated [56–59].

Therefore, this study aims firstly to replicate the original
microdialysis-based experiments looking at glucose pre-treatment
in a spontaneous alternation task in the +-maze [30] by measuring
activity-dependent changes in hippocampal glucose using micro-
dialysis. A second experiment replaces the microdialysis probe
with amperometric sensors: a CPE for measuring tissue oxygen in
the hippocampus and a Pt/PPD/GOx biosensor for measuring hip-
pocampal glucose. Correlation between the neurochemical data
from both techniques and the behavioural data will be made as
appropriate. If there is an activity-dependent decrease in hip-
pocampal glucose concentration, we would expect to see it both
using microdialysis and amperometric techniques. A cognitive
enhancing effect for glucose pre-treatment should result in an
attenuation of this activity-dependent decrease in hippocampal
glucose and we  expect both sampling techniques to show simi-
lar trends in any changes in glucose concentration. Finally, we can
relate changes in hippocampal glucose concentration with changes
in hippocampal oxygen consumption, a marker both of neuronal
activity and of changes in regional cerebral blood flow.

2. Materials and methods

2.1. Subjects

Male Sprague Dawley rats (3 months old; 250–300 g; Charles
River Laboratories International, Inc.; U.K.) were housed in a
temperature-controlled facility with a 12-hour light/dark cycle
(lights on at 07:00) with access ad libitum to food and water. All
animals were handled for 5 min  each day. All procedures were
performed under license in accordance with the European Com-
munities Regulations 2002 (Irish Statutory Instrument 566/2002).

2.2. Data acquisition and statistical analysis

All in vitro electrochemical experiments were performed using
a low noise potentiostat (Biostat IV, ACM Instruments, Cumbria,
U.K.). Data acquisition was performed using a PowerLab

®
interface

system (ADInstruments Ltd., Oxford, U.K.) and a Logiq laptop. The
software packages used were LabChart for Windows (Version 6)
and EChem for Windows Version 1.5.2 (ADInstruments Ltd., Oxford,
U.K.). For in vivo experiments, a four channel potentiostat was used
(Quadstat, eDAQ Ltd., Australia). Digital acquisition was performed
using an e-corder 821 system (eDAQ Ltd., Australia) and a Dell desk-
top PC. The software package used was Chart for Windows (Version
5, eDAQ Ltd., Australia).

All data was preliminarily processed in Microsoft
®

Excel
®

for
Mac  2011 (Version 14.2.2) before being exported to GraphPad
Prism

®
5 for Mac  OS X (Version 5.0a) for statistical analysis and

plotting of graphs. In the case of microdialysis samples, data was
normalised to baseline levels. For recordings from sensors, all
data was  baseline-subtracted and area under curve (AUC) analy-
sis was performed to quantify any observed changes in the sensor

signals for statistical analysis. For multiple comparisons, repeated-
measures and mixed-factorial analysis of variance tests (ANOVAs)
with Bonferroni post hoc analysis were used as appropriate. Paired
t-tests were also used when comparing results from two different
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ime points. p < 0.05 was considered to be significant and all data is
resented as the mean ± standard error of the mean (SEM).

.3. Working electrode preparation and surgery

Carbon paste [60] was prepared by thoroughly mixing 0.71 g
f graphite powder (1–2 �m,  Aldrich) with 250 �l of silicone
il (high temperature, Aldrich). CPEs were made from Teflon

®
-

oated silver wire (8 T, 200 �m bare diameter, 256 �m coated
iameter; Advent Research Materials, Suffolk, U.K.) as reported
reviously [2]. Pt/PPD/GOx sensors were made by immobilis-

ng GOx (from Aspergillus niger; EC 1.1.3.4, type VII-S; Sigma) in
 poly(o-phenylenediamine) (PPD) film by potentiometric elec-
ropolymerisation of the monomer o-phenylenediamine (Sigma;
00 mmol/l; see [61]) on the bare disc end of a freshly cut
eflon

®
-coated platinum wire (5 T, 125 �m bare diameter, 175 �m

oated diameter; Advent Research Materials, Suffolk, U.K.). A
eoxygenated solution of the o-phenylenediamine monomer
300 mmol/l) was prepared in 10 ml  phosphate buffered saline
PBS; pH 7.4; 0.15 M NaCl, 0.04 M NaH2PO4 and 0.04 M NaOH; all
rom Sigma). An aliquot of 5 ml  of this solution was then added
o a weighed quantity of GOx (5 mg/ml) and electropolymerised
sing constant potential amperometry at +700 mV  versus a satu-
ated calomel electrode as previously described [27].

Experiments to determine the sensitivity and selectivity for
hese sensor designs have previously been performed. CPEs are
ensitive to changes in oxygen concentration and selective for
xygen over a range of interferent species [15,16]. Similarly, the
t/PPD/GOx biosensor is sensitive to changes in glucose concen-
ration and is selective for glucose over a range of interferent
pecies [7,9,27,62]. In vitro calibrations were performed using con-
tant potential amperometry in a standard three-electrode glass
lectrochemical cell containing 20 ml  PBS at room temperature. A
aturated calomel electrode was used as the reference electrode
nd a bare platinum wire served as the auxiliary electrode. The
pplied potential for CPEs was -650 mV versus a saturated calomel
lectrode and for Pt/PPD/GOx electrodes was +700 mV  versus a sat-
rated calomel electrode. For CPE O2 calibrations (0–1200 �M)  the
BS solution was vigorously purged with O2-free N2 (BOC Ireland,
verage O2 content 2 ppm, maximum O2 content 5 ppm) for at least
0 min  to attain adequate deaeration of the PBS solution before
ecording. An O2 concentration of 240 �M was  obtained by bub-
ling atmospheric air using an air pump (RENA, U.S.A.) through the
BS for a minimum of 30 min  [63,64]. Finally an O2 concentration
f 1200 �M was obtained by bubbling pure O2 gas (BOC Ireland)
hrough the PBS for a minimum of 30 min  [63,65]. For Pt/PPD/GOx
lucose calibrations (0–100 mM)  aliquots of a 1 M glucose stock
olution were injected into the PBS solution in the cell. The PBS
as briefly stirred using a magnetic stirring bead to uniformly mix

he solution. Additionally, ascorbic acid calibrations (0–100 �M)
ere performed in the same manner to confirm that there was
inimal interference from ascorbic acid in vivo. The current was

ecorded throughout the course of each experiment and analysis
as performed using quiescent steady-state conditions.

For sensor implantation, animals were anaesthetised using
soflurane (4% in air for induction, 1.5–3.0% for maintenance;
soFlo

®
, Abbott, U.K.) and placed in a stereotaxic frame. The skull

as exposed and four anchor screws were implanted into the
kull (one anchor screw doubling as the auxiliary electrode) and
urr holes were made for the reference electrode and the working
lectrodes. The Pt/PPD/GOx biosensor was implanted into the hip-

ocampus (−5.6 mm from Bregma, +4.6 mm from midline, 5.1 mm
rom dorsal surface of brain; co-ordinates adapted from [32]). The
PE was implanted into the hippocampus in the same hemisphere
.0 mm anterior to the Pt/PPD/GOx sensor. The reference electrode
esearch 326 (2017) 59–68 61

was implanted on the contralateral side of the brain using the same
co-ordinates. The sensors were cemented into place using dental
cement (Dentalon

®
Plus, Heraeus-Kulzer, Germany) and the gold

connectors at the end of each electrode were inserted into a six-
pin Teflon

®
socket (Plastics One, U.S.A.) which was also cemented

in place. All animals were given saline (0.9%) and analgesia (Bupre-
care 0.3 mg/kg body weight, AnimalCare Ltd., U.K.) and allowed
to recover in an incubator. 24 h following recovery, animals were
singly housed in a plastic home bowl in a temperature-controlled
facility with a 12-hour light/dark cycle (lights on at 07:00) with
access ad libitum to food and water.

2.4. Microdialysis surgery

For microdialysis guide cannula (CMA 12 guide cannulae CMA
Microdialysis AB, Sweden) implantation, animals were anaes-
thetised using isoflurane (4% in air for induction, 1.5–3.0% for
maintenance; IsoFlo

®
, Abbott, U.K.) and placed in a stereotaxic

frame. The skull was  exposed and three anchor screws were
implanted into the skull and a burr hole was  made for the guide
cannula. The guide cannula was  implanted into the hippocampus
(−5.6 mm from Bregma, +4.6 mm  from midline, 3.6 mm from dor-
sal surface of brain; co-ordinates from [32]). The guide cannula
was then cemented into place using dental cement (GC Fuji Plus
capsules, GC United Kingdom Ltd., U.K.). All animals were given
saline (0.9%) and analgesia (Buprecare 0.3 mg/kg body weight, Ani-
malCare Ltd., U.K.) and allowed to recover in an incubator. 24 h
following recovery, animals were singly housed in a plastic home
bowl in a temperature-controlled facility with a 12-hour light/dark
cycle (lights on at 07:00) with access ad libitum to food and water.

2.5. Behavioural apparatus

The +-maze was constructed out of clear Perspex that was
blacked out with adhesive plastic film on the exterior of the maze.
The +-maze consisted of a central area connected to four arms
(1 m in length) and mounted on a wooden table. Animals were
also able to use visual cues around the room (support arm for tub-
ing/electrode cables, notices on walls, etc.). A webcam was  placed
above the +-maze and videos of each trial were recorded using a PC
in order to count the number and order of arm entries during the
spontaneous alternation task.

For microdialysis experiments, all tubing was suspended using a
pulley system above the home bowl and +-maze to allow the exper-
imenter to lift the tubing out of the animals’ way during exploration
without interfering with the animal’s movements. A liquid swivel
(Instech Laboratories, Ltd., U.S.A.) was used to prevent the tubing
from becoming tangled during exploration. For animals implanted
with sensors, the headpiece from each animal was connected to the
potentiostat via the six-pin Teflon

®
socket using a flexible screened

six core cable (Plastics One, U.S.A.) through a multichannel com-
mutator (Plastics One, U.S.A.) to prevent the cable from becoming
tangled and to allow free movement of the animal in the bowl.

2.6. Experimental procedure

All injections were administered intraperitoneally (i.p.) 30 min
prior to the animal entering the +-maze. Subjects were divided into
two groups: 1) saline (0.9%; NaCl from Sigma; n = 6); and 2) glu-
cose (250 mg/kg; D-glucose from Sigma). Animals were weighed
on each day and the respective doses for each animal were pre-
pared immediately prior to injection. Stock solutions of glucose

were allowed to stand for 24 h to allow the two enantiomers of the
glucose molecule to come to equilibrium. A control group of ani-
mals (saline- and glucose-treated) that did not undergo any surgical
implantation were used in order to determine whether tethered
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xploration (either with microdialysis or sensors) has an impact on
erformance in the +-maze.

For animals implanted with microdialysis guide cannulae,
icrodialysis probes (CMA 12 microdialysis probe; CMA  Microdial-

sis AB, Sweden) were inserted into the hippocampus one week
ollowing surgery and 24 h prior to being put into the maze [30].
or at least 20 min  prior to being placed in the +-maze and until
t least 20 min  following the +-maze, the microdialysis probes
ere perfused with artificial cerebrospinal fluid (aCSF; 128 mM
aCl; 3.0 mM KCl; 1.3 mM CaCl2; 1.0 mM MgCl2; 21.0 mM NaHCO3;
.3 mM NaH2PO4; 1.0 mM d-glucose, pH 7.0; [30]) at a flow rate of
.0 �l/min using a mechanical syringe pump (Univentor Limited,
alta). Dialysate was collected over 5 min  periods in collection vials

CMA Microdialysis AB, Sweden) and stored on ice before being
ransferred to a freezer (−80 ◦C). 12 samples were collected from
ach animal: 4 samples from baseline period before being placed in
he +-maze; 4 samples from exploration period in the +-maze; and 4
amples from post-baseline period after finishing the exploration
ession in the +-maze. Samples were later defrosted and glucose
oncentrations were determined using a CMA  600 clinical micro-
ialysis analyser (CMA Microdialysis AB, Sweden). All values were
ormalised (baseline concentration = 100%) for further analysis.

For animals implanted with sensors, animals were connected to
he potentiostat 24 h prior to being put into the maze to allow time
or the signal from the Pt/PPD/GOx biosensor to settle (CPEs usually
ettle within an hour). Sensor recordings were made at a sampling
ate of 40 Hz. In order to compare directly to the microdialysis data,
he currents obtained from the sensors were normalised (base-
ine = 100%) and 5 min  time bins were used to make comparison

ith microdialysis easier. All other data is presented as real-time
hanges in current (nA).

30 min  following injection, each animal was transferred to the
entre of the +-maze and allowed to explore freely for 20 min. Arm
ntries were recorded by hand for all animals during the task and,
or sensor implanted animals, all animal activity in the maze was
lso recorded in Chart (arm entries, arm exits, movement, rear-
ng, grooming, etc.). Sessions were recorded using a webcam for
ost hoc assessment by another experimenter who was blind to the
reatment. Treatment control groups for microdialysis and sensor
xperiments were given an intraperitoneal injection of saline or
lucose but stayed in their home bowl instead of being placed in
he +-maze.

Spontaneous alternation [30,66–68] was used as a measure of
patial working memory with animals visiting all 4 arms within any
-arm span of choices taken as a correct spontaneous alternation.
-arm spans where animals do not visit all 4 arms were counted
s incorrect alternations. Performance for each animal was deter-
ined by expressing the number of spontaneous alternations as a

ercentage of the total number of possible alternations. For exam-
le, if an animal enters the arms of the +-maze in the following
rder:

1, 3, 4, 2, 3, 1, 3, 2, 4, 2, 1, 4
then we would analyse the data by taking 5-arm spans that over-

ap and score it based on whether all four arms were visited in each
pan or not (a score of 1 or 0 respectively).
, 3, 4, 2, 3 1
3, 4, 2, 3, 1 1

4, 2, 3, 1, 3 1
2, 3, 1, 3, 2, 0

3, 1, 3, 2, 4 1
1, 3, 2, 4, 2 1

3, 2, 4, 2, 1 1
2, 4, 2, 1, 4 0
In this example, this gives a score of 6 out of 8 potential alter-
ations and is expressed as a percentage (75%).
esearch 326 (2017) 59–68

3. Results

3.1. Effect of glucose pre-treatment on spontaneous alternation

In this study, we  failed to replicate the cognitive enhancement
effect for glucose pre-treatment previously reported ([30]; Fig. 1).
There were significant differences found in the number of arm
entries observed in each group (Fig. 1A). Following a two-way
ANOVA there were significant differences found for the number
of arm entries based on treatment (F = 6.070; df = 1, 27; p < 0.05)
and type of surgical implantation (F = 12.990; df = 2, 27; p < 0.001)
but there was no significant interaction effect between treatment
and surgical implantation (F = 1.421; df = 2, 27; p > 0.05). Glucose
treatment seemed to result in an increased numbers of arm entries
across all surgical conditions but Bonferroni post hoc analysis
showed no significant differences for treatment within any of the
three surgical conditions (no surgery controls, sensors and micro-
dialysis). A one-way ANOVA confirmed that there were significant
differences in arm entries based on the type of surgical implanta-
tion (F = 9.866; df = 2, 14; p < 0.01) with Bonferroni post hoc analysis
showing that animals implanted with sensors performed signif-
icantly fewer arm entries compared to the no surgery controls
(p < 0.01). There were no other significant differences between the
surgical implantation groups.

With respect to the potential for glucose pre-treatment to
enhance spatial working memory in the spontaneous alternation
task, we  failed to find any significant effects for treatment on
performance (Fig. 1B). Following a two-way ANOVA there was
no significant difference found in spontaneous alternation scores
based on treatment (F = 0.196; df = 1, 27; p > 0.05) or type of surgical
implantation (F = 0.707; df = 2, 27; p > 0.05) and there was  no signif-
icant interaction effect (F = 1.421; df = 2, 27; p > 0.05), confirming
that pre-treatment with glucose had no effect on spatial working
memory in this task.

In order to determine whether differences in performance were
due to treatment-induced changes in locomotor activity, the num-
ber of arm entries was  correlated with the percentage of correct
spontaneous alternations. There were no significant correlations
found between locomotor activity and performance following
saline or glucose treatment in no surgery control rats (Fig. 1C),
sensor-implanted rats (Fig. 1D), or microdialysis probe-implanted
rats (Fig. 1E).

3.2. Changes in hippocampal glucose during spontaneous
alternation measured using microdialysis

Changes in hippocampal glucose and lactate were analysed
across three 20-minute time periods (baseline; +-maze explo-
ration; post-exploration) with 4× 5 min  dialysate samples collected
in each time period. All data was  normalised to baseline lev-
els before statistical analysis. During the control condition where
animals stay in their home bowl (Figs. 2A), a two-way repeated
measures ANOVA showed that there was  a significant effect for
treatment on hippocampal glucose (F = 8.320; df = 1, 77; p < 0.05)
but there were no significant effects for time (F = 1.152; df = 11,
77; p > 0.05) nor was  there an interaction effect (F = 1.760; df = 11,
77; p > 0.05). Bonferroni post hoc analysis showed that hippocam-
pal glucose levels were significantly lower in the glucose-treated
group in sample number 9 (0–5 min  into the post-baseline period;
p < 0.01).

During +-maze exploration (Figs. 2B), a two-way repeated mea-
sures ANOVA showed that there was no significant effect for

treatment on hippocampal glucose (F = 3.342; df = 1, 88; p > 0.05)
but there was  a significant effect for time (F = 2.209; df = 11, 88;
p < 0.01) as well as a significant interaction effect (F = 2.276; df = 11,
88; p < 0.01). Bonferroni post hoc analysis showed that hippocampal
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Fig. 1. Effect of pre-treatment with saline (0.9%) or glucose (250 mg/kg) on behaviour in a +-maze. (A) There was a significant effect for treatment on arm entries with
an  overall increase in arm entries following glucose pre-treatment (p < 0.05). There were also significantly lower numbers of arm entries in the sensor-implanted group
compared to no surgery controls (p < 0.01). (B) There were no significant differences found on spontaneous alternation scores in the +-maze based on treatment or surgical
implantation indicating that spatial working memory performance in the task is unaffected by glucose pre-treatment. (C)–(E) Comparisons between locomotor activity
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number of arm entries) and performance (the percentage of correct spontaneous al
here  were no significant correlations between arm entries and spontaneous alte
icrodialysis-implanted group. **p < 0.01.

lucose levels were significantly lower in the glucose-treated group
n sample number 10 (5–10 min  into the post-baseline period).

Comparison of hippocampal glucose levels using AUC analysis
Fig. 2C) following a two-way ANOVA showed that there was  a sig-
ificant effect for treatment (F = 5.323; df = 1, 15; p < 0.05) but there
ere no significant effects for behavioural condition (home bowl

ontrol versus +-maze exploration; F = 2.142; df = 1, 15; p > 0.05) or
or interaction (F = 1.233; df = 1, 15; p > 0.05). Bonferroni post hoc
nalysis did not reveal any further significant effects but there was

 non-significant trend of a decrease in hippocampal glucose fol-
owing glucose treatment in the control condition.

.3. Changes in hippocampal glucose and oxygen during
pontaneous alternation measured using amperometric sensors

Real-time changes in hippocampal glucose (using the
t/PPD/GOx biosensor) and oxygen (using the CPE) were ana-
ysed across three time periods (20 min  baseline; 20 min  +-maze
xploration; 20 min  post-exploration) and all data was  baseline-
ubtracted to allow for direct comparison between animals. As
nimals were tethered to the potentiostat for 24 h prior to the
xperiment in order to obtain a stable glucose baseline, it was
ossible to look at the effect of saline and glucose injections on
he glucose and oxygen signals. There were few differences visible
n the average raw traces in the control condition aside from
hort-term changes associated with injection stress (Fig. 2D and

 G). However, changes in hippocampal oxygen were evident in the
rst few minutes of maze exploration (Fig. 2H) but no noticeable

hanges in hippocampal glucose were observed during maze
xploration (Fig. 2E).

AUC analysis was initially performed on the sensor signals from
he control groups by taking the 10 min  period immediately before
ions) following saline or glucose pre-treatment across the three surgical conditions.
n scores in the (C) no surgery control group, (D) sensor-implanted group, or (E)

the injection (Baseline) and comparing that to a 10 min  period
30 min  after the injection (+30 min). A two-way ANOVA on the AUC
data for hippocampal glucose (Fig. 3A) showed no significant effect
for either treatment (F = 4.015; df = 1, 26; p > 0.05) or time (F = 0.028;
df = 1, 26; p > 0.05) and there was  no interaction effect between
these two factors (F = 0.021; df = 1, 26; p > 0.05). Similarly, a two-
way ANOVA on the AUC data for hippocampal oxygen (Fig. 3D)
showed no significant effect for treatment (F = 0.782; df = 1, 26;
p > 0.05), time (F = 0.013; df = 1, 26; p > 0.05) or interaction effect
(F = 0.001; df = 1, 26; p > 0.05).

AUC analysis on the effect of +-maze exploration was  then
investigated. Data was  baseline-subtracted to remove variance
from individual animals in each condition. For hippocampal glu-
cose (Fig. 2F), a two-way ANOVA showed that there were no
significant effects for behavioural condition (F = 0.229; df = 1, 23;
p > 0.05), treatment (F = 3.099; df = 1, 23; p > 0.05) or for interaction
(F = 0.735; df = 1, 23; p > 0.05). For hippocampal oxygen (Fig. 2I), a
two-way ANOVA revealed that there were significant effects for
behavioural condition (F = 12.480; df = 1, 22; p < 0.01) and for treat-
ment (F = 5.866; df = 1, 22; p < 0.05) but there was  no interaction
effect (F = 1.111; df = 1, 22; p > 0.05). Bonferroni post hoc analy-
sis revealed that there was  a significant increase in hippocampal
oxygen in the saline-treated group when comparing +-maze explo-
ration to the home bowl control condition (p < 0.01). There was  a
similar increase in hippocampal oxygen during the +-maze follow-
ing glucose treatment but this did not reach significance (p > 0.05).

By combining sensor recordings with behavioural data, it is
possible to compare the AUC values for +-maze exploration in hip-

pocampal glucose and oxygen to locomotor activity (arm entries)
and to spatial working memory (percentage of correct spontaneous
alterations). There were no significant correlations between AUC
values for hippocampal glucose in either treatment condition with
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Fig. 2. Normalised and averaged values for hippocampal glucose and oxygen measured using microdialysis and amperometry. (A) In the control condition (animals stay
in  home bowl for 60 min), there is no effect for saline treatment on hippocampal glucose but glucose treatment was  associated with a significant decrease in hippocampal
glucose in the post-baseline period (p < 0.01). (B) During +-maze exploration, there are no significant effects for saline or glucose treatment on hippocampal glucose during
the  task but hippocampal glucose was  significantly higher in the post-baseline period following saline treatment (p < 0.001). (C) AUC analysis shows a significant decrease
in  hippocampal glucose levels following glucose treatment in the control condition (p < 0.05). (D) In the control condition, there were no significant effects for saline (black
trace)  or glucose treatment (grey trace) on hippocampal glucose levels measured using a Pt/PPD/GOx biosensor. (E) There were small, transient increases in hippocampal
glucose  when animals were moved from their home bowl to the +-maze (20 min) and when they were moved back to their home bowl (40 min) but there were no significant
effects for treatment or maze exploration. (F) AUC analysis revealed that hippocampal glucose levels remained constant during +-maze exploration with no significant effect
for  treatment. (G) A response to injection, regardless of treatment type, was found in the hippocampal oxygen signal but treatment had no long-term effect on oxygen levels
measured using a CPE. (H) Large increases in hippocampal oxygen occurred when animals were transferred to and from the +-maze and sustained elevations in hippocampal
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xygen were observed throughout exploration and when animals returned to the h
ffect  for behavioural condition (p < 0.01) and treatment (p < 0.05), specifically with
xploration (p < 0.01). **p < 0.01.

ocomotor activity (Fig. 3B) or spatial working memory (Fig. 3C).
imilarly, there were no significant correlations between AUC val-
es for hippocampal oxygen in either treatment condition with

ocomotor activity (Fig. 3E) or spatial working memory (Fig. 3F).
owever, there did appear to be a trend for glucose treatment to
e associated with a moderate negative correlation between hip-
ocampal glucose and locomotor activity (r = −0.652; R2 = 0.425)
nd a moderate positive correlation between hippocampal oxygen
nd locomotor activity (r = 0.654; R2 = 0.423).

. Discussion

The data presented in this paper failed to replicate either the
ehavioural effects of glucose administration on spatial working
emory or find an activity-dependent decrease in hippocampal
lucose during +-maze exploration using microdialysis and amper-
metric sensors as described elsewhere in the literature [30,32,48].
owever, activity-dependent changes in hippocampal glucose and
xygen were found though these changes might be associated with
owl (glucose treatment only). I: AUC analysis revealed that there was a significant
crease in hippocampal oxygen observed after saline pre-treatment during +-maze

locomotor activity rather than spatial working memory. The data
presented here reinforces the growing body of evidence that sug-
gests that microdialysis measurements based on the zero net flux
method may  be flawed and that the assumption that basal hip-
pocampal glucose levels are as high as 1 mM [51] may  be incorrect
[25]. Additionally, the data presented here supports our argu-
ment that microsensors are a more suitable method for measuring
changes in neurochemistry related to behaviour – as well as offering
real-time recordings over long periods of time [25,26], allowing for
functional dissociation of tissue based on neurochemical changes
[22,69], and reducing tissue induced injury [11,12,55], sensors such
as the ones employed here are also easier to use in a behavioural
task (no loose tubing or need for a pulley system) and can allow
for neurochemical and electrophysiological recordings to be made
simultaneously [70].
Regarding the effects of glucose on spatial working memory, it
was expected pre-treatment with an intraperitoneal injection of
glucose would enhance performance on the spontaneous alterna-
tion task, a measure of spatial working memory [71]. Previously,
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Fig. 3. (A) AUC analysis revealed no significant effects on baseline hippocampal glucose levels (measured using a Pt/PPD/GOx biosensor) following i.p. administration of
saline or glucose. (B) There were non-significant negative correlations in hippocampal glucose values and locomotor activity observed in both saline- and glucose-treated
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nimals. (C) There were no correlations between hippocampal glucose values and sp
ippocampal oxygen levels (measured using a CPE) following i.p. administration 

ositive correlation between hippocampal oxygen levels and locomotor activity. (F)

t has been shown that pre-treatment with glucose significantly
ncreases spontaneous alternation scores in 3 months old Sprague
awley rats [30]. This finding was replicated in both 3 month old
nd aged rats [48] though the wider literature suggests that young
ats should be performing at close to full cognitive capacity; pre-
reatment with glucose has been shown to have no significant
ffect on conditional discrimination learning [72] and a marginal
ffect on radial arm maze performance in young rats [73]. The data
resented above supports this idea as our 3 month old Sprague
awley rats performed similarly whether pre-treated with saline
r glucose (Fig. 1). The only effect that could be put down to
lucose pre-treatment was an increase in locomotor activity (i.e.
he number of arm entries) but this was a subtle effect and no
orrelations between increased locomotor activity and alterna-
ion score was found. Furthermore, it has been shown in other
ippocampal-dependent tasks that glucose pre-treatment needs to
e administered 2–3 h ahead of behavioural testing [74] versus the
0 min  pre-treatment used in the bulk of the spontaneous alterna-
ion studies. Though it must be noted that spontaneous alternation
s sensitive to the extent to which there are extra-maze cues avail-
ble to the animals [75]; it could be the case that there were more
ues available in our laboratory compared to other groups, thus
aking it easier for animals to navigate the +-maze.
Along with treatment, the effect of different surgical implan-

ations was also investigated. There was a trend towards lower
umbers of arm entries in the groups with sensors and micro-
ialysis probes implanted. Additionally, three animals were not

ncluded in the results as they failed to explore entirely (though
ppeared normal in their home cage), all three were implanted
ith microdialysis probes, possibly indicating slightly less freedom

f movement compared to other conditions or reduced motiva-
ion to explore. However, as there was no significant effect on
ask performance between the surgical groups, we  are confident

hat behavioural measurements in these groups remain valid. The
ne caveat is that such large environments may  not be best suited
o using a tethered system (either microdialysis or sensors) and
eous alternation scores. (D) AUC analysis revealed no significant effect on baseline
ne or glucose. (E) Glucose pre-treatment was non-significantly associated with a

 were no correlations between oxygen values and spontaneous alternation scores.

smaller arenas or operant chamber-style behavioural tasks might
be more suited to these methods [18,19,21,69].

The second expected finding was for hippocampal glucose levels
to decrease as cognitive demand increased [30,32]. In this study, we
failed to detect an activity-related decrease in hippocampal glucose
using microdialysis (Fig. 2B and C) or the glucose biosensor (Fig. 2E
and F). Disparities between microdialysis and biosensor record-
ings of glucose were expected based on our previous estimates of
hippocampal glucose concentrations [25] and due to the increased
disruption of tissue around microdialysis probes [55]. Yet, in this
case neither method showed a clear decrease in hippocampal glu-
cose in relation to the task. This could be due to the relative ease
of the task having little impact on hippocampal energy consump-
tion; although the hippocampus has been shown to be required for
alternation tasks [76,77], it appears to be more necessary for long-
term alternation memory than for short-term versions of the task
[78] and other regions such as the medial prefrontal cortex may  be
more pertinent to working spatial memory [79–81].

It is also worth noting that peripheral administration of glucose
did not impact on basal levels of hippocampal glucose measured
using the biosensor beyond the transient changes associated with
injection stress (Fig. 2D). However, we did observe a non-significant
decrease in hippocampal glucose in the control condition in
microdialysis- (Fig. 2A and C), this was unexpected and goes against
previous work that has shown that peripheral administration of
glucose does not directly affect glucose levels in the brain [7,82].
We believe that given that the decrease was  non-significant and the
large standard error (in each case due to an outlier at those time
points in different animals) that this is an artefact of the microdial-
ysis technique.

Interestingly, there appears to be a non-significant increase in
hippocampal glucose measured using microdialysis during and
after the spontaneous alternation task (Figs. 2B and C) and any

changes in hippocampal glucose appear to be unrelated to perfor-
mance in the spontaneous alternation task (Fig. 3C). Overall, this
is the opposite of what has been previously reported in the liter-
ature [48,83]. Although the spontaneous alternation task appears
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o engage the hippocampus, as evidenced by the increase in tissue
xygen (a marker of regional cerebral blood flow), this working
emory task does not appear to tax the energy needs of the hip-

ocampus in terms of glucose consumption.
Another issue to consider is that most studies using microdial-

sis need to target more ventral regions of the hippocampus in
rder to accommodate the size of the probe (as was  replicated in
he present study). The ventral hippocampus plays a greater role
n affective processes than it does in spatial memory (which is
argely processed by the dorsal hippocampus). This is consistent

ith findings from the ventral hippocampus during the elevated
lus maze (a measure of anxiety-related behaviour); exposure to
he elevated plus maze is associated with only a transient decrease
n hippocampal glucose measured using microdialysis [84] and
here is a functional dissociation of the dorsal and ventral hip-
ocampus observed during spatial and anxiety tasks using oxygen
ensors [22].

In contrast to performance, there was an overall trend in
he behavioural data for an increase in arm entries for glucose-
reated animals. Glucose treatment also appears to interact with
ippocampal glucose (negative correlation with locomotor activ-

ty) and oxygen (positive correlation with locomotor activity).
hese findings are tentative at best but may  be a parsimonious
xplanation for the activity-dependent decreases in hippocampal
lucose reported by other groups; increased locomotor activity
ay decrease glucose in the hippocampus rather than the decrease

eing due to an increased spatial working memory load. This would
t with the suggestion that the spontaneous alternation task is not

 good model of working or short-term memory so care should be
aken in interpreting behavioural data from any pharmacological
nterventions using it as an index of working memory [67].

. Conclusions

The present study challenges the assumptions that pre-
reatment with a systemic injection of glucose can enhance spatial
orking memory performance by reversing an activity-induced
ecrease in hippocampal glucose. Instead, we find that although
he hippocampus shows clear activation during the task (as evi-
enced by increases in hippocampal oxygen), the cognitive demand
hat this enacts on the hippocampus is not sufficient to significantly
lter hippocampal glucose concentrations.
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