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Abstract
Rationale The apolipoprotein E (apoE) genotype influences
cognitive performance in humans depending on age and sex.
While the detrimental role of the apoE4 isoform on spatial
learning and memory has been well-established in humans
and rodents, less is known on its impact on the executive
functions.
Objectives We aimed to evaluate the effect of apoE isoforms
(apoE2, apoE3, apoE4) on visuospatial attention and inhibito-
ry control performance in female transgenic mice, and to de-
termine the neurochemical and neuropharmacological basis of
this potential relationship.
Methods Female mice carrying apoE2, apoE3, and apoE4
were trained in the five-choice serial reaction time task (5-

CSRTT). Upon a stable performance, we manipulated the
inter-trial interval and the stimulus duration to elicit impulsive
responding and engage attention respectively. We further per-
formed a pharmacological challenge by administering cholin-
ergic and GABAergic agents. Finally, we analyzed the levels
of brain amino acids andmonoamines by using reversed phase
high-performance liquid chromatography (HPLC).
Results ApoE4 mice showed a deficient inhibitory control as
revealed by increased perseveration and premature
responding. When attention was challenged, apoE4 mice also
showed a higher drop in accuracy. The adverse effect of sco-
polamine on the task was attenuated in apoE4 mice compared
to apoE2 and apoE3. Furthermore, apoE4 mice showed less
dopamine in the frontal cortex than apoE2 mice.
Conclusions We confirmed that the apoE genotype influences
attention and inhibitory control in female transgenic mice. The
influence of apoE isoforms in the brain neuromodulatory sys-
tem may explain the cognitive and behavioral differences at-
tributable to the genotype.

Keywords ApolipoproteinE .ApoE .Visuospatial attention .

Impulsivity . 5-CSRTT . Acetylcholine . Dopamine .

Glutamate . Striatum . Frontal cortex

Abbreviations
5-CSRTT five-choice serial reaction time task
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GABA Gamma-aminobutyric acid
HPLC High-performance liquid chromatography
HVA Homovanillic acid
ITI Inter-trial interval
LH Limited hold
NE Norepinephrine
5-HT Serotonin
SD Stimulus duration
TR Targeted replacement mice
TO Time-out

Introduction

Apolipoprotein E (apoE), the main apolipoprotein in the brain,
contributes to the synaptic development, integrity, and neural
plasticity in the central nervous system (CNS), where it is
locally synthesized primarily by astrocytes (Hauser et al.
2011).

ApoE in humans is present in three allelic variants (ε2, ε3,
ε4) which modulate cognitive functions throughout the life
span (Davies et al. 2015). Among them, the ɛ4 allele is a
well-established risk factor for Alzheimer's disease (AD)
while apoE3 (the most frequent isoform) is regarded as the
Bneutral form^ and apoE2 as neuroprotective against AD
(Arendt 2001; Raber et al. 2004; Reitz and Mayeux 2009).
However, apoE seems to modulate the cognitive function in
the absence of the disease. Particularly, apoE4 has been asso-
ciated with impaired attention, as well as deficits in verbal and
spatial memory in healthy subjects (Berteau-Pavy et al. 2007;
De Blasi et al. 2009; Greenwood et al. 2005; Kukolja et al.
2010; Marchant et al. 2010). Interestingly, several lines of
evidence supported an apoE4–sex interaction in humans. In
fact, apoE4 women carriers have shown more pronounced
AD-like changes in neuroimaging, neuropathological, and
neuropsychological measures than men (Beydoun et al.
2013; Ungar et al. 2014).

At the preclinical level, initial studies on apoE knockout
mice readily suggested an implication of apoE in learning and
memory (Champagne et al. 2002; Raber et al. 1998).
Subsequently, transgenic lines expressing human apoE iso-
forms under the control of neuron-specific enolase (NSE) or
the glial fibrillary acidic protein (GFAP) promoter revealed
impaired spatial learning and increased anxiety in apoE4 mice
relative to apoE3 and wild-type controls (Hartman et al. 2001;
vanMeer et al. 2007). Then, the human apoE targeted replace-
ment (TR) mouse model was created to emulate the human
condition since it allows the expression of the apoE protein in
the same pattern and level as non-demented humans (Sullivan
et al. 1997). Consistently with earlier studies, apoE4-TR mice
showed alterations in spatial learning tasks as well as de-
creased locomotor activity and increased anxiety relative to
apoE3 (Reverte et al. 2012; Reverte et al. 2014; Siegel et al.

2012). Notably, preclinical studies reported a decreased learn-
ing performance in female apoE4 mice relative to the male
counterparts, similarly to that reported in humans
(Grootendorst et al. 2005; Reverte et al. 2012; van Meer
et al. 2007).

While spatial learning and memory have been extensively
studied in apoE transgenic mice, other executive functions
such as visuospatial attention and inhibitory control have not
been systematically investigated. The aim of the present study
was to characterize the differences in attention and inhibitory
control between the three major isoforms for the apoE found
in humans (apoE2, apoE3, apoE4). We first assessed impul-
sivity in the context of general attentional abilities by using the
five-choice serial reaction time task (5-CSRTT) (Robbins
2002) in female apoE transgenic mice (apoE2, apoE3, and
apoE4). Subsequently, we investigated the neuropharmaco-
logical basis of these effects. Based on recent evidence
supporting abnormal neuronal maturation caused by the dys-
function of GABAergic interneurons in the hippocampus (Li
et al. 2009) and a deficient cholinergic system (Yun et al.
2005) in apoE4 mice, we assessed the effects of a
GABAergic agonist (alprazolam), a GABAergic antagonist
(picrotoxin), and a cholinergic antagonist (scopolamine) in
female apoE-TR mice pretrained in the 5-CSRTT. Finally,
on a separate cohort of female apoE-TR mice, we further
determined the levels of brain amino acids, monoamines,
and their metabolites in the frontal cortex, striatum, hippocam-
pus, and thalamus.

Material and methods

Subjects

The human apoE targeted replacement (TR) mice are gener-
ated by replacing the murine apoE gene with one of the three
apoE human alleles in the C57BL/6 N mice (Sullivan et al.
1997). Adult homozygous (ε2, ε3, and ε4) apoE-TR female
mice were obtained from Taconic (N=35, Taconic Europe,
Lille Skensved, Denmark). Awild-type group was not includ-
ed because our goal was to determine differences in impulsiv-
ity and attentional control between the three apoE genotypes
so to recapitulate the human spectrum. It is also worth noticing
that several studies confirmed a very similar phenotype be-
tween apoE3 and the wild-type (WT) or an intermediate phe-
notype between apoE3 and apoE4 in the WT; please refer to
(Bour et al. 2008; Grootendorst et al. 2005; Li et al. 2009; Levi
et al. 2003). Subjects were housed in pairs in a room at con-
trolled temperature (22±2 °C) and humidity (50±10 %) and
under a 12-h light/dark automatic cycle (light ON at 08:00–
20:00). Mice were fed with standard rodent chow (Panlab,
Barcelona, Spain). During the behavioral training, mice were
food-restricted to achieve the 80–85 % of their free feeding
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weight, while water was available ad libitum. Nine animals
were removed from the experiments because of poor health or
poor performance (apoE2=2, apoE3=4, apoE4=2). Another
group of adult female apoE transgenic mice (N=21, Taconic)
was housed in groups of two to four per cage with food and
water available ad libitum until killing for neurochemical anal-
yses. Experimental procedures complied with the Animal
Care and Use Committee of the Universitat Rovira i Virgili
(Tarragona, Spain), the Spanish Royal Decree 53/2013 on the
protection of experimental animals, and the European
Communities Council Directive (86/609/EEC).

5-CSRTT

Apparatus

Mice were trained in operant chambers (24×20×15 cm)
placed inside ventilated sound-attenuating cubicles (Med
Associates Inc., St. Albans, VT, USA). Each chamber
consisted of a curved wall containing nine round apertures
equipped with infrared detectors and bright yellow led
(1.7 W) at the rear. Four of the nine apertures were blocked
with a metal plate, thus allowing five functioning apertures
equally spaced 2.5 cm apart. Amagazine was located centrally
in the opposite wall, equipped with an infrared detector and
connected to a liquid dipper delivering 0.01 ml of grape juice
(grape juice and 15.13 % sugar, López Morenas, SL, Spain).
The chambers were controlled by a PC using a Fader Control
interface and Med Pc software (Med Associates Inc., St.
Albans, VT, USA).

Habituation to the reinforcer (grape juice)
and to the 5-CSRTT apparatus

Prior to training, the preference for the grape juice was tested
in a two-bottle choice procedure (Bachmanov et al. 2001).
One bottle containing water and one bottle containing grape
juice were placed in the home cage. The position of the bottles
was counterbalanced across mice. The water and grape juice
intakes were recorded after 24 h.

Mice were also habituated to the 5-CSRTTchambers with a
20-min session in which the magazine light remained illumi-
nated and each nose-poke in the magazine triggered the liquid
dipper (available for 3 s).

5-CSRTT training

The behavioral training was carried out during the light phase.
The training consisted of a 20-min daily session for 5 days a
week over a period of 20 weeks. All sessions in the 5-CSRTT
were conducted with the houselight of the apparatus
extinguished (Humby et al. 2005).

Pretraining and training procedures were adapted from pre-
vious studies (Moreno et al. 2010; Oliver et al. 2009; Robbins
2002) (Supplementary Table S1). During the pretraining 0
stage, the five apertures remained illuminated throughout the
session and a drop of grape juice was placed in each aperture
to elicit exploration. A nose-poke in one of the apertures trig-
gered the liquid dipper delivering the grape juice in the mag-
azine, which was available until collection. Mice were trained
at this stage until they performed five nose-pokes in 20min. In
pretraining 1 stage, three random apertures remained illumi-
nated throughout the session. A response into an illuminated
aperture triggered the liquid dipper delivering the grape juice
in the magazine, which was available until collection. Mice
were trained at this stage until they performed 20 correct re-
sponses in 20 min.

During training stages, mice learned to detect the location
of a brief visual stimulus (cue light) presented in one of the
five apertures in a pseudo-random order. During the acquisi-
tion of the task, the stimulus duration (SD) was progressively
reduced from 30 to 1 s in ten stages. Each session consisted of
20-min or 70 discrete trials. Each trial started with the mouse
nose-poking into the illuminated magazine. After an inter-trial
interval (ITI) of 5 s, the stimulus was presented.

A correct response was recorded upon successful detection
of the spatial location of the visual stimulus, and it was
rewarded with 0.01 ml of grape juice. A failure to respond
within a limited hold period of 5 s was recorded as an omission
and was signaled by a 5-s time-out period during which the
houselight was illuminated. Similar feedback was given on
trials when mice responded in an adjacent aperture (an
incorrect response), or prior to the onset of the light stimulus
(a premature response). Furthermore, an additional response
to an aperture occurring after a correct response but before the
reward collection was recorded as a perseverative response.

Mice were trained until they showed for 5 consecutive days
a stable performance: correct trials >50 %, accuracy>80 %,
and omissions<25 %.

Behavioral challenge

The behavioral testing spanned over a period of 8 consecutive
weeks and started upon stable baseline response (Robbins
2002; Sanchez-Roige et al. 2012). A total of 27 female mice
were tested (apoE2=9, apoE3=9, apoE4=9). The mean age at
the beginning of the challenge was 7.9±1.6 months.

Impulsivity and attentional performance were assessed
once a week, typically on Wednesday. Monday, Tuesday,
Thursday, and Friday mice were trained with standard base-
line parameters. The challenge to elicit impulsive responding
consisted in increasing the ITI from 5 s (baseline) to 7 s
(weeks 1 and 2) and 10 s (weeks 3 and 4), respectively. The
attentional performance was assessed by reducing the
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stimulus duration from 1 s (baseline) to 0.8 s (weeks 5 and 6)
and 0.5 s (weeks 7 and 8), respectively (Fig. 1).

Pharmacological challenge

All drugs were injected intraperitoneally (i.p.) according to a
Latin square design. During the testing weeks, 0.9 % saline
was injected i.p. on Tuesdays and Thursdays (baseline condi-
tion), while on Wednesdays and Fridays, a given drug/dose
was administered 30 min (alprazolam, scopolamine) or
10 min (picrotoxin) before the session (Fig. 1). Mice were
subjected to standard sessions of the 5-CSRTTwith the same
parameters used for the assessment of baseline responding.
Mice received infusions of 0.9 % saline, the GABAergic ag-
onist alprazolam (0.06 and 0.12 mg/kg), the GABAergic an-
tagonist picrotoxin (0.25 and 0.5 mg/kg), and the cholinergic
antagonist scopolamine (0.8 and 1.6 mg/kg). The dose selec-
tion was based on previous studies (Kulkarni and Sharma
1993; Sanchez-Roige et al. 2012; Siegel et al. 2010). Mice
were habituated to the i.p. injection (0.9 % saline) daily
20 min before the training session over a period of 1 week.
We further performed a pilot study to ensure that the selected
doses of picrotoxin did not induce convulsion and the doses of
alprazolam did not induce high sedation in mice of any geno-
type (data not shown).

Neurochemical analyses

A group of naïve female mice (apoE2=5, apoE3=7, apoE4=
9; age 7±2 months) were used for this study. Mice were killed
by rapid decapitation and the brains were quickly removed
and dissected. The frontal cortex, striatum, thalamus, and hip-
pocampus were frozen in liquid nitrogen and stored at −80 °C

before processing. Brain region samples were weighed and
homogenized in 0.4 N perchloric acid with 0.1 %
metabisulfite, 0.01 % EDTA, and 1 mg/ml cysteine. The ho-
mogenates were centrifuged at 15,000 rpm for 20 min at 4 °C,
and supernatants were collected, filtered (Millipore filters 0.45
micron), and stored at −80 °C until biochemical analyses. The
levels of glutamate (Glu), gamma-aminobutyric acid
(GABA), norepinephrine (NE), dopamine (DA), serotonin
(5-HT), and the metabolites dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxy-3-
indolacetic acid (5-HIAA) were measured using reversed
phase high-performance liquid chromatography (HPLC).

Monoamine measurements

Levels of norepinephrine (NE), dopamine (DA), serotonin (5-
HT), and their metabolites dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxy-3-
indolacetic acid (5-HIAA) were measured by reversed phase
HPLC with amperometric detection (+0.7 V). The mobile
phase, containing 0.1 M KH2PO4, 0.1 mM Na2-EDTA, and
2.1 mM 1-octane sulfonic acid, plus 15 % methanol, adjusted
to pH 2.65 with 85 % H3PO4, was delivered at 1 ml/min flow
rate. Monoamines were separated on a 3-μm particle size col-
umn C18 (10 cm×0.46 cm).Tissue contents of the mono-
amines are given as picomoles per milligram of tissue. As
indices of DA and 5-HT turnover, DOPAC/DA, HVA/DA,
and 5-HIAA/5-HT ratios were calculated.

Amino acid measurements

Levels of glutamate and GABA were measured by reversed
phase HPLC with fluorescence detection using excitation and

Fig. 1 Experimental design of the behavioral and pharmacological
challenges in the 5-CSRTT. Upon training completion, once the animals
showed a stable performance in the task, the inter-trial interval (ITI) was
increased (7–10 s) and the stimulus duration (SD) was decreased (0.8–
0.5 s) to challenge impulsivity and attention, respectively. Each parameter
was manipulated once a week during 8 weeks: first and second weeks,
ITI=7 s; third and fourth weeks, ITI=10 s; fifth and sixth weeks, SD=

0.8 s; and seventh and eighth weeks, SD=0.5 s. After the behavioral
challenge, mice were habituated to saline injections for 1 week. During
the pharmacological challenge, alprazolam (APZ, 0.06 and 0.12 mg/kg),
picrotoxin (PTX, 0.25 and 0.5 mg/kg), and scopolamine (SCP, 0.8 and
1.6 mg/kg) were injected twice a week before the testing session. The
order of drug administration was assigned to each mouse using a Latin
square design
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emission wavelengths of 360 and 450 nm, respectively. The
mobile phase consisted of two components (solution A, con-
taining 0.05 M Na2HPO4, 28 % MeOH, adjusted to pH 5.65
with 85 % H3PO4; and solution B, MeOH/H2O 8:2 ratio) and
was delivered at 0.8 ml/min. Glutamate and GABAwere sep-
arated in a 5-μm particle size C18 column (10 cm×0.4 cm).
The samples were precolumn derivatized with OPA reagent
and injected after a 2.5-min reaction time. A gradient was
established from 100 % solution A to 100 % solution B.
After washing out late eluting peaks, the mobile phase
returned to initial conditions. The total gradient programmed
time was 20 min.

Statistical analyses

Data were analyzed with the SPSS Statistics 17.0 software.
One-wayANOVA (genotype) was used to analyze the number
of sessions required at each stage of the training. Repeated-
measure ANOVA (genotype) was used to analyze the perfor-
mance in the 5-CSRTT during baseline, ITI, SD, and pharma-
cological manipulations. For the behavioral and pharmacolog-
ical challenges, two measures of each variable taken in two
different sessions (5-, 7-, and 10-s ITI; 1-, 0.8-, and 0.5-s SD;
vehicle and each drug dose) were used as within-subjects fac-
tor and the genotype as the between-subjects factor. A post
hoc Tukey test was used to follow-up significant main effects
and interactions. Amino acid and monoamine levels in each
brain region were analyzed by one-way ANOVA (genotype).
The homogeneity of the variance was determined by the
Levene’s test. Statistical significance was set at p<0.05.

The variables considered in the analysis of the performance
in the 5-CSRTT were as follows: trials completed (correct
responses+incorrect responses+omissions),%accuracy (cor-
rect responses/(correct+incorrect responses)×100), % of
omissions (omissions/trials completed×100),% of premature
responses (premature responses/trials completed x 100), per-
severative responses (number of responses made after a cor-
rect response and before the collection of the reward), correct
latency (latency to made a correct response after the onset of
the stimulus), and reward latency (latency to collect the re-
ward after a correct response).

Results

Habituation to the reinforcer and 5-CSRTT acquisition
phase

In the two-bottle choice procedure, mice of each genotype
strongly preferred grape juice over water (p<0.05, data not
shown). Importantly, we did not observe differences between
genotypes in water or grape juice total intake (genotype
p>0.1, data not shown). Notably, no differences between

genotypes were observed on the total number of sessions re-
quired to acquire the task (p>0.1). However, we observed an
effect of the genotype at stage 5 [F(2,34)=8.920, p<0.01]. A
post hoc analysis revealed that apoE3 mice were significantly
slower at this stage relative to apoE2 and apoE4 mice
(p<0.01; Table 1).

5-CSRTT baseline performance

No differences between genotypes were observed in any of
the behavioral variables measured, with the exception of per-
severative responses [main effect of the genotype, F(2,26)=
3.542, p<0.05]. A post hoc analysis revealed that persevera-
tive responses were significantly higher in apoE4 than in
apoE3 mice (Fig. 2 and Supplementary Table S2). The num-
ber of trials completed during baseline is provided in
Supplementary Table S3. A main effect of the genotype was
observed [F(2,26)=4.099, p<0.05]; however, the post hoc
analyses failed to show significant differences between
groups.

Behavioral challenge

Behavioral attributes of the three genotypes during the chal-
lenge sessions on the 5-CSRTT are depicted in Figs. 3 and 4.

ITI

A significant increase in premature responding [F(2,26)=
26.218, p<0.001] (Fig. 3c), perseverative responding [F(2,
26)=4.260, p<0.05] (Fig. 3d), and omissions [F(2,26)=
4.211, p<0.05] (Fig. 3b) was observed when the ITI was
lengthened from 5 to 7 or 10 s.We also observed a main effect

Table 1 Number of sessions to criteria per training stage of the 5-
CSRTT in apoE-TR female mice

Stage apoE2 apoE3 apoE4

Mean S.D. Mean S.D. Mean S.D.

1 4.5 3.8 4.3 2.2 3.8 1.7

2 1.1 .3 1.7 1.2 1.2 .6

3 1.3 .6 2.3 2.5 1.6 1.1

4 2.3 1.6 6.1 9.3 6.3 4.3

5 5.7 3.0 13.2* 7.7 4.8 3.3

6 7.3 5.0 9.4 10.6 10.4 8.1

7 5.6 9.9 5.0 7.5 5.0 4.4

8 3.8 3.6 3.4 3.0 3.1 2.3

9 4.8 4.8 7.6 7.2 9.8 12.9

10 5.3 5.0 9.1 8.4 8.9 11.3

The asterisk indicates that in stage 5 apoE3 mice required more sessions
than apoE2 and apoE4 to reach the criteria (p<0.01)
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of the genotype on both premature [F(2,26)=3.716, p<0.05]
and perseverative responding [F(2,26)=3.625, p<0.05]. A
post hoc analysis revealed that apoE4 mice showed higher
premature and perseverative responding relative to apoE2
and apoE3 mice (Fig. 3c, d).

SD

A significant decrease in accuracy [F(2,26)=23.357,
p<0.001] and an increase of omissions [F(2,26)=14.451,
p<0.001] were observed when the SD was decreased from 1
to 0.8 or 0.5 s (Fig. 4a, b). Furthermore, both response latency
and collection latency were reduced [F(2,26)=5.454, p<0.05;
F(2,26)=4.349, p<0.05, respectively] (data not shown). We
also observed a main effect of the genotype on accuracy [F(2,
26)=4.089, p<0.05] (Fig. 4a) and perseverative responses
[F(2,26)=3.833, p<0.05] (Fig. 4d). A post hoc analysis re-
vealed that apoE4 mice showed a steeper drop in accuracy
(p<0.05) and increased number of perseverative responses
(p<0.05) relative to apoE2 and apoE3 genotypes. An interac-
tion session × genotype was also found in omissions [F(4,
26)=2.941, p<0.05]. A post hoc analysis revealed a

significant increase in apoE3 relative to apoE4 mice when
the SD was 0.8 s (Fig. 4b). The maintenance of vigilance in
the short SD session (0.5 s) was analyzed during ten-trial bins.
A general effect of the trial period was observed on omissions,
showing that mice performed more omissions by the end of
the session [F(5,25)=6.113, p<0.01]. However, no effect of
trial period or trial period × genotype interaction was observed
in accuracy, which suggest that the deficit observed in apoE4
was present throughout the session (data not shown).

Pharmacological challenge

Behavioral attributes of the three genotypes during the phar-
macological challenges on the 5-CSRTT are shown in Fig. 5
and Supplementary Figs. S1 and S2.

Scopolamine

Scopolamine produced a significant decrease in accuracy, an
increase in omissions, and an increase in premature
responding [main effect of dose, F(2,23)=18.686, p<0.001;
F(2,23)=14.456, p<0.001; F(2,23)=10.451, p<0.001,

Fig. 2 Baseline performance of
apoE-TR female mice in the 5-
CSRTT. a Percentage of accuracy,
b percentage of omissions, c
percentage of premature
responding, and d number of
perseverative responses, during
baseline sessions. Data is
expressed as mean±S.E.M. The
asterisk indicates differences
between apoE4 and apoE3 at
p<0.05
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Fig. 3 Inter-trial interval (ITI)
challenge in the 5-CSRTT in
apoE-TR female mice. a
Percentage of accuracy, b
percentage of omission, c
percentage of premature
responding, and d number of
perseverative responses,
concurrent with inter-trial interval
increments. Data is expressed as
mean±S.E.M. The asterisk
indicates differences between
genotypes at p<0.05

Fig. 4 Stimulus duration (SD)
challenge in the 5-CSRTT in
apoE-TR female mice. a
Percentage of accuracy, b
percentage of omission, c
percentage of premature
responding, and d number of
perseverative responses,
concurrent with stimulus duration
decrements. Data is expressed as
mean±S.E.M. The asterisk
indicates differences between
genotypes at p<0.05
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respectively]. Amain effect of the genotypewas also observed
on accuracy [F(2,22)=4.370, p<0.05]. A post hoc analysis
revealed differences in accuracy between apoE3 and apoE4
during the scopolamine challenge (p<0.05; Fig. 5a). An inter-
action dose × genotype was evident in omissions and prema-
ture responding [F(4,23)=2.837, p<0.05; F(2,22)=2.768,
p<0.05, respectively]. Scopolamine-induced omissions were
significantly higher in apoE2 relative to apoE4 (p<0.05),
while the increase in premature responding was higher in
apoE3 relative to the other genotypes (p<0.05; Fig. 5b, c).
We also observed a main effect of the dose and a dose ×
genotype interaction in the latency to collect the reward
[F(2,23)=21.891, p<0.001; F(4,23)=4.381, p<0.01, respec-
tively] which increased more in apoE4 than in apoE3 at the
high dose of scopolamine (data not shown). The effect of the
genotype previously reported in perseverative responses was
not observed during the scopolamine challenge (Fig. 5d).

Alprazolam

Alprazolam decreased omissions and increased premature
responding [main effect of the dose, F(2,23)=6.364,
p < 0.01 ; F (2 ,23) = 5 .959 , p < 0.01 , respec t ive ly ]
(Supplementary Fig. S1b, c). An effect of the genotype on
perseverative responding was also observed [F(2,23)=4.033,

p<0.05]. Post hoc analysis showed that perseverative
responding was significantly higher in apoE4 mice relative
to the other genotypes (p<0.05), as observed at baseline and
during the behavioral challenge (Supplementary Fig. S1d).

Picrotoxin

Picrotoxin showed an effect on perseverative responding
[dose effect, F(2,23)=5.174, p<0.05] which was reduced with
the low dose. Although perseverative responses were higher
in apoE4, we did not observe a significant main effect of the
genotype (Supplementary Fig. S2d).

Neurochemical analyses

The amino acid and monoamine baseline levels of female
apoE transgenic mice are shown in Tables 2 and 3. ApoE2
mice showed significant higher levels of GABA in the frontal
cortex [F(2,18)=4.819, p<0.05] and glutamate in the striatum
[F(2,17)=4.119, p<0.05] relative to apoE3 mice, as well as
the highest levels of glutamate in the thalamus [F(2,16)=
9.151, p<0.01]. However, no differences in the GABA/Glu
ratio were observed in any brain region (Table 2).

Genotype differences in DA and DA turnover were ob-
served in several brain regions. Levels of DA in the frontal

Fig. 5 Effect of scopolamine on
the 5-CSRTT performance in
apoE-TR female mice. a
Percentage of accuracy, b
percentage of omissions, c
percentage of premature
responding, and d number of
perseverative responses, after
saline and scopolamine
injections. Data is expressed as
mean±S.E.M. The asterisk
indicates differences between
genotypes at p<0.05
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cortex differed between apoE2 and apoE4, being lower in
apoE4 mice [F(2,20)=3.663, p<0.05]. In the striatum, the
levels of DAwere higher in apoE2 mice than in apoE3 [F(2,
16)=6.683, p<0.001] and the ratio HVA/DA was higher in
apoE3 than in mice of other genotypes [F(2,16)=13.744,
p<0.001]. In the hippocampus, the DOPAC/DA and
DOPAC+HVA/DA ratios were higher in apoE2 mice [F(2,
19)=4.848, p<0.05; F(2,19)=4.880, p<0.05]. The levels of
NA in the striatum were lower in apoE2 than in apoE3 mice
[F(2,17)=5.875, p<0.05] (Table 3).

Discussion

In the current study, we first characterized impulsivity in the
context of visuospatial attention by using the 5-CSRTT in
apoE2, apoE3, and apoE4 transgenic female mice. The main
finding was that apoE4 female mice showed a deficit in inhib-
itory control on the 5-CSRTT as revealed by the increased
premature responding during the inter-trial interval challenge.
Importantly, we further observed an increased number of per-
severative responding under baseline conditions considered a
measure of cognitive inflexibility (Dalley et al. 2002). We
second investigated the role of a GABAergic agonist (alpraz-
olam), a GABAergic antagonist (picrotoxin), and a choliner-
gic antagonist (scopolamine) on the 5-CSRTT performance.
The second main finding was that scopolamine-induced atten-
tional impairment was significantly less pronounced in apoE4
than in apoE2 and apoE3 female mice. We finally performed a
neurochemical analysis of naïve apoE females. We found that
apoE4 female mice showed lower levels of dopamine in the
frontal cortex relative to apoE2 female mice.

Attention and inhibitory control performance of apoE-TR
female mice on the 5-CSRTT

The 5-CSRTT has been extensively used to determine the
neural basis of visuospatial attention and inhibitory control
prevalently in rats (Robbins 2002). In this study, apoE-TR
mice were able to learn the 5-CSRTT, as revealed by a stable
performance with minimal differences among genotypes.
Notably, no differences in the acquisition of the task between
apoE3- and E4-TR mice were observed in a previous study
(Siegel et al. 2010). This is consistent with the idea that learn-
ing and memory impairments associated to apoE4 are limited
to hippocampal-dependent tasks (Acevedo et al. 2010; De
Blasi et al. 2009).

ApoE4 mice showed an impaired inhibitory control in the
5-CSRTT as revealed by increased premature and persevera-
tive responding. This is generally considered to reflect a fail-
ure of the Bexecutive system^ represented by frontal cortical
areas exerting a top-down control to limbic and paralimbic
areas (Dalley et al. 2011). In rodents, lesions of the ventral

hippocampus, prefrontal cortex, and disconnections of the
medial prefrontal cortex from the ventral striatum increase
impulsivity in the 5-CSRTT (Abela et al. 2013; Dalley et al.
2008). Based on the above, it could be speculated that alter-
ations in the fronto-temporal network associated with the ε4
allele could account for the deficits in inhibitory control. In
fact, brain imagining studies reported that human apoE4 car-
riers show abnormal activity in the fronto-temporal and
fronto-parietal systems (Dennis et al. 2010; Filippini et al.
2009; Reiman et al. 2004). Consistently, a recent imaging
study in apoE-TR mice showed a volume loss in the cortex
and hippocampus associated to age in apoE4 in comparison to
wild-type mice (Yin et al. 2011). Furthermore, an abnormal
synaptic plasticity in the hippocampus and the amygdala of
young apoE4 mice has been reported (Dumanis et al. 2013;
Klein et al. 2010; Rodriguez et al. 2013).

High impulsivity is negatively correlated to attentional ac-
curacy (Dalley et al. 2008). Likewise, apoE4 mice displayed a
greater drop in accuracy when attention was challenged.
Interestingly, this effect was present during the whole session,
indicative of a deficit in selective attention rather than diffi-
culty to maintain sustained attention. Similarly, in apoE-TR
mice that also overexpress the human amyloid precursor pro-
tein (APP), those carrying apoE4 showed poor accuracy in a
two-choice operant visual discrimination task (Kornecook
et al. 2010). We observed in apoE3 mice a higher rate of
omissions than in apoE4 mice when the stimulus duration
was decreased. A similar finding was reported by Siegel
et al. who reported a higher number of omissions in apoE3
than in apoE4 mice at baseline and after scopolamine injec-
tions in the 5-CSRTT (Siegel et al. 2010).

Comparatively, human studies have found a worse execu-
tion of apoE4 carriers in neuropsychological tests with a great-
er attention load (Caselli et al. 2001; Rosen et al. 2002;
Wisdom et al. 2011). As far as we know, only the group of
Pasuraman used a specific task to compare visuospatial atten-
tion in subjects with different apoE genotypes. They observed
selective attentional deficits in apoE4 carriers with an additive
effect of ε4 allele dosage, and an effect of age. While the
attentional deficit was evident in middle-aged and old apoE4
individuals, it was not present in very old individuals without
dementia (Greenwood et al. 2000; Greenwood et al. 2005;
Negash et al. 2009). Whether the attentional and inhibitory
control deficits in apoE4 individuals could be indicators of
higher risk for AD is a future venue of investigation.

Effects of scopolamine, alprazolam and picrotoxin
on the 5-CSRTT performance in apoE-TR female mice

The basal forebrain cholinergic system is involved in
sustained attention (Paolone et al. 2013; Sarter and Paolone
2011), and the muscarinic antagonist scopolamine disrupts
accuracy and increases omissions in both rats and mice in
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the 5-CSRTT (Sanchez-Roige et al. 2012). In the current
study, apoE4 showed a lower sensitivity to scopolamine-
induced attentional impairment. Specifically, the negative ef-
fect of scopolamine on attentional performance was more pro-
nounced in apoE2 and apoE3 than in apoE4 mice.

An interaction between apoE and the cholinergic system
has been suggested to underlie the cognitive deficit associated
to apoE4 in humans. In fact, several indicators of a cholinergic
dysfunction have been reported in apoE4, ranging from de-
creased neuronal activity in the basal nucleus of Meynert,
which is the main source of cholinergic projections to the
cortex (Salehi et al. 1998), to decreased hippocampal and
cortical choline acetyltransferase activity (Allen et al. 1997;
Lai et al. 2006; Poirier et al. 1995; Soininen et al. 1995a),
higher levels of acetylcholinesterase (Eggers et al. 2006;
Soininen et al. 1995b), and higher levels of muscarinic recep-
tors (Cohen et al. 2003). The presence of the ε4 allele has also
shown to modulate the response to cholinergic agents. Young
and healthy apoE4 carriers benefit more of the cognitive ef-
fects of nicotine (Evans et al. 2013; Marchant et al. 2010),
while the prolonged use of anti-cholinergic medications have
a worse cognitive effect in non-demented apoE4 carriers
(Nebes et al. 2012; Pomara et al. 2008; Pomara et al. 2004).
On the other hand, anticholinesterase medications used to im-
prove cognitive function in AD patients seem to be less effec-
tive in those carrying apoE4 (Braga et al. 2014; Farlow et al.
1996).

In rodents, the blockade of nicotinic acetylcholine recep-
tors has shown to suppress hippocampal long-term potentia-
tion in wild-type but not in apoE4-TR mice (Yun et al. 2005).
Remarkably, decreased levels of choline acetyltransferase
have also been reported in apoE4 mice (Buttini et al. 2002)
while the exposure to the pesticide chlorpyrifos, a cholinester-
ase inhibitor, impaired memory in apoE3 mice but not in
apoE4 mice (Peris-Sampedro et al. 2015). However, the al-
leged cholinergic hypo-function related to apoE4 remains
controversial since some studies failed to find cholinergic al-
terations in both human apoE4 carriers (Corey-Bloom et al.
2000; Reid et al. 2001; Svensson et al. 1997; Uusvaara et al.
2009) and apoE4 transgenic mice (Bronfman et al. 2000;
Siegel et al. 2010). Overall, our results suggest that the antag-
onism of muscarinic receptors has a less pronounced effect on
visuospatial attention in apoE4 mice compared to apoE2 and
apoE3 mice.

Higher anxiety in apoE4 mice has been previously reported
(Reverte et al. 2012; Siegel et al. 2012). Here we inquired
whether the administration of anxiolytic or anxiogenic drugs
would induce a differential effect in apoE-TR mice depending
on the genotype. However, we did not observe a genotype
effect on the 5-CSRTT performance after alprazolam and pic-
rotoxin administration. Accordingly, the effects of lorazepam
on attention and reaction time were similar in human apoE4
carriers and non-carriers (Stonnington et al. 2009). The

systemic administration of alprazolam improved attention by
decreasing omissions, but slightly increased premature
responding. On the other hand, picrotoxin decreased persev-
eration. Similarly, GABAergic agonists have shown to in-
crease impulsivity in several mouse strains (Oliver et al.
2009). Increasing GABAergic activity in the PFC increases
impulsivity, probably because of the disinhibition of down-
stream areas such as the ventral striatum (Hayes et al. 2014).
Coupled with this, the reduction of GABA in the NAc in-
creases impulsivity in low impulsive rats (Caprioli et al.
2014). However, the levels of GABA in the PFC and the
striatum did not differ in apoE4 mice compared to the other
genotypes.

Neurotransmitters in apoE-TR female mice

Cortico-striatal and cortico-limbic networks involved in atten-
tion and inhibitory control are modulated by dopaminergic,
serotonergic, and noradrenergic neurons originating in the
midbrain (Dalley et al. 2011). We observed lower levels of
dopamine in the frontal cortex in apoE4 mice than in apoE2
and apoE3 mice. Consistently, the depletion of dopamine in
the medial prefrontal cortex (mPFC) induces impulsive choice
in a delay discounting task (Freund et al. 2014), and reduced
cortical dopamine levels have been reported in patients with
ADHD (Del Campo et al. 2011). Furthermore, reduced mPFC
dopamine activity levels also correlate with poor attention
outcome (Logue and Gould 2014). Taken these results togeth-
er, the lower levels of dopamine in the frontal cortex found in
apoE4 mice may account for both the decreased accuracy and
increased premature responding.

Dopaminergic and noradrenergic alterations in the striatum
play a key role in the expression of impulsivity (Caprioli et al.
2013; Caprioli et al. 2015; Dalley et al. 2007; Economidou
et al. 2012; Moreno et al. 2013). In the present study though,
we did not observe in apoE4 mice deficiencies in the levels of
dopamine and norepinephrine in the striatum relative to apoE2
and apoE3, but quite the opposite. The reasons for these dis-
crepancies are unclear and obviously require further investi-
gation. A possible explanation for this discrepancy could de-
rive from the fact that we analyzed the entire striatum (nucleus
accumbens, shell and core, and caudate putamen) while in the
previous studies the main differences were confined to the
nucleus accumbens.

Glutamate and GABA are the main excitatory and inhibi-
tory neurotransmitters in the brain. ApoE2 mice showed sig-
nificant higher levels of glutamate in the striatum relative to
apoE3 mice and in the thalamus relative to both apoE3 and
apoE4 mice. GABA in the frontal cortex was also higher in
apoE2, which would account for a trend toward an increased
sensitivity of this genotype to picrotoxin. However, no differ-
ences in the ratio of GABA/glutamate were observed in any
brain region, which indicates that the balance of brain
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excitation/inhibition was not compromised in apoE2 female
mice. Higher levels of glutamate in the whole brain of apoE2
mice were reported by Dumanis et al. which might be related
to the neuroprotective role attributed to the apoE2 isoform
(Dumanis et al. 2013).

Concluding remarks

The results from the present study demonstrate that the human
apolipoprotein E isoforms impact visuospatial attention and
inhibitory control as measured in the 5-CSRTT, as well as
the underlying neuromodulatory brain systems. Finally, fur-
ther studies are needed to determine to what extent these re-
sults generalize to male apoE-TR and human population. The
current findings have relevance because they provide valuable
information on the underlying neural basis of the cognitive
dysfunction related to apoE4 before the onset of neurodegen-
erative patterns.
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