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NOR deﬁcits are demonstrated in animal models of human disorders and conditions.
The NOR test is cost and time effective, non-rewarded and ethologically relevant.
The NOR test is invaluable in identifying the neural basis of cognitive deﬁcits.
The NOR test is useful in evaluating the efﬁcacy of novel therapeutic targets.
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a b s t r a c t
The novel object recognition test (NOR) test is a two trial cognitive paradigm that assesses recognition
memory. Recognition memory is disturbed in a range of human disorders and NOR is widely used in
rodents for investigating deﬁcits in a variety of animal models of human conditions where cognition is
impaired. It possesses several advantages over more complex tasks that involve lengthy training procedures and/or food or water deprivation. It is quick to administer, non-rewarded, provides data quickly,
cost effective and most importantly, ethologically relevant as it relies on the animal’s natural preference
for novelty. A PubMed search revealed over 900 publications in rats and mice using this task over the past
3 years with 34 reviews in the past 10 years, demonstrating its increasing popularity with neuroscientists.
Although it is widely used in many disparate areas of research, no articles have systematically examined
this to date, which is the subject of our review. We reveal that NOR may be used to study recognition
memory deﬁcits that occur in Alzheimer’s disease and schizophrenia, where research is extensive, in
Parkinson’s disease and Autism Spectrum Disorders (ASD) where we observed markedly reduced numbers of publications. In addition, we review the use of NOR to study cognitive deﬁcits induced by traumatic
brain injury and cancer chemotherapy, not disorders per se, but situations in which cognitive deﬁcits dramatically reduce the quality of life for those affected, see Fig. 1 for a summary. Our review reveals that,
in all these animal models, the NOR test is extremely useful for identiﬁcation of the cognitive deﬁcits
observed, their neural basis, and for testing the efﬁcacy of novel therapeutic agents. Our conclusion is
that NOR is of considerable value for cognitive researchers of all disciplines and we anticipate that its use
will continue to increase due to its versatility and several other advantages, as detailed in this review.
© 2014 Elsevier B.V. All rights reserved.

Introduction
As early as 1950, Berlyne observed that rats spend more time
exploring a novel compared with a familiar stimulus [1]. Ennaceur
and Delacour subsequently utilised this innate behaviour and
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developed the novel object recognition (NOR) test based on the
natural propensity of rats to explore novel objects [2]. The NOR
test is a non-rewarded, ethologically relevant paradigm based on
the spontaneous exploratory behaviour of rodents that measures
recognition memory. In most commonly used forms of the test,
each test session consists of two trials. In the ﬁrst trial (acquisition), animals are exposed to two identical objects in an open ﬁeld
or chamber of varying dimensions. During the second trial (retention), rats are exposed to two dissimilar objects, one familiar object
from the ﬁrst trial and one new object. Object recognition can be
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Fig. 1. Novel object recognition is used to study cognition of relevance to a variety of human disorders and their associated preclinical models.

measured as the difference in time spent exploring the familiar
and the new, or novel, object. Rodents (and other species) have
been shown to spend more time exploring the novel compared
with the familiar object. Rats in our laboratory are able to discriminate between the familiar and the novel object when the inter-trial
interval (ITI) is between 1 min and 1–6 h, but not when it is greater
than 6–8 h (Mclean, personal communication). The duration of each
trial is important as a preference for the novel object only lasts during the ﬁrst 1 or 2 min, after which time preference diminishes as
both objects become familiar and are explored equally.
A PubMed search of the literature covering the last three
years (01.07.2011–01.07.2014) using object recognition and rat as
keywords generated 444 publications while the keywords object
recognition and mouse generated 479 publications. PubMed also
revealed a total of 34 reviews published on object recognition in
rats and mice over the last 10 years demonstrating its growing use
in neuroscience research. Recent reviews have focused on anatomy,
genetics and neurotransmitter involvement [3], task parameters
and procedures [4], pharmacology [5] and neuropsychology [6].
Very few have focused on the utility of the NOR test for studying cognitive impairment in speciﬁc disorders, the exception being
schizophrenia [6]. There are several features of NOR that make it the
test of choice for researchers studying cognitive disturbances in a
variety of human disorders. It is quick (a two trial test), cost effective
(does not require complex or expensive equipment), ethologically
relevant (relying on animals’ preference for novel stimuli), has no
stressful elements such as food or water deprivation and does not
require any training, relying on innate behaviour. It is also robust,
replicable and versatile, and it may be used for studying cognitive deﬁcits in a range of disorders and conditions, the focus of our
review. Recently in our laboratory, we have used NOR to assess
cognitive deﬁcits in a wide range of conditions in rats, including
streptozocin-induced diabetes, cross-fostering, hydrocephalus and
in the offspring of fasted mothers. Most other cognitive tests available (e.g. Morris water maze, radial maze, operant tasks including
the touch screen) require training schedules and the rats are often
food restricted while the NOR test confers the advantages of being
ethologically relevant, and not requiring training or food restriction. Furthermore, lengthy training procedures preclude their use
at speciﬁc time points in development e.g. to compare cognitive
function in juvenile and adult animals. This led us to prepare this
review article describing studies where NOR is used to study cognition of relevance to a variety of human disorders and situations

where cognitive deﬁcits are particularly debilitating: Alzheimer’s
disease, Parkinson’s disease, Autism Spectrum Disorder, traumatic
brain injury and cancer chemotherapy including an update on
schizophrenia which was the subject of two recent reviews [7,8].
See Fig. 1 for a summary of the disorders and models covered. Our
review, together with the large number of recent original research
publications and review articles in this area, demonstrates just how
valuable a resource this test has become in the ﬁeld of cognition
research, and how it may be used to assess cognitive deﬁcits in
a range of animal models and to identify novel targets for drug
therapy.
1. Alzheimer’s disease and NOR
Alzheimer’s disease (AD) is a neurodegenerative disorder characterised by a progressive dementia related to the severity of brain
lesions. The most common form of AD is sporadic, characterised
by a late onset and resulting from a complex interaction between
various environmental risk factors and susceptibility genes [9]. The
familial form of AD occurs in less than 10% of all AD cases and is
characterised by an early onset induced by an autosomal dominant
mutation in one of three genes involved in amyloid signalling, leading to abnormal brain lesions of beta peptide amyloid deposits: the
amyloid precursor protein (APP), presenilin 1 (PS1) or presenilin 2
(PS2) [10].
The most pervasive symptom of early AD is progressive cognitive impairment leading to a dementia syndrome. Among the
early cognitive symptoms of AD, short-term episodic memory
impairment associated with attention and spatial orientation disturbances have been mainly described [11]. Recently, impaired
visual recognition memory reﬂecting dysfunction of the anterior
subhippocampal cortex (transentorhinal, entorhinal and perirhinal cortices) [12], has been proposed as an early marker for AD
diagnosis [13]. Assessed through the NOR test in animals, visual
recognition memory, i.e. recognition of the features of different
objects, is mainly supported by interactions between the neocortex
and the perirhinal and entorhinal cortices, while the hippocampus is recruited more in the spatial and temporal context of object
recognition [14]. The NOR task is thus dependent on the integrity of
the temporal regions in both rodents and primates [14–17], that are
similar to the medial temporal cortex progressively affected during
AD in humans [18,19]. The NOR test is particularly relevant in the
ﬁeld of AD research as it allows assessment of visual recognition
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memory affected early in disease progression of AD involving brain
regions similar to those affected in this devastating, debilitating
neurodegenerative disease.
1.1. Characterization of NOR deﬁcits in AD models
The NOR test has been used extensively to study the cognitive deﬁcits in familial and sporadic AD mouse models. Allowing
the assessment of short-term as well as long-term memory, as
described by Zhang and colleagues [20], this test is particularly
useful for evaluation of recognition memory deﬁcits of relevance
to AD and for assessment of the efﬁcacy of existing drugs or new
compounds of interest.
In this ﬁeld, NOR has been mainly used to characterise the cognitive deﬁcits in familial AD models with one or multiple mutations
in one of the three genes affected in AD (Table 1). Deﬁcits in object
recognition have been observed in transgenic mouse models of AD
overexpressing the mutant human form of APP. Indeed, the NOR
test is able to detect memory deﬁcits in AD models bearing the
mutant human APP with Swedish (K670N/M671L) [21–31], Indiana
(V717F) [32,33] or London (V717I) [34–36] mutations and in combined mutation models [37–42]. The NOR test has also been used for
the detection of memory deﬁcits in double transgenic mice expressing the human mutation of APP and PS1 [20,43–50], in the 5xFAD
model [51,52] in addition to triple transgenic AD models expressing APP, PSI and Tau mutations [53–57], and in the Tau model [58].
It is important to note that some studies have failed to demonstrate
any difference in recognition memory between transgenic animals
and wild-type controls [59–64]. This absence of deﬁcits could be
explained by the diversity of the protocols employed (e.g. varying
ITIs, see Table 1) but also by the nature of the animals studied (e.g.
gender, age at testing, experimental set-up, strain, type of transgenic animal (mutations carried, promoter)). Despite the divergent
results observed in the literature across AD models, we tried in this
review to draw a trend of the main parameters that could affect the
NOR performances of these models.
In transgenic models of AD overexpressing the mutant human
form of APP, recognition memory performance might be inﬂuenced
by the ITI used. Indeed, in transgenic mice carrying at least one
mutant human APP, a preference for the novel object has been
observed for short ITIs (2 min [30,65] and 3 min [63]). Despite opposite results [30,32,34,61,65], several publications showed no longer
preference for the novel object at longer ITIs: 5 min [21], 50 min
[31], 1 h [23,37,39,42], 2.5 h [35], 3 h [33,34], 4 h [24,29,30,40], 24 h
[22–30,36,38,40,41]. Interestingly, the performance of AD transgenic mice in the NOR seems to be age-dependent. Deﬁcits have
been observed from 6 months of age, or even later [26], in mice
carrying the human APP Indiana [33] or Swedish [27] mutations,
with relatively preserved object discrimination at 3 months of age
[27,33,62]. By contrast, early deﬁcits (from 3 months old) have
been detected in other APP transgenic mice carrying the London
mutation [34–36], or in combined mutation models with Swedish
and Indiana mutations [37,39,40,42]. Age-dependent recognition
memory performance has also been observed in double transgenic APP/PS1 mice. Indeed, object recognition deﬁcits have been
reported after 6 months of age [44,45,48], as observed in triple
transgenic models [54,56]. Following the success of NOR to detect
cognitive deﬁcits in transgenic models of AD, it is also being used in
new transgenic models of relevance for AD, such as PS1 mice (P117L
mutation) for which no deﬁcits were observed [66] and PLB1 Triple
mice (APP/PS1/Tau) [56,57]. The NOR test may therefore determine
if such cognitive impairments are related to the appearance of A␤
pathology.
The NOR test has also been used in non-transgenic AD
models (Table 2). Deﬁcits in object recognition memory were
observed in a sporadic AD model that spontaneously presents an

overexpression of APP and oxidative damage [For review, see [67]].
Indeed, senescence-accelerated prone SAMP8 mice have recognition memory deﬁcits appearing from 6 months of age [68,69].
NOR deﬁcits were also observed in mice following intra-cerebroventricular (ICV) injection of toxic fragments A␤(1–42) or A␤(25–35)
of A␤ peptide at ITIs of 15 min [70], 1 h [71] and 24 h [27,71–76]
(see Table 2). Finally, less well studied than mice, the NOR is also
used in AD rat models to investigate the deﬁcits induced by ICV
injection of A␤(1–42) (Table 3). As with mice, deﬁcits have been
observed following ITIs of 2 h [77], 4 h and 24 h [78]. NOR deﬁcits are
also observed in other AD models using aged rats [79] or following
sodium azide injection to reduce brain cytochrome oxidase activity
[80].
To conclude, the NOR test is particularly sensitive for the detection of recognition memory deﬁcits in rodent models of familial
and sporadic AD. It enables, not only the detection of deﬁcits, but
also improved characterisation of the optimal parameters required
for detection of cognitive deﬁcits of relevance to AD.
1.2. Contribution of NOR to evaluation of the efﬁcacy of new
drugs and contribution to improved understanding of the
mechanisms of AD
Due to these studies showing that memory deﬁcits in the NOR
test are well characterised in AD animal models, this task is now
widely used to assess the efﬁcacy of new candidate drug targets
and in studies aimed at improving our understanding of the mechanisms underlying AD neuropathology. These will be described in
detail below.
Following development of the three main drugs currently
used for AD in the clinic that interact with the cholinergic
pathway (galantamine, donepezil and rivastigmine), some other
cholinesterase inhibitors and/or monoamine oxidase inhibitors
have been tested in the NOR test. For example, metrifonate [79],
ladostigil [80], selegiline [76] and memoquin [70] have demonstrated efﬁcacy to alleviate NOR deﬁcits in rodent models of AD (See
Tables 1–3 for full details). The efﬁcacy of some of these drugs was
compared with current drugs used in AD, e.g. donepezil, that were
ineffective to alleviate the recognition memory deﬁcits in transgenic [42] and non-transgenic [76] AD mouse models, except in the
study of Zhang and colleagues where beneﬁcial effects of donepezil
on memory deﬁcits have been reported [20]. Interestingly, coadministration of sub-efﬁcacious doses of donepezil and selegiline
has a synergistic effect in the NOR test [76]. Efﬁcacy of other cognitive enhancing drugs targeting different neurotransmitter systems
has also been investigated. Treatment with the 5HT3 receptor and
partial ␣7Ach nicotinic receptor antagonist tropisetron [42], the H3
antagonist ciproﬁxan [21], and the dopamine precursor levodopa
[37] all signiﬁcantly improved object recognition memory deﬁcits
in AD models.
Other drugs targeting A␤ signalling and Tau hyperphosphorylation pathways have also been tested. Molecules that induce
inhibition of ␤ secretase, TAK-070 [22] and tannic acid [48], or of
␥ secretase, such as BMS-299897 [71], proteases involved in the
formation of A␤ peptides, have demonstrated efﬁcacy to alleviate NOR deﬁcits in mouse AD models. Despite the suspension of
several clinical trials due to unwanted side effects of immunotherapy (i.e. meningoencephalitis), several studies are investigating
new immunotherapy technologies that may be better tolerated by
avoiding lymphocytic inﬁltration. For example, a single oral administration of a recombinant adeno-associated viral vector carrying
A␤ cDNA [26] or transcutaneous immunization with A␤ peptides,
normalised NOR deﬁcits in AD models [35,46] (see Table 1). Similarly, MMBO, a novel Glycogen Synthase Kinase (GSK-3) inhibitor
involved in the hyperphosphorylation of Tau protein, attenuated
the NOR deﬁcit in the triple transgenic AD model [55]. Drugs
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Table 1
NOR performance in transgenic AD mouse models and effects of pharmacological agents.
Drug/compound administrated

Synthetic A␤20–42 oligomer
(named globulomer)
vaccination (Active
immunization; i.p.; 100 g
every 3 weeks for 3 months)
A␤ oligomer-selective
antibody A-887755 (Passive
immunotherapy; 3 injections
of 500 g per week for 3
weeks)
Tetrahydrostilbene glucoside
TSG; main components
extracted from the root of
Polygonum multiﬂorum;
antioxidant properties
(120–240 mol/kg/day; for 6
months, from 4 months old
(prophylactic) or from 10
months old (therapeutic))

Ciproﬁxan; H3 receptor
antagonist (3 mg/kg; i.p.;
acute)

Voluntary exercise (16 weeks;
wheel running)
Forced exercise (16 weeks;
treadmill running)
CHF5074; 1-(30,40-dichloro-2ﬂuoro[1,10-biphenyl]-4-yl)cyclopropanecarboxylic acid;
new microglial modulator
(30 mg/kg s.c.; acute)
LY450139; Semagacestat;
c-secretase inhibitor
(1, 3, 10 mg/kg; s.c.; acute)

Gender AD model Strain Age at testing

ITI

Effect on NOR
performances compared to
wild-type (wt) mice

Ref.

Gender n.a.
APP mice (human London mutation (V717I))
MGI ID no.: 3717572; Mouse thy-1 gene promoter
PS1(n / ) mice (PS1 deﬁciency)
MGI ID no.: 1857974; neomycin cassette
APP/PS1(n / ) mice
MGI ID no.: n.a.; Mouse thy1 gene promoter
Genetic backgrounds n.a.
3–6 months old
Male and female
APP mice (human London mutation (V717I))
MGI ID no.: 3717572; Mouse thy1 gene promoter
FVB/N genetic background
4.5 months old

1h
3h

↔ (NO preferred)
↓ APP and APP/PS1(n / )
mice

[34]

2.5 h

↓ APP mice
↑ A␤ globulomer and
A-887755

[35]

Male and female
PDAPP mice (human London mutation (V717I))
MGI ID no.: n.a; Platelet-derived growth factor promoter
C57/BL6 genetic background
4–6 or 10 months old

24 h

↓ APP mice from 4 months
old
↑prophylactic treatment
with TSG (both doses) at 10
months old
↑ therapeutic treatment
with TSG (highest dose) at
16 months old

[36]

Male
PDAPP mice (human Indiana mutation (V717F))
MGI ID no.: 2151935; Platelet-derived growth factor promoter
C57BL/6 + DBA + Swiss–Webster background
6–9; 13–15 and 18–21 months old
Male
PDAPP mice (human Indiana mutation (V717F))
MGI ID no.: 2151935; Platelet-derived growth factor promoter
C57BL/6 + DBA + Swiss–Webster background
3–6 and 10 months old
Male
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57BL/6xSJL genetic background
16 months old
Male
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57BL/6xB6SJL genetic background
7 and 14 months old
Male and Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57Bl6/J × B6SJLF1/J genetic background
12–14 months old
Male and female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57B6/SJL genetic background
9 months old
Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
Genetic background n.a.
7 months old

10 s
1 min
10 min
1h
4h
3h

↔ (NO preferred) all ages
and all ITI

[32]

↓ APP mice from 6 months
old

[33]

2 min

↔ (NO preferred)

[65]

3 min

↔ (NO preferred at 7
months old only)

[63]

5 min

↓Tg2576 mice
↑Ciproﬁxan

[21]

50 min

↓ Tg2576 mice
↑ voluntary exercise only

[31]

4h

↓ Tg2576 mice
↑ CHF5074, but not
LY450139

[24]
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Table 1 (Continued)
Drug/compound administrated

Gender AD model Strain Age at testing

ITI

Effect on NOR
performances compared to
wild-type (wt) mice

Ref.

CHF5074; 1-(30,40-dichloro-2ﬂuoro[1,10-biphenyl]-4-yl)cyclopropanecarboxylic acid;
new microglial modulator
(20 or 60 mg/kg/day; p.o.; 13
months)
DAPT; N-[N-(3,5diﬂuorophenacetyl)-Lalanyl]-S-phenylglycine
t-butyl ester); ␥-secretase
inhibitor
(60 mg/kg/day; p.o.; 13
months)

Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
Genetic background n.a.
18 months old

4h

↓ Tg2576 mice
↑ CHF5074 (highest dose)

[29]

Male and female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
B6SJLF1/J genetic background
5 months old
Male
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
Genetic background n.a.
9 months old
Male
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
Genetic background n.a.
5.5 months old

2 min
4h
24 h

↔ (NO preferred)
↓ Tg2576 mice
↓ Tg2576 mice

[30]

24 h

↓ Tg2576 mice

[28]

24 h

↓ Tg2576 mice
↑ TAK-070

[22]

Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
129S6/SvEvTac genetic background
3, 6 and 12 months old

24 h

↓ Tg2576 from 6 months
old
↑ NK-4 (highest dose)

[27]

Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
Genetic background n.a.
6–10 and 13 months old
Male
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57/BL6 genetic background.
11 month old

24 h

↓ Tg2576 mice at 13
months old
↑ oral vaccination

[26]

24 h

↓ Tg2576 mice
↑ JWH-133 only

[25]

Female
Tg2576 mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2385631; Hamster prion protein promoter
C57BL/6x/SJL genetic background
16 months old
Female
APP mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2447146; Mouse thy1.2 gene promoter
C57BL/6J genetic background
10 months old

1h
24 h

↓ Tg2576 mice at both
delays
↑ cognitive stimulation

[23]

1h

↔ (NO preferred)
↓ APP mice treated with
Dsp4

[61]

Gender n.a.
APP mice (human Swedish mutations (K670M/N671L))
MGI ID no.: 2447146; Mouse thy1.2 gene promoter
C57BL/6J genetic background
3–4 months old

24 h

↔ (NO preferred but
signiﬁcant reduction
compared to WT)

[62]

TAK-070;
(R)-6-[(1,1-biphenyl)4-ylmethoxy]-1,2,3,4tetrahydro-N,N-dimethyl-2naphthalene- ethan-amine
hydrochloride monohydrate;
non-competitive BACE1
inhibitor
(3 mg/kg; p.o.; 2 weeks)
NK-4;(R)-6-[(1,1-biphenyl)4-ylmethoxy]-1,2,3,4
tetrahydro-N,N-dimethyl-2naphthalene- ethan-amine
hydrochloride monohydrate;
novel non-competitive
BACE1 inhibitor
(100 or 500 mg/kg/day; i.p.;
ﬁve times a week; 9 months)
Vaccination with recombinant
adeno-associated viral vector
carrying A␤ cDNA (AAV/A␤)
(0.1 ml; p.o.; acute)
WIN 55,212-2; a mixed
CB1/CB2 agonist
(0.2 mg/kg/day; p.o.; 4
months)
JWH-133; selective CB2
agonist
(0.2 mg/kg/day; p.o.; 4
months)
Cognitive stimulation (once
per week for 8 weeks;
exposure to 8 different
Lashley-type mazes)
Dsp4; N-(2-chloroethyl)-Nethyl-bromo-benzylamine;
site-directed alkylating
neurotoxin with an afﬁnity
for the neuronal uptake
transporter
(50 mg/kg; i.p.; twice/day on
days 1 & 7)
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Table 1 (Continued)
Drug/compound administrated

Gender AD model Strain Age at testing

ITI

Effect on NOR
performances compared to
wild-type (wt) mice

Ref.

Levodopa; dopamine precursor
(50 mg.kg; i.p.; acute)

Male
CRND8 mice (human Swedish (K670N/M671L) and Indiana
(V717F) mutations)
MGI ID no.: 3589475; Hamster prion protein promoter
C57BL/6xC3H/HeJ genetic background
3–4 months old
Gender n.a.
CRND8 mice (human Swedish (K670N/M671L) and Indiana
(V717F) mutations)
MGI ID no.: 3589475; Hamster prion protein promoter
C57BL/6xC3H/HeJ genetic background
4 months old
Male
APP mice (human Swedish (K670N, M671L) and Indiana
(V717F) mutations)
MGI ID no.: 3057148; Platelet-derived growth factor promoter
C57BL/6J genetic background
4–5 months old

1h

↓ CRND8 mice
↑ levodopa

[37]

1h

↓ CRND8 mice
↑ leptin

[39]

1h

↓ APP mice
↑ tropisetron but not
donepezil

[42]

Male
APP mice (human Swedish (K670N, M671L) and Indiana
(V717F) mutations)
MGI ID no.: 3057148; Platelet-derived growth factor promoter
C57BL/6J genetic background
2–3 months old
Male
APP mice (human Swedish (K670N/M671L) and Indiana
(V717F) mutations)
MGI ID no.: 3057148; Platelet-derived growth factor promoter
C57BL/6J genetic background
10 months old
Female
APP mice (human Swedish (K670M/N671L) and London
(V717I) mutations)
MGI ID no.: 5491622; Mouse thy1 gene promoter
C57BL/6 genetic background
5.5 and 7.5 months old

4h

↓ APP mice

[40]

24 h

↓ APP mice
↑ rosiglitazone

[38]

24 h

↓ APP mice
↑ LM11A-31

[41]

1h

↔ (no preference for the
NO)

[66]

5 min
30 min

↓ htau mice at both ITIs at
12 months old

[58]

3h

↓ APP/PS1 mice
↑ memantine treatment

[49]

4h

↓ from 6 months old

[44]

4h

↔ at 4 months old (NO
preferred)
↔ at 8 months old (no
preference for the NO)

[64]

Leptin; adipocyte-derived
hormone
(20 g/day; pump s.c.; 4 or 8
weeks)

Tropisetron; 5-HT3R
antagonist and partial
␣7-nicotinic receptor agonist
(0.5 mg/kg/day; pump s.c.;
21 days)
Donepezil;
acetylcholinesterase
inhibitor
(1 mg/kg/day; pump s.c.; 21
days)

Rosiglitazone; peroxisome
proliferator-activated
receptor gamma (PPAR␥)
agonist
(5 mg/kg/day; p.o.; 4 weeks)
LM11A-31; 2-amino-3-methylpentanoic acid
(2-morpholin-4-yl-ethyl)amide; p75 neurotrophin
receptor ligand
(50 mg/kg/day; p.o.; 2.5
months)

Memantine; NMDA receptor
antagonist
(10 mg/kg/day; i.p.; 4
months)

Female
PS1 mice (human P117L mutation)
MGI ID no.: 3590651; Rat enolase 2, gamma promoter
C57Bl/6JxDBA/2J genetic background
14 months old
Male
htau mice (human Tau mutation)
MGI ID no.: 3057129; Tau promoter
C57BL/6J genetic background.
4 and 12 months old
Gender n.a.
APP/PS1 mice (human APP Swedish (KN670/671NL) mutations
and mutant human PS1 (L166P))
MGI ID no.: 3765351; Mouse thy1.2 gene promoter
C57BL/6J genetic background
7 months old
Male and female
APP/PS1 mice (human APP Swedish (K670N/M671L) mutations
and mutant human PS1 (M146V))
MGI ID no.: 4417910; Mouse thy1 gene promoter
C57BL/6J genetic background
3, 4, 6, 8 and 10 months old
Gender n.a.
APP/PS1 mice (human APP Swedish (K670N/M671L) mutations
and mutant human PS1 (M146V))
MGI ID no.: 4417910; Mouse thy1 gene promoter
C57BL/6J genetic background
4 and 8 months old
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Table 1 (Continued)
Drug/compound administrated

Gender AD model Strain Age at testing

ITI

Effect on NOR
performances compared to
wild-type (wt) mice

Ref.

Dsp4; N-(2-chloroethyl)-N-ethylbromobenzylamine; site directed
alkylating neurotoxin with an
afﬁnity for the neuronal uptake
transporter
(50 mg/kg; i.p.; dsp4 at 3, 3.2 and
once per month from 3 months
old)
Donepezil; acetylcholinesterase
inhibitor
(2 mg/kg/day; p.o.; 3 months)
Naltrindole; delta opioid
receptor antagonist
(5 mg/kg/day; p.o.; 3 months)
Transcutaneous immunization:
-with A␤(1–42) (10 g) and CT
(cholera toxin;
0.25 g)-containing MH300
(microneedle 300 m
(MicroHyala; MH))
-with A␤(1–35) , Cys (10 g) and
CT (0.25 g)-containing MH300
Intradermal immunization
-with A␤(1–42) (10 g) and CT
(0.25 g)
-with A␤(1–35) , Cys (10 g) and
CT (0.25 g)

Female
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
Genetic background n.a.
4–6 and 12 months old

1h

↓ APP/PS1 mice at 12
months old
↔Dsp4

[45]

Male and female
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57BL/6 genetic background
7 months old
Gender n.a.
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57BL/6 genetic background
8 months old

1h

↓ APP/PS1 mice
↑ donepezil and naltrindole

[20]

1h

↓ APP/PS1 mice
↑ transcutaneous
immunization

[46]

Female
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57BL/6JxC3H/HeJ genetic background
9 months old
Male
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57BL/6 background
9 months old
Female
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57Bl/6 xC3H/H3J genetic background
10 months old
Male
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
C57BL/6xC3H genetic background
6 and 12 months old
Female
APP/PS1 mice (mouse/human APP Swedish (K595N/M596L)
mutations and mutant human PS (PS1/E9))
MGI ID no.: 3524957; Mouse prion promoter
Genetic background n.a.
12 months old
Gender n.a.
5XFAD mice (human APP with Swedish (K670N, M671L),
Florida (I716V), and London (V717I) mutations and human PS1
with two mutations (M146L and L286V))
MGI ID no.: 3693208; Mousethy1 gene promoter
C57BL/6 × B6/SJL F1 genetic background
6 months old
Gender n.a.
5XFAD mice (human APP with Swedish (K670N, M671L),
Florida (I716V), and London (V717I) mutations and human PS1
with two mutations (M146L and L286V))
MGI ID no.: 3693208; Mouse thy1 gene promoter
B6 background
6 and 12 months old

1h

↔ (NO preferred)

[59]

3h

↓ APP/PS1 mice
↑ liraglutide treatment

[47]

4h

↓ APP/PS1 mice
↑ GW3965

[43]

24 h

↔ at 6 months old (NO
preferred)
↓ APP/PS1 mice at 12
months old
↑ tannic acid

[48]

24 h

↓ APP/PS1 mice
↑ ferulic acid (lowest dose)

[50]

n.a.

↓ 5XFAD mice
↑ cinnamon extract

[51]

24 h

↓ 5xFAD mice

[52]

Liraglutide; incretin hormone
glucagon-like peptide-1analog
(25 nmol/kg/day; i.p.; 8 weeks)

GW3965; Liver X receptor agonist
(Prophylactic group:
2.5 mg/kg/day; p.o.; 24 weeks;
Therapeutic group:
33 mg/kg/day; p.o.; 8 weeks)
Tannic acid; plant-derived
hydrolyzable tannin polyphenol
(30 mg/kg; p.o.; 6 months)

Ferulic acid
(5.3 or 16 mg/kg/day; p.o.; 6
months)

Cinnamon extract
(100 g/ml in water; p.o; 4
months)
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Table 1 (Continued)
Drug/compound administrated

MMBO; 2-methyl-5-(3-(4-[(S)methylsulﬁnyl]
phenyl)-1-benzofuran-5-yl)1,3,4-oxadiazole; novel
GSK-3 inhibitor
(1 or 3 mg/kg; p.o.; twice a
day; 25 days)

Gender AD model Strain Age at testing

ITI

Effect on NOR
performances compared to
wild-type (wt) mice

Ref.

Male and female
PLB1Triple mice (human APP with Swedish and London
(K670N, M671L and V717I) mutations; mutant human tau
(isoform 2N4R with P301L and R406W); mutant human PS1
(A246E))
MGI ID no.: 5428335; Camk2a promoter
C57BL6/J genetic background
8 and 12 months old
Male and female
PLB1Triple mice (human APP with Swedish and London
(K670N, M671L and V717I) mutations; mutant human tau
(isoform 2N4R with P301L and R406W); mutant human PS1
(A246E))
MGI ID no.: 5428335; Camk2a promoter
Genetic background n.a.
4 and 12 months old
Female
3xTg mice (APP/PS1/Tau; human APP with Swedish mutations
(KM670/671NL), mutant human PS1 (M146V), and mutant
human tau P301L)
MGI ID no.: 2672831 and 1930937; Mouse thy1 gene and
endogenous promoters
129/C57BL6 genetic background
11 months old
Female
3xTg mice (APP/PS1/Tau; human APP with Swedish mutations
(KM670/671NL), mutant human PS1 (M146V), and mutant
human tau P301L)
MGI ID no.: 2672831 and 1930937; Mouse thy1 gene and
endogenous promoters
129/C57BL6 genetic background
12–14 months old
Female
3xTg mice (APP/PS1/Tau; human APP with Swedish mutations
(KM670/671NL), mutant human PS1 (M146V), and mutant
human tau P301L)
MGI ID no.: 2672831 and 1930937; Mouse thy1.2 gene and
endogenous promoters
129/C57BL6 genetic background
12 months old
Male
3xTg mice (APP/PS1/Tau; human APP with Swedish mutations
(KM670/671NL), mutant human PS1 (M146V), and mutant
human tau P301L)
MGI ID no.: 2672831 and 1930937; Mouse thy1 gene and
endogenous promoters
129/C57BL/6 genetic background
5 or 10 months old

2 min

↓ PLB1 Triple mice at 12
months old

[56]

5 min

↓ PLB1 Triple mice from 4
months old

[57]

2 min

↔(NO preferred)

[60]

3h

↓ 3xTg-AD mice

[53]

5h

↓ 3xTg-AD mice
↑ MMBO at both doses

[55]

24 h

↔ at 5 months old (NO
preferred)
↓ 3xTg mice at 10 months
old

[54]

i.p.: Intraperitoneally; s.c.: subcutaneously; p.o.: per os; i.c.v.: intra-cerebroventricular; n.a.: not available; ↓ deﬁcits; ↑ reversion of the deﬁcits; ↔ no difference; NO novel
object.

targeting oxidative damage also improved NOR deﬁcits in AD models. Indeed, CHF5074, a microglia activation inhibitor [24,29], the
ﬂavonoid silibinin [75] and the neurotrophic NK-4 [27] with antioxidative properties restored NOR deﬁcits in transgenic and A␤
models of AD. Finally, non-pharmacological approaches to alleviate the memory deﬁcits observed in AD models have demonstrated
efﬁcacy of treatments such as cognitive stimulation, consisting of
once weekly exposure to a Lashley-type maze [23], and voluntary
wheel running [31].
Notwithstanding the importance of using different tests to
assess the other cognitive domains affected in AD e.g. episodic and
working memory, these studies reveal the importance of NOR as
a two-trial, ethologically relevant and sensitive test to assess the
efﬁcacy of novel targets and non-pharmacological interventions for
recognition memory deﬁcits associated with AD. NOR can provide
new insight into mechanisms and neural pathways involved in AD
and will undoubtedly be of considerable value in the development
of new therapeutic targets.

2. Schizophrenia and NOR
Schizophrenia is a chronic debilitating psychiatric disorder that
affects approximately 1% of the global population. Although the
exact cause of schizophrenia remains elusive, a number of environmental and genetic factors that increase an individual’s risk for
developing the disorder have been identiﬁed [81,82]. Schizophrenia is generally characterized by three major symptom domains,
namely positive, negative and cognitive symptoms. Currently the
diagnosis is based on the appearance of positive symptoms and
current drug therapy (antipsychotics) is aimed at reducing these
symptoms and preventing psychotic relapses. The clinical literature
has generally reported no consistent, substantial improvement in
cognition (at best only a marginal improvement) with the current
pharmacotherapies for schizophrenia [83–85]. As such one major
clinical unmet need in the management of schizophrenia is the
treatment of cognitive symptoms. This is particularly important as
it is these symptoms that seem to play a major role in determining
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Table 2
NOR performance in non-transgenic AD mouse models and effects of pharmacological agents.
Drug/compound administrated

Gender AD model strain age at testing

ITI

Effect on NOR
performances compared to
control groups

Ref.

Pramlintide; synthetic amylin analog
(0.6 mg/ml; s.c; 5 weeks)

Male and female
Senescence-accelerated prone mice
(SAMP8 mice)
AKR/J original genetic background
6 months old
Male
Senescence-accelerated prone mice
(SAMP8 mice)
AKR/J original genetic background
2, 8 and 9 and 12 months old
Male
A␤(1–42) model (1.8 g/l; i.c.v.)
Scopolamine model (1 mg/kg; i.p.)
CD1 and C57NL/6N genetic background
18–22 g
Male
A␤(25–35) model (1 mg/ml; i.c.v.)
C57BL/6J (B6J) genetic background
5 weeks old
Male
A␤(25–35) model (9 nmol; i.c.v.)
Swiss genetic background
7–9 weeks old

3h

↓ SAMP8 mice
↑ pramlintide

[68]

24 h

↓ SAMP8 mice from 8
months old
↑ ZSET1446 after all
treatment durations (0.01
and 0.1 mg/kg/day)
↓ both models
↑ memoquin (highest dose)

[69]

24 h

↓ A␤(25–35) model

[74]

1h

↓ A␤(25–35) model
↑ BMS-299 897 at 1 h ITI

[71]

ZSET1446; spiro[imidazo-[1,2-a]pyridine3,2-indan]-2(3H)-one; new cognitive
enhancer
(0.002, 0.01, 0.1 mg/kg/day; p.o.; for 4, 8,
12 and 16 weeks from 8 months old)
Memoquin; acetylcholinesterase and ␤
secretase-1 inhibitor
(7, 10, 15 mg/kg; p.o; acute or 2, 4, 6
days)

BMS-299 897; 2-[(1R)-1-[(4
chlorophenyl)sulfonyl]
(2,5-diﬂuorophenyl)amino]ethyl-5
ﬂuorobenzenebutanoicacid; ␥ secretase
inhibitor
(0.1, 0.3, 1 mol; i.c.v.)
Toxin Tx3-1; extract of the venom of the
spider Phoneutria nigriventer; selective
A-type K+ current blocker
(10 or 100 pmol/site; i.c.v)
NK-4;(R)-6-[(1,1-biphenyl)-4-ylmethoxy]1,2,3,4-tetrahydro-N,N-dimethyl-2naphthalene- ethan-amine
hydrochloride monohydrate; novel
non-competitive BACE1 inhibitor
(50 or 500 g/kg/day; i.p.; 12 days)
Palmitoylethanolamide; endogenous lipid;
potent neurotrophic properties
(3 or 30 mg/kg/day; s.c; 1–2 weeks)
Silibinin; ﬂavonoid derived from the herb
milk thistle (Silybum marianum);
antioxidative properties
(2, 20, 200 mg/kg/day; p.o.; acute)
Selegiline; irreversible inhibitor of
monoamine oxidase B
(1 or 3 mg/kg; s.c.; acute)
Donepezil; acetylcholinesterase inhibitor
(0.05 or 0.1 mg/kg; s.c.; acute)

15 min

[70]

24 h

Male
A␤(25–35) model (3 nmol/site; 5 l; i.c.v)
Swiss genetic background
3 months old

24 h

↓ A␤(25–35) model
↑ Tx3-1

[73]

Male
A␤(25–35) model (9 nmol; i.c.v.)
ICR genetic background
6–7 weeks old

24 h

↓ A␤(25–35) model
↑ NK-4 treatment (both
doses)

[27]

Male
A␤(25–35) model (3 mg/ml; i.c.v.)
C57BL6 genetic background
Age n.a.
Male
A␤(25–35) model (3 nmol; i.c.v.)
ICR genetic background
6 weeks old
Male
A␤(25–35) model (1 mg/ml; i.c.v.)
ICR genetic background
6 weeks old

24 h

↓ A␤(25–35) model
↑ palmitoylethanolamide

[72]

24 h

↓ A␤(25–35) model
↑ silibinin (highest dose)

[75]

24 h

↓ A␤(25–35) model
↑ selegiline (3 mg/kg) but
not donepezil
↑ coadministration of
selegiline (1 mg/kg) and
donepezil (0.05 mg/kg)

[76]

i.p.: Intraperitoneally; s.c.: subcutaneous; p.o.: per os; i.c.v.: intra-cerebroventricular; n.a.: not available; ↓ deﬁcits; ↑ reversion of the deﬁcits.

outcome and impacts on the ability of the patient to reintegrate
back into society [83,84,86,87]. In relation to cognition there are
seven primary cognitive domains that are consistently affected in
schizophrenia—attention/vigilance, speed of processing, working
memory, verbal learning and memory, visual learning and memory, reasoning and problem solving, and social cognition [88]. The
novel object recognition task employed in numerous rodent studies is a validated preclinical method utilised for assessing visual
learning and memory [7].
2.1. Animal models of cognitive deﬁcits in schizophrenia and NOR
Two extensive reviews have recently been published on the use
of NOR to measure cognitive deﬁcits of relevance to schizophrenia (7, 8). For this reason, this section is an up-date of research
in this area and not an extensive review as for the other disorders covered, and therefore relatively short. Although animal

models of schizophrenia are inevitably limited there are a
number of approaches that induce behavioural, neurochemical and pathological deﬁcits with particular relevance to those
seen in schizophrenia [89]. Researchers have utilised numerous
approaches including pharmacological, developmental and genetic
manipulations to induce cognitive deﬁcits in animals of relevance
to schizophrenia.
Pharmacological models, particularly those based around the
administration of NMDA receptor antagonists, have been widely
utilised, with the majority of studies demonstrating deﬁcits in NOR
following perinatal, early postnatal, acute and sub-chronic administration (For reviews see [8,90,91]. Deﬁcits in other cognitive
domains (e.g. deﬁcits in reversal learning, deﬁcits in reasoning and
problem solving, assessed through the attentional set shifting task)
and pathological deﬁcits (e.g. deﬁcits in parvalbumin interneurons
in the prefrontal cortex and hippocampus) have also been observed
in these models [90].
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Table 3
NOR performance in AD rat models and effects of pharmacological agents.
Drug/compound administrated

Neu-P11; piromelatine,
N-(2-(5-methoxy-1H-indol-3
yl)ethyl)-4-oxo-4H-pyran-2carboxamide); novel melatonin
(MT1/MT2) receptor agonist and
serotonin 5-HT1A/1D receptor
agonist
(50 mg/kg/day; i.p.; 30 days)
Melatonin
(50 mg/kg/day; i.p.; 30 days)
Ladostigil; TV3326, N-propargyl-(3R)aminoindan-5-yl-ethyl methyl
carbamate); ChE and monoamine
oxidase (MAO) inhibitor
(17 mg/kg; p.o.; 5 weeks)
Metrifonate; cholinesterase inhibitor
(10, 30 or 80 mg/kg; p.o.; acute)

Gender AD model strain age at
testing

ITI

Effect on NOR performances
compared to control groups

Ref.

Male
A␤(1–42) model (10−4 M;
entorhinal injection)
Wistar rats
8–9 weeks old
Male
A␤(1–42) model (3 g/l;
intrahippocampal)
Sprague Dawley rats
8 months old

2h

↓ A␤(1–42) rat model

[77]

4h
24 h

↓ A␤(1–42) rat at both ITIs
↑ Neu-P11 (morning or
afternoon injection)
↑ melatonin (afternoon
injection)

[78]

Male
NaN3 treatment (1 mg/kg/h;
pump; 4 weeks)
Sprague–Dawley rats
325–350 g

1h

↓ NaN3 -treated rats
↑ ladostrigil

[80]

Male
Ageing model
HsdCpb:WU rats
4–6 months
and 22–24 months old

1h

↓ at 22–24 months old
↑ metrifonate (highest dose)

[79]

i.p.: intraperitoneally; p.o.: per os; ↓ deﬁcits; ↑ reversion of the deﬁcits.

Developmental models have been widely used to investigate
the hypothesis of a disrupted neurodevelopment and the role
it plays in the pathogenesis of schizophrenia. Isolation rearing,
maternal deprivation and models incorporating immune activation during gestation have all been shown to induce deﬁcits in
NOR (e.g. [92–94]). In these developmental models a number of the
behavioural and structural brain abnormalities emerge at speciﬁc
stages of postnatal life. For example, the deﬁcits in NOR induced by
prenatal exposure to the viral mimic Poly I:C are present in adult
and not juvenile animals [94]. The use of such models has allowed
us to monitor the disease process as it unfolds during the course of
neurodevelopment from prenatal to adult stages of life, an aspect
that is particularly important in relation to the onset of the disease
in humans.
More recently a number of studies have focused on environmental two-hit models. In these models the offspring subjected
to combined prenatal immune challenge and peripubertal stress
demonstrated a number of behavioural and pathological abnormalities of relevance to schizophrenia (e.g. [95,96]). In this approach
prenatal immune challenge functions as a neurodevelopmental disease primer, which in turn increases the offspring’s vulnerability to
the detrimental neuropathological effects of subsequent environmental challenges during peripubertal life [97].
Genetic models of relevance to schizophrenia have translated from studies identifying susceptibility genes in replicated
(e.g. smaller numbers with case controls and patients) and large
(e.g. genome wide association study) genetic studies in humans.
Approaches have been based around disruption of these genes
in animals to help elucidate possible roles in symptom/disease
processes [98]. Studies utilising genetic models (e.g. Neuregulin
1 mutant mice) have also reported deﬁcits in NOR (some studies
incorporate social aspects into the task, replacing the objects with
animals e.g. [99].
There are also a number of studies where increasing the inter
trial interval causes a deﬁcit in NOR in normal untreated animals.
Pharmacological compounds with potential “pro-cognitive” effects
have been tested in this paradigm to investigate effects on “natural forgetting” e.g. [100,101]. These “pro-cognitive” effects can

reveal potential neurotransmitter systems to target that may be
of relevance to the treatment of cognitive deﬁcits in schizophrenia
patients.
Taken together the results indicate that a number of approaches,
based on identiﬁed environmental and genetic risk factors, can
induce deﬁcits in NOR in preclinical studies in rodents. Whether
these factors are working through common mechanisms is unclear.
2.2. Pharmacological reversal of NOR deﬁcits of relevance to
schizophrenia
Despite some methodological differences between studies (e.g.
duration of acquisition and retention trials, different inter-trial
intervals, different species/strain/sex etc.), deﬁcits in NOR are
reported in the majority of these studies with a number of different
compounds, many of which have reached clinical trials, demonstrating the ability to reverse these deﬁcits (For review see [7]).
These include targets at dopaminergic (e.g. dopamine D1 agonists,
D4 receptor agonists), cholinergic (e.g. nicotinic agonists/positive
allosteric modulators at ␣4 ␤2 and ␣7 receptors), serotonergic (e.g.
5HT6 antagonists, 5HT2A receptor inverse agonists), GABAergic
(extrasynaptic GABAA receptor agonists) and glutamatergic (e.g.
Ampakines, blockers of the glycine transporter, glycine agonists)
neurotransmitter systems. A critical step in the development of
new drug candidates for schizophrenia is a detailed preclinical evaluation of efﬁcacy against cognitive deﬁcits prior to clinical phase
testing. One important point of note is that in the majority of studies the reversal of NOR is achieved when the test compound is in
the system and certainly in our studies, in the sub-chronic phencyclidine model, the deﬁcits in NOR are still apparent when the
animals are retested following washout of the pharmacological
treatment. In this symptomatic approach to treatment it is vital to
ensure that a compound will reverse deﬁcits in the models following repeated/chronic administration. As such an advantage of this
task is the ability to retest animals in the NOR paradigm, allowing
the testing of continued efﬁcacy and tolerance to pharmacological
reversal. For example, we have previously demonstrated reversal of NOR deﬁcits in sub-chronic phencyclidine treated animals
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following repeated (15 days) treatment with an ␣7 nicotinic cholinergic receptor agonist [102].
Finally whether a drug/compound that reverses deﬁcits in one
domain of cognition (e.g. visual learning and memory) will be
effective in other domains is unclear. Different brain regions are
implicated in deﬁcits in certain domains but whether the underlying mechanisms are similar (e.g. deﬁcits in GABA/Glutamate
synchronisation) is not fully clear.
The studies above reveal the importance of the NOR task as
a two-trial, ethologically relevant, and sensitive test to assess
the efﬁcacy of novel targets for cognitive deﬁcits associated with
schizophrenia.

3. Parkinson’s disease and NOR
Parkinson’s disease (PD) is a neurodegenerative disorder caused
by the loss of dopamine neurons in the substantia nigra and
striatum. Some studies have shown that cognitive deﬁcits, such
as reduced recognition memory, can precede the onset of PD
[103,104]. A variety of animal models of PD have been employed
including administration of the neurotoxin 6-hydroxydopamine
(6-OHDA) [105], the continued intra-venous infusion of pesticides
and herbicides such as rotenone [106], administration of reserpine
due to its ability to deplete monoamines and induce motor impairments [107] and more recently, genetic models such as knockout
of a Parkin Interacting Substrate in mice, although this work is still
in development [108]. Their use in combination with assessment
of novel pharmacotherapeutic agents is reviewed below.
The NOR test has been used to study recognition memory
deﬁcits of relevance to PD. In one study, adult male Wistar rats
treated with 0.1 mg/kg reserpine on alternate days for 20 days
showed NOR deﬁcits in a 1 h ITI paradigm which persisted for 30
days after cessation of treatment [109]. In another study however,
acute treatment with reserpine (0.1–0.5 mg/kg s.c.) failed to induce
an NOR deﬁcit following a 24 h ITI [110].
It is widely accepted that patients with PD have deﬁcits in learning and memory and studies in patients have suggested that the
nigrostriatal [111] and mesocortical [112] pathways are involved
in the development of cognitive deﬁcits. However, the interaction
of these two areas is not well understood and this was the focus
of a study by Chao et al. [113]. A disconnection procedure was
undertaken in order to determine whether any regional interactions contribute to deﬁcits seen in cognitive tasks. Male Wistar rats
received either a unilateral injection of 6-OHDA into the nigrostriatal tract, a unilateral injection of NMDA into the medial prefrontal
cortex, or both of these lesions combined in either the same or
opposite hemispheres. Results showed that only the unilateral
lesions of mPFC paired with contralateral 6-OHDA lesions of the
nigrostriatal pathway caused impairment in NOR using a 1.5 h ITI
paradigm [113]. A recent study by Goes et al. [114] showed that
6-OHDA-lesions induced NOR deﬁcits following an ITI of 24 h but
not 1.5 h in male C57B/6J mice [114]. Interestingly, a total of 20
swimming training sessions, increasing in time and intensity over
a 4-week period commencing two weeks prior to the 6-OHDA injection protected against the NOR deﬁcit. Systemic administration of
1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine (MPTP) has been
shown to cause a reduction in midbrain dopaminergic neurons
and has been used to model PD [115]. In one study, adult male
C57/BL6N mice were treated with either vehicle or MPTP once
daily for 5 days. Following the ﬁnal MPTP injection, mice were
given 25 or 50 mg/kg i.p. of nobiletin, a ﬂavenoid isolated from
citrus peel, once a day for 14 consecutive days, which reversed
the MPTP deﬁcit following a 1 h ITI. [116]. In a recent study using
MPTP in male Wistar rats, the broad spectrum antibiotic, ceftriaxone (200 mg/kg, i.p.), which activates the gene that encodes for

the glutamate transporter, administered once daily for 14 days
reversed the MPTP deﬁcit, following a 5 min ITI [117]. In support
of this ﬁnding, another study treated male Wistar rats with MPTP
(1 mol in 2 l saline) infused bilaterally into the substantia nigra
followed by 13 daily injections of the NMDA receptor co-agonist, dcycloserine (30–200 mg/kg, i.p.) which reversed the NOR deﬁcit in
a 5 min ITI paradigm. [118]. These studies support a beneﬁcial role
for drugs that modulate glutamatergic function in the treatment of
cognitive deﬁcits in PD [117].
There is growing evidence linking environmental risk factors
such as the use of pesticides in the aetiology of PD [119] along
with other neurological conditions [120]. The intra-nigral rotenone
rodent model of PD has recently been described and may provide a
model for studying the mechanisms of toxin-induced dopaminergic
neuronal injury. Rotenone is a pesticide that inhibits mitochondrial complex-1 and, in support of its use to model PD, when
administered continually to rats i.v. it reproduces certain neurochemical, behavioural, anatomical and neuropathological changes
observed in PD patients [106]. In male Wistar rats, bilateral intranigral rotenone (12 g in 1 l) induced robust impairments in NOR
20 days post-treatment in a 15 min ITI paradigm with corresponding reductions in striatal DA levels This was also seen in animals
that were deprived of REM sleep. Interestingly, when rotenone
treated animals were deprived of REM sleep, no memory deﬁcit
was observed [121].
The area of genetic modelling in PD is very recent but there are
some areas in particular that show promise such as the MitoPark
mouse model, characterised by the inactivation of mitochondrial
transcription factor A in dopamine neurons. The MitoPark mouse
has been shown to express the progressive neurodegenerative
nature of PD and this model was used by Li et al. [122] in order to
assess whether MitoPark mice show cognitive impairments. Indeed
eight week old transgenic mice of both sexes showed impairments
in NOR following a 24 h ITI when compared with control mice [122]
supporting the use of genetic models to mimic cognitive deﬁcits in
PD. In another genetic model, mutations in ␣-synuclein produce
familial and sporadic forms of PD and is thought to accumulate in
the brains of patients at both pre-motor and motor stages of PD. A
study by Magen et al. [123] revealed deﬁcits in NOR in male Thy1aSyn mice compared to wild type controls following a 30–40 min
ITI. These mice over express ␣-synuclein throughout the brain and
exhibit increases in extracellular DA which precedes striatal DA
loss, and decreases in cortical acetylcholine at 4–6 months of age
[123] another genetic model that may be useful in this ﬁeld of
research.
Cognitive deﬁcits in PD precede motor dysfunction and, if
treated successfully could dramatically improve a patient’s quality
of life both before and after the occurrence of motor deﬁcits. Development of improved therapies for PD is clearly essential, however
alleviation of cognitive deﬁcits at an early stage may be particularly important for improving functionality. Models such as these
provide a useful means of inducing symptoms and pathology of the
illness and, when combined with a robust and well characterised
test such as NOR, will enhance our understanding of the underlying
mechanisms of cognitive deﬁcits in Parkinson’s disease and so lead
to improved therapeutic strategies.

4. ASD and NOR
Autism spectrum disorders (ASDs) are diagnosed based on a
broad range of behavioural phenotypes including poor social interaction and communication, repetitive behaviours and obsessive
adherence to routines or hobbies. While heritability of ASDs is high,
current evidence suggests that this arises from several interacting
susceptibility genes [124]. There is also a growing body of evidence
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implicating preconception and prenatal environmental risk factors,
such as maternal diet, exposure to air pollution and a number of
household chemicals [120] The main recognition memory deﬁcits
in ASDs are restricted to facial recognition, while object recognition
memory is largely spared [125,126]. This is potentially a limiting
factor for the utility of the NOR test as a tool for identifying novel
pharmacotherapeutic interventions.
Fragile X syndrome (FXS) is a key type of ASD with known
genotype. It is caused by elongation, hypermethylation and subsequent silencing of the Fmr1 gene. Fmr1−/− knockout mice thought
to be a model of FXS. Fmr1−/− mice show NOR deﬁcits which
can be restored by also knocking out the S6K1 gene, which is a
ribosomal protein kinase regulating cellular signalling pathways.
Mice with either one of these genes deleted were impaired in
the NOR test, while recognition memory was restored in double knockout animals when exposed to two familiar objects on
two consecutive days for 15 min, then exposed to a familiar and
a novel object for 15 min on the third day. [127]. A well characterised mouse model of ASD, the BTBR inbred strain [The BTBR
T+ Itpr3tf /J strain was derived from the inbred strain BTBR (Black
and Tan BRachyury) carrying the mutations at (nonagouti; black
and tan), Itpr3tf (inositol 1,4,5-triphosphate receptor 3; tufted),
and T (brachyury): http://jaxmice.jax.org/strain/002282.html], was
found to have deﬁcits in object recognition memory after a 30 min
ITI which were ameliorated following treatment with ampakines,
compounds which positively modulate AMPA receptor-mediated
glutamatergic neurotransmission [128]. Mice with homozygous
mutations in the Shank3 gene, also implicated in ASD, were found
to display deﬁcits in NOR following a 1 h ITI [129]. A recently
described genetic model for ASD in which animals lack brain serotonin due to a null mutation in the tryptophan hydroxylase 2 gene
(THP2−/− mice) produces certain behavioural traits of ASD. Mice
with this genetic mutation display social impairments, communication deﬁcits and repetitive behaviours [130]. No deﬁcits in NOR
were observed, however neophobia was described as an increase
in the latency to investigate a novel object (just under 2 min) compared to wild-type controls (around 20 s). This model may be an
important one for further investigation, as the face validity is high
and it is supported by some degree of construct validity, as a large
body of epidemiological data suggests that deﬁcits in the serotonergic system are often found in patients with ASDs.
Studies such as these, which utilise genetic models with construct validity for speciﬁc human disorders, are valuable tools
in improving our understanding of the neuronal systems and
pathways disturbed in the illness and in the search for effective
pharmacological interventions.
A rat model for environmentally induced ASD, in which pregnant female Long Evans rats were treated with 800 mg/kg valproic
acid on day 12 of gestation, found that when rats were exposed
to two object sets during two acquisition trials, those prenatally
exposed to valproic acid displayed a preference for the object
encountered most recently [131]. This is consistent with ASD
patients exhibiting a preference for familiarity. In another study,
rats were treated with the gastrin-releasing peptide receptor antagonist on neonatal days 1–10. This treatment resulted in impaired
recognition memory after a long (24 h) but not a short (1.5 h) ITI
[132].
ASDs have a complex multigenetic and environmental aetiology, and memory deﬁcits are not a primary diagnostic observation.
There are many studies utilising genetic models of ASDs, however
a key consideration with these is that they are typically knockout models whereas in patients the implicated genes may have
altered expression or function, and compensatory mechanisms are
likely to affect development, both in human patients and animal
model systems. More work investigating memory deﬁcits in developmental models of ASD will help to elucidate some of the neuronal
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processes impaired in humans with the disorder. Due to the complex nature of ASD, and the varying memory deﬁcits observed in
the various model systems, the use of the NOR test to investigate
memory impairments in model systems is limited. However these
studies are nonetheless useful in assisting our understanding of
the neuronal substrates affected in human patients, and may help
to identify novel therapeutic targets and compounds. The more we
can enhance our understanding of the myriad interacting factors in
humans with ASD, the better placed we will be to develop effective
therapeutic strategies.

5. Traumatic brain injury and NOR
Traumatic brain injury (TBI) is a leading cause of disability especially in the younger population [133] and is a large burden on the
health care system. Around 1 million people a year are admitted
to hospital with TBI costing the NHS an average of £15,462 per
patient. In a study by [134] mortality was observed to be 23.7%
over a 6 year period [134]. Motor and cognitive deﬁcits have been
observed in patients surviving TBI, including recognition memory
which may be assessed using the NOR task in animal models [135].
There are a variety of animal models used to mimic TBI, however not
all of them are widely used. The models of ﬂuid percussion injury
(FPI) and controlled cortical impact (CCI) are most commonly used
followed by the weight drop impact acceleration model (WDIA)
and blast brain injury model (BBI). This particular model is increasing in popularity due to its ability to mimic blast waves associated
with explosions which are now commonplace in war zones. The
penetrating ballistic brain injury model (PBBI) has been used previously in rats, rabbits and cats however, it is rarely used today. The
least used TBI model is the instant rotational model. This model is
restricted to larger animals such as primates and pigs due to the
forceful nature of the procedure and is seldom performed [135].
As this model is rarely used and unsuitable for rodents, it will not
be discussed here. Effects of the various therapeutic agents in the
different models will be described below (Tables 4 and 5).
FPI involves creating a burr hole and securing a plastic cap in the
skull. A weighted pendulum swings down and strikes a saline ﬁlled
tube which is attached to the plastic cap. A ﬂuid wave is produced
impacting the dura, resulting in injury [135]. Ferreira et al. [136]
used the NOR test in order to determine the efﬁcacy of apocynin, a
NADPH oxidase inhibitor, to reverse recognition memory impairments induced by FPI. Apocynin at 0.5 and 5.0 mg/kg s.c. 30 min
and 24 h after TBI reversed the NOR deﬁcit 7 days after the FPI in
male Swiss mice in a 1 min ITI paradigm [136]. A more recent study
conducted by Ferreria et al. [137] focused on the role of bradykinin
receptors (B1 R and B2 R) in FPI. Again, male Swiss mice were used
and injected subcutaneously with either phosphate buffered saline,
a B1 R antagonist (DAL-Bk) or a B2 R antagonist (HOE-140) 30 min
and 24 h after TBI, and NOR assessed following a 4 h ITI. Results support the role of B2 but not B1 receptors in cognitive deﬁcits induced
by TBI [137].
Another widely used model of TBI is the CCI model. A pneumatic impact device is used to mechanically impact the intact dura
of an animal which causes brain injury [135]. Prins et al. [138]
conducted work focussing on the brain’s vulnerability to a second
injury which is known to worsen the outcome for the individual.
Prior to behavioural testing using the NOR paradigm, male SpragueDawley rats received sham treatment, a single TBI or two injuries
separated by a 24 h interval on post-natal days 35–37 (PND). Testing was conducted 3 days after CCI using a 24 h ITI test. NOR testing
24 h after the ﬁrst or second brain injury revealed impairments.
However, when NOR testing was conducted 36 h after injury only
the twice-injured animals showed a signiﬁcant NOR deﬁcit [138]. A
potential method of protecting against cognitive deﬁcits induced by
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Table 4
NOR performance in animal models of Parkinson’s disease.
Compound administered

Gender/model/strain/age
at testing

ITI

Effect on NOR
performances

References

Reserpine (s.c; 0.1 mg/kg; every 48 h; 20 day
treatment)
Monoamine depleting agent

Male
Reserpine model
Wistar rat
7 months old
Male
Reserpine model
Wistar rat
5 months old
Male
6-OHDA/NMDA lesions
model
Wistar rat

1h

NOR deﬁcits for over
30 days after treatment

[109]

24 h

Failed to produce NOR
deﬁcit 24 h after
administration

[107]

1.5 h

[113]

Male
6-OHDA model
C57B/6J mice
Male
MPTP model
C57/BL6N mice
Adult
Male
MPTP model
Wistar rat
Male
MPTP model
Wistar rat
Male
Rotenone model
Wistar rat

STM–1.5 hLTM–24 h

Unilateral lesions of
mPFC paired with
contralateral 6-OHDA
lesions of the
nigrostriatal pathway
caused impairment in
NOR
4 weeks swimming
training reversed NOR
deﬁcit in the LTM task
Nobiletin reversed NOR
deﬁcit

5 min

D-cycloserine reversed
NOR deﬁcit

[118]

5 min

Ceftriaxone reversed
the NOR deﬁcit

[117]

15 min

[121]

Male and female
Transgenic model
MitoPark mice
8 w old
Male
Transgenic model
Thy1-aSyn mice
4–5 m old

24 h

REMSD induced a NOR
impairment similarly
to the rotenone model
in sham animals
however when the
rotenone model was
exposed to REMSD did
not affect memory
impairment
Both sexes of MitoPark
mice showed deﬁcits in
NOR
Thy1-aSyn mice
showed deﬁcits in NOR

[123]

Reserpine (s.c; 0.1 mg/kg-0.5 mg/kg; 24 h
before test)
Monoamine depleting agent
No drug administered—assessing interaction
between nigrostriatal and mesocortical
pathways

No drug administered—assessing effect of
exercise
Nobiletin (i.p; 50 mg/kg; 14 d treatment)
Flavonoid

D-cycloserine (i.p; 30 mg/kg, 100 mg/kg or
200 mg/kg; 13 d treatment)
Partial agonist of NMDA receptor
Ceftriaxone (i.p; 200 mg/kg; 14 d treatment)
Glutamate transporter gene activator
No drug administered—assessing effect of REM
sleep deprivation

No drug administered—assessing cognitive
impairments in transgenic mice

No drug administered—assessing cognitive
impairments in transgenic mice

1h

30–40 min

[114]

[116]

[122]

i.p intraperitoneal; s.c subcutaneous; p.o per os.

TBI is the use of compounds which contain neuroprotective properties such as geranlygeranylacetone (GGA), the focus of a study by
Zhao et al. [139]. Brain injury was induced using the CCI protocol
in 10 week old male mice given vehicle or GGA orally 48 h before
injury. In the NOR task, the acquisition and retention phases both
lasted until the animal explored the objects for 30 s following an
ITI of 1 min. GGA protected against the NOR deﬁcit induced by CCI
[139]. Exercise has been suggested to improve cognitive function
[140] and in order to test this hypothesis in relation to TBI-induced
deﬁcits, Piao et al. [141] investigated whether exercise can reduce
inﬂammatory mediators and microglial activation after injury using
several behavioural tests including NOR. Ten week old male mice
were exposed to CCI and the injured mice were separated into three
exercise groups. The ﬁrst was a no exercise group, the second was
an early exercise group, starting exercise 1 week after injury for a
total of 4 weeks, and the third group was a late exercise group, starting exercise 5 weeks after injury for 4 weeks. The animals were then
tested in NOR on Post Injury Day (PID) 85. Acquisition and retention
trials lasted until the mice explored the objects for a total of 15 s
with a 1 h ITI. Interestingly, the delayed exercise and sham groups
showed enhanced NOR performance compared with non-exercised
and acutely exercised CCI mice [141]. It is unclear why the exercise

was only beneﬁcial when delayed for 5 weeks; clearly this area of
research requires further investigation. A study by Tong et al. [143]
used the NOR paradigm to assess the role of the Nogo-66 Receptor
1 (NgR1) in the recovery of motor and cognitive deﬁcits following
TBI [142]. Two groups of mice, NgR1 knockout (KO) and wild type
(WT) were given CCI and assessed in NOR at PIDs 7, 14, 21 and 28
with an ITI of 4 h. Generally, the KO CCI mice performed better than
WT CCI mice in the NOR task from PID 14 and were signiﬁcantly
better on PID 28 [143]. These results support a role for drugs targeting the Nogo-66 receptor system in the treatment of cognitive
deﬁcits induced by TBI.
The weight drop model is also used in rodents when reproducing effects of TBI. The WDIA model releases a weight from a height
striking a disk placed in the animal’s skull resulting in brain injury
with no damage to the cranium [135]. This model is being used by
one team in order to investigate the process of cell apoptosis following brain injury. Following on from previous work, Rachmany
et al. [144] used the NOR task to evaluate whether administration
of PFT-␣, an agent that reduces apoptosis, could improve cognitive deﬁcits induced by WDIA. Male mice were treated with either
vehicle or PFT-␣ 1 h post injury and NOR was conducted on PIDs
7 and 30 following an ITI of 24 h. Vehicle-treated animals had
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Table 5
NOR performance in animal models of traumatic brain injury.
Compound administered

Gender/Model/Strain/Age at testing

ITI

Effect on NOR performances

References

Apocynin (s.c; 0.5 mg/kg and
5.0 mg/kg; 5 min and 24 h post
injury)
NADPH oxidase inhibitor
DAL-Bk (s.c; 1 nmol/kg and 10 nmol/kg;
30 min and 24 h post injury)
B1 R antagonist
HOE-140 (s.c; 1 nmol/kg and
10 nmol/kg; 30 min and 24 h post
injury)
B2 R antagonist
No drug administered Comparing effect of single and
double TBI

Male
Fluid percussion injury
Swiss mice

1 min

Deﬁcits reversed 7 days after brain
injury when apocynin is administered
30 min and 24 h after TBI

[136]

Male
Fluid percussion injury
Swiss mice

4h

When tested after 7 days, HOE-140
protected against NOR memory
impairments when administered
30 min and 24 h after TBI

[137]

Male
Controlled cortical impact
Sprague-Dawley rats
PND 35–37
Male
Controlled cortical impact
C57BL/6 mice
10 w old
Male
Controlled cortical impact
C57BL/6 mice
22 w old
Controlled cortical impact
NgR1 KO mice

24 h

24 h after TBI, both single injured and
twice injured animals showed deﬁcits.
36 h after TBI, only twice injured
animals showed deﬁcits
GGA protected against NOR deﬁcits
when administered 48 h prior to TBI

[138]

Late exercised and control group
showed enhanced NOR performance
compared to non-exercised and early
exercised animals
NgR1 KO mice performed better than
WT from PID 14 and were signiﬁcantly
better on PID 28 in NOR
PFT-␣ reversed NOR deﬁcit on PID 7
and 30

[141]

PID 8 showed inosine treated mice had
signiﬁcant novel object preference
when compared to controls. PID 28
showed no deﬁcits in NOR in any group
BBI produced a slightly larger NOR
deﬁcit than physical brain injury

[145]

Geranlygeranylacetone (p.o;
800 mg/kg; 3 h post injury)
Inducer of heat shock protein 70
No drug administered–Comparing the
effect of exercise regimes

No drug administered—assessing the
role of Nogo-66 receptor
PFT-␣ (i.p; 2 mg/kg; 1 h post injury)
Reduces apoptosis
Inosine (i.p; 100 mg/kg; 1 h, 10 h, 24 h
and 48 h post injury)
Involved in axonal growth
No drug administered–Comparing
brain blast injury with physical TBI

Male
Weight drop impact acceleration
ICR mice
Male
Modiﬁed weight drop impact
acceleration
Sabra mice
Male
Brain blast injury
ICR mice

1 min

1h

4h

24 h

4h

24 h

[139]

[143]

[144]

[146]

i.p.: Intraperitoneal; s.c.: subcutaneous; p.o.: per os.

impairments in NOR on PID 7 and 30 and PFT-␣ treatment reversed
this NOR deﬁcit. [144]. Dachir et al. [145] studied the effects of inosine, which is involved in axonal growth, on cognitive and motor
deﬁcits induced by TBI. Male mice were subjected to a modiﬁed
WDIA model developed previously in their laboratory. Three groups
of mice were injected i.p. with inosine at 1 h post injury. One group
then received a second injection at 10 h post-injury, the second
group received another injection at 24 h post-injury and the ﬁnal
group received two more injections at 24 h and 48 h post-injury.
The NOR test was performed on PID 8 and 28 with an ITI of 4 h.
On PID 8, vehicle treated WDIA mice showed no preference for the
novel object whereas the inosine treated WDIA mice (injected 1 h,
24 h and 48 h post-injury) spent signiﬁcantly longer exploring the
novel compared with the familiar object. At PID 28, there was no
deﬁcit in NOR in the control WDIA mice and no differences were
seen between the groups [145].
The ﬁnal model used in recent research is the blast model of TBI.
The animal is placed at the open end of a long metal tube and an
explosion or bout of air pressure is triggered at the closed end of the
tube. The resulting shockwave strikes the animal at the open end,
resulting in BBI [135]. As blast injuries become more frequent in
due to modern military methods, more research is being conducted
in order to understand the trauma that occurs following this type
of brain injury. Tweedie et al. [146] studied both physical and BBI
and their effect on cognition in male mice. A group of mice were
subjected to a BBI and NOR testing undertaken on PID 7 with an ITI
of 24 h. Physical injury and BBI were both successful in producing a
cognitive deﬁcit in NOR with BBI producing a slightly larger deﬁcit
[146]. Further studies are required to determine the mechanisms
responsible for producing these deﬁcits.

Cognitive deﬁcits are a common side effect of TBI and can result
in major problems for the patient in everyday life. The NOR task is
a well-supported, ethologically relevant paradigm for assessment
of cognitive deﬁcits in animal models. Motor deﬁcits have been
observed in various animal models of TBI [147,148]. Under these
circumstances the NOR test is superior to other types of cognitive
testing as it relies to a lesser extent on motor coordination. The combination of NOR and models of TBI will enhance our understanding
of the mechanisms of the cognitive deﬁcits induced, assessment of
novel therapeutic targets and interventions ultimately improving
quality of life for patients.
6. Cancer chemotherapy and NOR
Most research into the effects of chemotherapy related cognitive
impairment (CRCI) has been carried out in breast cancer patients
due to the increasing survival rate [149]. Research estimates that
17–78% of these patients develop CRCI [150]. Life expectancy
following cancer treatment is increasing and it is very important to improve understanding and management of long-term
unwanted side effects produced by lifesaving chemotherapeutic agents. Despite the fact that many of these agents do not
pass the blood brain barrier in signiﬁcant amounts [151] there is
increasing evidence to suggest that the neurotoxicity induced by
chemotherapy leads to cognitive dysfunction observed in many
patients, however the mechanisms responsible for these effects are
unknown. Chemotherapeutic agents are known to produce side
effects such as hearing and/or vision loss, headache and cognitive impairments in children and adult cancer patients both during
and following treatment. These symptoms are often referred to as
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“chemo-fog” or “chemo-brain”. The brain regions most affected by
cancer chemotherapy include the prefrontal cortex, hippocampus
and precuneus, part of the superior parietal lobe [152]. Conversely,
recent studies show that CRCI may be associated with a more
widespread disruption of brain network connectivity rather than
regionally speciﬁc effects [153].
Patients are often given a combination of chemotherapeutic
agents as a treatment regimen. These agents are usually administered in stages and are accompanied by other compounds such
as the adjuvant calcium leucovorin (folinic acid) to decrease the
prevalence of side effects such as nausea, fatigue and suppression of the immune system. Cancer survivors show impairments
in working memory, verbal and visual memory, processing speed,
and executive function. Recent imaging studies report that this
is associated with both frontal lobe and hippocampal neurotoxicity [154–156]. In children, the cognitive deﬁcits induced by
chemotherapy are likely to be a result of effects on the CNS during a time of rapid brain development [157]. Children that survive
cancer have a 10 fold increase in susceptibility to severe cognitive
deﬁcits and are more likely to leave education prematurely [158]. It
is clearly vital to understand the nature of these deﬁcits and provide
improved therapeutic strategies. There are confounding factors
preventing the study of speciﬁc effects of chemotherapy on cognition. The psychological stress that cancer patients experience may
lead to depression and anxiety, accompanied by effects of surgery,
anaesthesia and fatigue; all of which can signiﬁcantly impair cognitive function. Another important consideration is the effect of
palliative medication given to patients alongside chemotherapy.
These include anti-emetics, anti-inﬂammatory agents and analgesics, many of which are likely to produce adverse effects on
cognition. These effects are likely to be short-term however unlike
the pervasive and lasting effects of the chemotherapeutic agents.
It is essential to improve our understanding of the underlying
mechanisms of chemotherapy-induced cognitive impairment. This
will allow new target identiﬁcation, enabling the development of
effective therapeutic strategies for this debilitating side-effect of
successful chemotherapy. In this ﬁnal section we explore how NOR
may be used to study CRCI and assess the efﬁcacy of therapeutic
interventions.
In a recent study, pre-weanling mouse pups were given one of
two common chemotherapeutic agents, methotrexate or cytarabine on post-natal days (PND) 14, 15 and 16 and then 19 days later
(PND 35; adolescence) tested in the NOR paradigm [157]. Results
demonstrated that rats treated with both chemotherapeutic agents
showed impaired recognition of a novel object following a 1 h ITI.
In another study, adult male mice were administered intermittent
docetaxel treatment at 8 mg/kg (on days 0, 9, 18, and 28) for a
total dose of 32 mg/kg. Mice tested in NOR 24 h after the last docetaxel injection using an ITI of 80 min, showed signiﬁcantly reduced
object recognition compared with vehicle controls [159]. In an earlier study by the same group [160], effects of the chemotherapeutic
agents oxaliplatin (OX) and 5-ﬂuorouracil (5-FU) commonly used
to treat colorectal cancer were assessed in NOR using adult male
hooded-Lister rats. These drugs were administered once in combination and rats were tested 14-days later in NOR with a 1 h ITI.
The combination of OX and 5-FU had a greater detrimental effect
on cognition compared to each drug alone. Interestingly, 4 weeks
of overnight wheel running exercise ameliorated 5 FU plus OXimpairments in NOR compared to a non-exercised control group.
This suggests that exercise therapy may prove useful in ameliorating the cognitive impairments induced by chemotherapy.
In patients, a variety of factors associated with the tumour may
give rise to the cognitive deﬁcits associated with cancer treatment. Endogenous biological factors such as pro-inﬂammatory
cytokines and hormones arising from tumours themselves may
induce impairments in cognition. Female, nulliparous Wistar rats

with mammary tumours induced between 32 and 42 days old
with 50 mg/kg, i.p. of the carcinogen (N-nitroso-N-methylurea
[NMU]) demonstrated impairments in NOR following a 3 h ITI with
associated with increases in hippocampal interleukin-1␤ mRNA
expression. These results demonstrate that peripheral tumours
by themselves are sufﬁcient to induce increases in hippocampal
cytokine expression accompanied by impairments in hippocampaldependent object recognition [161]. The chemotherapeutic agent
thioTEPA has recently been proposed as part of high-dose therapy for young patients with recurrent malignant brain tumours. A
study using male C57BL/6J mice treated for 3-days with thioTEPA
(10 mg/kg, i.p.), demonstrated signiﬁcant NOR deﬁcits following an
ITI of 24 h at 12 and 20-weeks post treatment [162]. In another
study using male C57BL/6Hsd (B6) mice it was reported that
four weekly injections of methotrexate (37.5 mg/kg) and 5-FU
(75 mg/kg), a standard chemotherapy regimen in the treatment of
human breast cancers, did not signiﬁcantly affect performance in
NOR following a 24 h ITI [163]. However there was a trend towards
impairment in recognition memory in the NOR task which may
mimic certain subtle cognitive deﬁcits observed in the clinic. Cancer
patients that have been treated with 5-FU often experience memory problems and, since this compound does freely cross the blood
brain barrier, its effects are most likely to be via direct effects on
the brain as the studies below demonstrate.
Chronic (two weeks) treatment with 5-FU (20 mg/kg) resulted
in signiﬁcant impairments in ability to perform the object location
recognition task following a 5 min ITI in adult male Lister-hooded
rats [164]. However, co-administration of 5-FU with ﬂuoxetine
(25 mg/5 ml drinking water for 3 weeks) reversed these deﬁcits.
The 5-FU deﬁcits were associated with a reduction in cell proliferation in the subgranular zone (SGZ) of the dentate gyrus of
the hippocampus, also reversed by co-treatment with ﬂuoxetine,
indicating that ﬂuoxetine may protect against the 5-FU cognitive deﬁcits by increasing the proliferation of cells in the SGZ.
Effects of the chemotherapeutic agent methotrexate 250 mg/kg i.v.
under a short-lasting (<3 min) mild O2 N2 O-isoﬂurane anaesthesia were examined in male Wistar rats [165]. Four weeks after
treatment, cognitive function was assessed in NOR following a
1 h ITI. Rats treated with methotrexate demonstrated impaired
recognition memory with accompanied disruption in hippocampal
neurogenesis when compared to controls.
Taken together, this research demonstrates that administration
of a variety of chemotherapeutic agents produces robust deﬁcits in
cognition in both rats and mice that are readily measured using the
NOR task. Chemotherapy rodent models in combination with NOR
may provide a platform for elucidation of the mechanisms underlying the cognitive deﬁcits associated with cancer chemotherapy and
provide novel pharmacological prevention and treatment strategies.

7. Conclusion
This review provides an insight into the versatility of the NOR
test for research into cognitive disturbances of relevance to a wide
range of human disorders, see Fig. 1 for a summary. The NOR test
measures recognition memory and has been extensively used in
rats, mice and other species to measure cognitive deﬁcits in animal
models of a variety of disorders as described above. It is well characterised and widely used in a number of disparate research areas.
The test is easy to operate, generates data rapidly, is economical
and most importantly relies on the innate exploratory behaviour
of animals, eliminating lengthy training procedures or food restriction, which is often observed in other, less ethologically relevant
tests of cognition. Of course every test has its limitations and
NOR is no exception. These include non-speciﬁc and confounding
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factors that can affect object exploration times as elegantly
described by Lyon and colleagues in their recent review [7]. One
problem we have encountered is difﬁculty automating this task as
most systems tend to score object exploration as an animal being
in close proximity to the object which of course can occur in the
absence of actual object exploration, leading to false results. This is
a limitation of the use of NOR as a high throughput screening tool
as we have not found an alternative to scoring of the behaviour by
an observer blinded to treatment condition. Of course it is only a
matter of time before this issue is likely resolved successfully with
on-going technological advances. It is our overall conclusion that
the NOR test provides an invaluable tool for cognitive researchers
of all disciplines.

References
[1] Berlyne DE. Novelty and curiosity as determinants of exploratory behvaviour.
Br J Psychol 1950;41(1–2):68–80.
[2] Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of
memory in rats. 1: Behavioral data. Behav Brain Res 1988;31(1):47–59.
[3] Dere E, Huston JP, De Souza Silva MA. The pharmacology: neuroanatomy and
neurogenetics of one-trial object recognition in rodents. Neurosci Biobehav
Rev 2007;31(5):673–704.
[4] Antunes M, Biala G. The novel object recognition memory: neurobiology, test
procedure, and its modiﬁcations. Cogn Process 2012;13(2):93–110.
[5] Brown MW, et al. What pharmacological interventions indicate concerning
the role of the perirhinal cortex in recognition memory. Neuropsychologia
2012;50(13):3122–40.
[6] Korosoglou G, et al. Left ventricular diastolic function in type 2 diabetes mellitus is associated with myocardial triglyceride content but not with impaired
myocardial perfusion reserve. J Magn Reson Imaging 2012;35(4):804–11.
[7] Lyon L, Saksida LM, Bussey TJ. Spontaneous object recognition and its
relevance to schizophrenia: a review of ﬁndings from pharmacological,
genetic, lesion and developmental rodent models. Psychopharmacology
(Berl) 2012;220(4):647–72.
[8] Meltzer HY, et al. Translating the N-methyl-d-aspartate receptor antagonist model of schizophrenia to treatments for cognitive impairment in
schizophrenia. Int J Neuropsychopharmacol 2013;16(10):2181–94.
[9] Kamboh MI. Molecular genetics of late-onset Alzheimer’s disease. Ann Hum
Genet 2004;68(Pt 4):381–404.
[10] Alonso Vilatela ME, Lopez-Lopez M, Yescas-Gomez P. Genetics of Alzheimer’s
disease. Arch Med Res 2012;43(8):622–31.
[11] Snowden JS, et al. The clinical diagnosis of early-onset dementias: diagnostic accuracy and clinicopathological relationships. Brain 2011;134(Pt
9):2478–92.
[12] Didic M, et al. Impaired visual recognition memory in amnestic mild
cognitive impairment is associated with mesiotemporal metabolic
changes on magnetic resonance spectroscopic imaging. J Alzheimers Dis
2010;22(4):1269–79.
[13] Didic M, et al. Impaired visual recognition memory predicts Alzheimer’s disease in amnestic mild cognitive impairment. Dement Geriatr Cogn Disord
2013;35(5–6):291–9.
[14] Mumby DG, Pinel JP. Rhinal cortex lesions and object recognition in rats. Behav
Neurosci 1994;108(1):11–8.
[15] Ennaceur A, Neave N, Aggleton JP. Neurotoxic lesions of the perirhinal cortex
do not mimic the behavioural effects of fornix transection in the rat. Behav
Brain Res 1996;80(1-2):9–25.
[16] Gaffan D. Dissociated effects of perirhinal cortex ablation, fornix transection
and amygdalectomy: evidence for multiple memory systems in the primate
temporal lobe. Exp Brain Res 1994;99(3):411–22.
[17] Meunier M, et al. Effects on visual recognition of combined and separate ablations of the entorhinal and perirhinal cortex in rhesus monkeys. J Neurosci
1993;13(12):5418–32.
[18] Delacourte A, et al. The biochemical pathway of neuroﬁbrillary degeneration
in aging and Alzheimer’s disease. Neurology 1999;52(6):1158–65.
[19] Whitwell JL, et al. 3D maps from multiple MRI illustrate changing atrophy
patterns as subjects progress from mild cognitive impairment to Alzheimer’s
disease. Brain: A J Neurol 2007;130(Pt 7):1777–86.
[20] Zhang R, et al. Novel object recognition as a facile behavior test for evaluating
drug effects in AbetaPP/PS1 Alzheimer’s disease mouse model. J Alzheimers
Dis 2012;31(4):801–12.
[21] Bardgett ME, et al. Ciproxifan: an H3 receptor antagonist, alleviates hyperactivity and cognitive deﬁcits in the APP Tg2576 mouse model of Alzheimer’s
disease. Neurobiol Learn Mem 2011;95(1):64–72.
[22] Fukumoto H, et al. A noncompetitive BACE1 inhibitor TAK-070 ameliorates
Abeta pathology and behavioral deﬁcits in a mouse model of Alzheimer’s
disease. J Neurosci 2010;30(33):11157–66.
[23] Gerenu G, et al. Early cognitive stimulation compensates for memory and pathological changes in Tg2576 mice. Biochim Biophys Acta
2013;1832(6):837–47.

191

[24] Giuliani A, et al. CHF5074 restores visual memory ability and pre-synaptic
cortical acetylcholine release in pre-plaque Tg2576 mice. J Neurochem
2013;124(5):613–20.
[25] Martin-Moreno AM, et al. Prolonged oral cannabinoid administration prevents neuroinﬂammation, lowers beta-amyloid levels and improves cognitive
performance in Tg APP 2576 mice. J Neuroinﬂammation 2012;9:8.
[26] Mouri A, et al. Oral vaccination with a viral vector containing Abeta
cDNA attenuates age-related Abeta accumulation and memory deﬁcits
without causing inﬂammation in a mouse Alzheimer model. FASEB J
2007;21(9):2135–48.
[27] Ohta H, et al. Effects of NK-4 in a transgenic mouse model of Alzheimer’s
disease. PLoS One 2012;7(1):e30007.
[28] Ribes D, et al. Recognition memory and beta-amyloid plaques in adult Tg2576
mice are not modiﬁed after oral exposure to aluminum. Alzheimer Dis Assoc
Disord 2012;26(2):179–85.
[29] Sivilia S, et al. Multi-target action of the novel anti-Alzheimer compound
CHF5074: in vivo study of long term treatment in Tg2576 mice. BMC Neurosci
2013;14:44.
[30] Taglialatela G, et al. Intermediate- and long-term recognition memory deﬁcits
in Tg2576 mice are reversed with acute calcineurin inhibition. Behav Brain
Res 2009;200(1):95–9.
[31] Yuede CM, et al. Effects of voluntary and forced exercise on plaque deposition: hippocampal volume, and behavior in the Tg2576 mouse model of
Alzheimer’s disease. Neurobiol Dis 2009;35(3):426–32.
[32] Chen G, et al. A learning deﬁcit related to age and beta-amyloid plaques in a
mouse model of Alzheimer’s disease. Nature 2000;408(6815):975–9.
[33] Dodart JC, et al. Behavioral disturbances in transgenic mice overexpressing the
V717F beta-amyloid precursor protein. Behav Neurosci 1999;113(5):982–90.
[34] Dewachter I, et al. Neuronal deﬁciency of presenilin 1 inhibits amyloid plaque
formation and corrects hippocampal long-term potentiation but not a cognitive defect of amyloid precursor protein [V717I] transgenic mice. J Neurosci
2002;22(9):3445–53.
[35] Hillen H, et al. Generation and therapeutic efﬁcacy of highly oligomer-speciﬁc
beta-amyloid antibodies. J Neurosci 2010;30(31):10369–79.
[36] Zhang L, et al. Learning-memory deﬁcit with aging in APP transgenic mice
of Alzheimer’s disease and intervention by using tetrahydroxystilbene glucoside. Behav Brain Res 2006;173(2):246–54.
[37] Ambree O, et al. Levodopa ameliorates learning and memory deﬁcits in a
murine model of Alzheimer’s disease. Neurobiol Aging 2009;30(8):1192–204.
[38] Escribano L, et al. Rosiglitazone rescues memory impairment in Alzheimer’s
transgenic mice: mechanisms involving a reduced amyloid and tau pathology.
Neuropsychopharmacology 2010;35(7):1593–604.
[39] Greco SJ, et al. Leptin reduces pathology and improves memory in a transgenic
mouse model of Alzheimer’s disease. J Alzheimers Dis 2010;19(4):1155–67.
[40] Harris JA, et al. Many neuronal and behavioral impairments in transgenic
mouse models of Alzheimer’s disease are independent of caspase cleavage of
the amyloid precursor protein. J Neurosci 2010;30(1):372–81.
[41] Knowles JK, et al. Small molecule p75NTR ligand prevents cognitive deﬁcits
and neurite degeneration in an Alzheimer’s mouse model. Neurobiol Aging
2013;34(8):2052–63.
[42] Spilman P, et al. The multi-functional drug tropisetron binds APP and normalizes cognition in a murine Alzheimer’s model. Brain Res 2014;1551:25–44.
[43] Donkin JJ, et al. ATP-binding cassette transporter A1 mediates the beneﬁcial
effects of the liver X receptor agonist GW3965 on object recognition memory
and amyloid burden in amyloid precursor protein/presenilin 1 mice. J Biol
Chem 2010;285(44):34144–54.
[44] Howlett DR, et al. Cognitive correlates of Abeta deposition in male and female
mice bearing amyloid precursor protein and presenilin-1 mutant transgenes.
Brain Res 2004;1017(1-2):130–6.
[45] Jardanhazi-Kurutz D, et al. Induced LC degeneration in APP/PS1 transgenic
mice accelerates early cerebral amyloidosis and cognitive deﬁcits. Neurochem Int 2010;57(4):375–82.
[46] Matsuo K, et al. Vaccine efﬁcacy of transcutaneous immunization with
amyloid beta using a dissolving microneedle array in a mouse model of
Alzheimer’s disease. J Neuroimmunol 2014;266(1-2):1–11.
[47] McClean PL, et al. The diabetes drug liraglutide prevents degenerative processes in a mouse model of Alzheimer’s disease. J Neurosci
2011;31(17):6587–94.
[48] Mori T, et al. Tannic acid is a natural beta-secretase inhibitor that prevents
cognitive impairment and mitigates Alzheimer-like pathology in transgenic
mice. J Biol Chem 2012;287(9):6912–27.
[49] Scholtzova H, et al. Memantine leads to behavioral improvement and amyloid reduction in Alzheimer’s-disease-model transgenic mice shown as by
micromagnetic resonance imaging. J Neurosci Res 2008;86(12):2784–91.
[50] Yan JJ, et al. Protective effects of ferulic acid in amyloid precursor protein plus
presenilin-1 transgenic mouse model of Alzheimer disease. Biol Pharm Bull
2013;36(1):140–3.
[51] Frydman-Marom A, et al. Orally administrated cinnamon extract reduces
beta-amyloid oligomerization and corrects cognitive impairment in
Alzheimer’s disease animal models. PLoS One 2011;6(1):e16564.
[52] Wang D, et al. beta2 adrenergic receptor: protein kinase A (PKA) and c-Jun Nterminal kinase (JNK) signaling pathways mediate tau pathology in Alzheimer
disease models. J Biol Chem 2013;288(15):10298–307.
[53] Filali M, et al. Cognitive and non-cognitive behaviors in the triple transgenic
mouse model of Alzheimer’s disease expressing mutated APP: PS1, and Mapt
(3xTg-AD). Behav Brain Res 2012;234(2):334–42.

192

B. Grayson et al. / Behavioural Brain Research 285 (2015) 176–193

[54] Guzman-Ramos K, et al. Restoration of dopamine release deﬁcits during
object recognition memory acquisition attenuates cognitive impairment
in a triple transgenic mice model of Alzheimer’s disease. Learn Mem
2012;19(10):453–60.
[55] Onishi T, et al. A novel glycogen synthase kinase-3 inhibitor 2-methyl5-(3-{4-[(S)-methylsulﬁnyl]phenyl}-1-benzofuran-5-yl)-1,3,4-oxadiazole
decreases tau phosphorylation and ameliorates cognitive deﬁcits in a
transgenic model of Alzheimer’s disease. J Neurochem 2011;119(6):1330–40.
[56] Platt B, et al. Abnormal cognition, sleep, EEG and brain metabolism in a novel
knock-in Alzheimer mouse, PLB1. PLoS One 2011;6(11):e27068.
[57] Ryan D, et al. Spatial learning impairments in PLB1Triple knock-in
Alzheimer mice are task-speciﬁc and age-dependent. Cell Mol Life Sci
2013;70(14):2603–19.
[58] Polydoro M, et al. Age-dependent impairment of cognitive and synaptic function in the htau mouse model of tau pathology. J Neurosci
2009;29(34):10741–9.
[59] Cheng D, et al. Novel behavioural characteristics of female APPSwe/PS1DeltaE9 double transgenic mice. Behav Brain Res 2014;260:111–8.
[60] Davis KE, et al. Episodic-like memory for what-where-which occasion is
selectively impaired in the 3xTgAD mouse model of Alzheimer’s disease. J
Alzheimers Dis 2013;33(3):681–98.
[61] Heneka MT, et al. Locus ceruleus degeneration promotes Alzheimer pathogenesis in amyloid precursor protein 23 transgenic mice. J Neurosci
2006;26(5):1343–54.
[62] Huang SM, et al. Neprilysin-sensitive synapse-associated amyloid-beta peptide oligomers impair neuronal plasticity and cognitive function. J Biol Chem
2006;281(26):17941–51.
[63] Middei S, et al. Progressive cognitive decline in a transgenic mouse model
of Alzheimer’s disease overexpressing mutant hAPPswe. Genes Brain Behav
2006;5(3):249–56.
[64] Scullion GA, et al. Chronic treatment with the alpha2-adrenoceptor antagonist ﬂuparoxan prevents age-related deﬁcits in spatial working memory
in APPxPS1 transgenic mice without altering beta-amyloid plaque load or
astrocytosis. Neuropharmacology 2011;60(2–3):223–34.
[65] Good MA, Hale G. The Swedish mutation of the amyloid precursor protein
(APPswe) dissociates components of object-location memory in aged Tg2576
mice. Behav Neurosci 2007;121(6):1180–91.
[66] Zufferey V, et al. Maladaptive exploratory behavior and neuropathology
of the PS-1 P117L Alzheimer transgenic mice. Brain Res Bull 2013;94:17–
22.
[67] Morley JE, et al. The SAMP8 mouse: a model to develop therapeutic interventions for Alzheimer’s disease. Curr Pharm Des 2012;18(8):1123–30.
[68] Adler BL, et al. Neuroprotective effects of the amylin analogue pramlintide on Alzheimer’s disease pathogenesis and cognition. Neurobiol Aging
2014;35(4):793–801.
[69] Yamaguchi Y, et al. Effects of ZSET1446/ST101 on cognitive deﬁcits and amyloid beta deposition in the senescence accelerated prone mouse brain. J Pharm
Sci 2012;119(2):160–6.
[70] Capurro V, et al. Pharmacological characterization of memoquin, a multitarget compound for the treatment of Alzheimer’s disease. PLoS One
2013;8(2):e56870.
[71] Meunier J, et al. The gamma-secretase inhibitor 2-[(1R)-1-[(4-chlorophenyl)
sulfonyl](2,5-diﬂuorophenyl) amino]ethyl-5-ﬂuorobenzenebutanoic acid
(BMS-299897) alleviates Abeta1-42 seeding and short-term memory deﬁcits
in the Abeta25-35 mouse model of Alzheimer’s disease. Eur J Pharm
2013;698(1–3):193–9.
[72] D’Agostino G, et al. Palmitoylethanolamide protects against the amyloidbeta25–35-induced learning and memory impairment in mice: an
experimental model of Alzheimer disease. Neuropsychopharmacology
2012;37(7):1784–92.
[73] Gomes GM, et al. The selective A-type K+ current blocker Tx3-1 isolated
from the Phoneutria nigriventer venom enhances memory of naive and
Abeta(25–35)-treated mice. Toxicon 2013;76:23–7.
[74] Isono T, et al. Amyloid-␤25–35 induces impairment of cognitive function
and long-term potentiation through phosphorylation of collapsin response
mediator protein 2. Neurosci Res 2013;77(3):180–5.
[75] Lu P, et al. Silibinin prevents amyloid beta peptide-induced memory impairment and oxidative stress in mice. Br J Pharm 2009;157(7):1270–7.
[76] Tsunekawa H, et al. Synergistic effects of selegiline and donepezil on
cognitive impairment induced by amyloid beta (25–35). Behav Brain Res
2008;190(2):224–32.
[77] Sipos E, et al. Beta-amyloid pathology in the entorhinal cortex of rats
induces memory deﬁcits: implications for Alzheimer’s disease. Neuroscience
2007;147(1):28–36.
[78] He P, et al. A novel melatonin agonist Neu-P11 facilitates memory performance and improves cognitive impairment in a rat model of Alzheimer’
disease. Horm Behav 2013;64(1):1–7.
[79] Scali C, et al. Effect of metrifonate on extracellular brain acetylcholine and
object recognition in aged rats. Eur J Pharm 1997;325(2–3):173–80.
[80] Luques L, Shoham S, Weinstock M. Chronic brain cytochrome oxidase inhibition selectively alters hippocampal cholinergic innervation and
impairs memory: prevention by ladostigil. Exp Neurol 2007;206(2):209–
19.
[81] McGrath J, et al. A systematic review of the incidence of schizophrenia: the
distribution of rates and the inﬂuence of sex, urbanicity, migrant status and
methodology. BMC Med 2004;2:13.

[82] Harrison PJ, Weinberger DR. Schizophrenia genes, gene expression, and
neuropathology: on the matter of their convergence. Mol Psychiatry
2005;10(1):40–68 (Image 5).
[83] O’Grada C, Dinan T. Executive function in schizophrenia: what impact do
antipsychotics have? Hum Psychopharmacol 2007;22(6):397–406.
[84] Harvey PD, McClure MM. Pharmacological approaches to the management of
cognitive dysfunction in schizophrenia. Drugs 2006;66(11):1465–73.
[85] Keefe RS, Harvey PD. Cognitive impairment in schizophrenia. Handb Exp Pharmacol 2012;(213):11–37.
[86] Christensen TO. The inﬂuence of neurocognitive dysfunctions on work capacity in schizophrenia patients: a systematic review of the literature. Int J
Psychiatry Clin Pract 2007;11(2):89–101.
[87] Green MF. What are the functional consequences of neurocognitive deﬁcits
in schizophrenia? Am J Psychiatry 1996;153(3):321–30.
[88] Green MF, et al. Approaching a consensus cognitive battery for clinical trials
in schizophrenia: the NIMH-MATRICS conference to select cognitive domains
and test criteria. Biol Psychiatry 2004;56(5):301–7.
[89] Moore H. The role of rodent models in the discovery of new treatments for
schizophrenia: updating our strategy. Schizophr Bull 2010;36(6):1066–72.
[90] Neill JC, et al. Animal models of cognitive dysfunction and negative symptoms of schizophrenia: focus on NMDA receptor antagonism. Pharmacol Ther
2010;128(3):419–32.
[91] Fallis RJ, et al. Adoptive transfer of murine chronic-relapsing autoimmune
encephalomyelitis. Analysis of basic protein-reactive cells in lymphoid organs
and nervous system of donor and recipient animals. J Neuroimmunol
1987;14(2):205–19.
[92] McIntosh AL, et al. The atypical antipsychotic risperidone reverses the recognition memory deﬁcits induced by post-weaning social isolation in rats.
Psychopharmacology (Berl) 2013;228(1):31–42.
[93] Marco EM, et al. Maternal deprivation effects on brain plasticity and recognition memory in adolescent male and female rats. Neuropharmacology
2013;68:223–31.
[94] Ozawa K, et al. Immune activation during pregnancy in mice leads to
dopaminergic hyperfunction and cognitive impairment in the offspring:
a neurodevelopmental animal model of schizophrenia. Biol Psychiatry
2006;59(6):546–54.
[95] Giovanoli S, et al. Stress in puberty unmasks latent neuropathological consequences of prenatal immune activation in mice. Science
2013;339(6123):1095–9.
[96] Giovanoli S, Weber L, Meyer U. Single and combined effects of prenatal
immune activation and peripubertal stress on parvalbumin and reelin expression in the hippocampal formation. Brain Behav Immun 2014;40:48–54.
[97] Meyer U. Prenatal poly(i:C) exposure and other developmental immune activation models in rodent systems. Biol Psychiatry 2014;75(4):307–15.
[98] Papaleo F, Lipska BK, Weinberger DR. Mouse models of genetic
effects on cognition: relevance to schizophrenia. Neuropharmacology
2012;62(3):1204–20.
[99] O’Tuathaigh CM, et al. Schizophrenia-related endophenotypes in heterozygous neuregulin-1 ‘knockout’ mice. Eur J Neurosci 2010;31(2):349–58.
[100] Arita I, et al. Evidence for spontaneous conversion of Mex− to Mex+ in human
lymphoblastoid cells. Carcinogenesis 1990;11(10):1733–8.
[101] Kendall I, et al. E-6801, a 5-HT6 receptor agonist, improves recognition
memory by combined modulation of cholinergic and glutamatergic neurotransmission in the rat. Psychopharmacology (Berl) 2011;213(2–3):413–30.
[102] McLean SL, et al. Activation of alpha7 nicotinic receptors improves
phencyclidine-induced deﬁcits in cognitive tasks in rats: implications for
therapy of cognitive dysfunction in schizophrenia. Eur Neuropsychopharmacol 2011;21(4):333–43.
[103] Benito-Leon J, et al. Population-based case-control study of cognitive function
in early Parkinson’s disease (NEDICES). J Neurol Sci 2011;310(1–2):176–82.
[104] Dalaker TO, et al. Ventricular enlargement and mild cognitive impairment in
early Parkinson’s disease. Mov Disord 2011;26(2):297–301.
[105] Ungerstedt U. 6-Hydroxy-dopamine induced degeneration of central
monoamine neurons. Eur J Pharmacol 1968;5(1):107–10.
[106] Betarbet R, et al. Chronic systemic pesticide exposure reproduces features of
Parkinson’s disease. Nat Neurosci 2000;3(12):1301–6.
[107] Fernandes VS, et al. Repeated treatment with a low dose of reserpine as a progressive model of Parkinson’s disease. Behav Brain Res 2012;231(1):154–63.
[108] Shin JH, et al. PARIS (ZNF746) repression of PGC-1alpha contributes to neurodegeneration in Parkinson’s disease. Cell 2011;144(5):689–702.
[109] Santos JR, et al. Cognitive, motor and tyrosine hydroxylase temporal impairment in a model of parkinsonism induced by reserpine. Behav Brain Res
2013;253:68–77.
[110] Fernandes VS, et al. Memory impairment induced by low doses of reserpine
in rats: possible relationship with emotional processing deﬁcits in Parkinson
disease. Prog Neuropsychopharmacol Biol Psychiatry 2008;32(6):1479–83.
[111] Sawamoto N, et al. Cognitive deﬁcits and striato-frontal dopamine release in
Parkinson’s disease. Brain 2008;131(Pt 5):1294–302.
[112] Tessitore A, et al. Dopamine modulates the response of the human amygdala:
a study in Parkinson’s disease. J Neurosci 2002;22(20):9099–103.
[113] Chao OY, Pum ME, Huston JP. The interaction between the dopaminergic forebrain projections and the medial prefrontal cortex is critical for memory of
objects: implications for Parkinson’s disease. Exp Neurol 2013;247:373–82.
[114] Goes AT, et al. Neuroprotective effects of swimming training in a mouse
model of Parkinson’s disease induced by 6-hydroxydopamine. Neuroscience
2014;256:61–71.

B. Grayson et al. / Behavioural Brain Research 285 (2015) 176–193
[115] Javitch JA, et al. Parkinsonism-inducing neurotoxin, N-methyluptake
of
the
metabolite
4-phenyl-1,2,3,6-tetrahydropyridine:
N-methyl-4-phenylpyridine by dopamine neurons explains selective
toxicity. Proc Natl Acad Sci USA 1985;82(7):2173–7.
[116] Yabuki Y, et al. Nobiletin treatment improves motor and cognitive
deﬁcits seen in MPTP-induced Parkinson model mice. Neuroscience
2014;259:126–41.
[117] Ho SC, et al. Effects of ceftriaxone on the behavioral and neuronal changes
in an MPTP-induced Parkinson’s disease rat model. Behav Brain Res
2014;268:177–84.
[118] Ho YJ, et al. Effects of D-cycloserine on MPTP-induced behavioral and neurological changes: potential for treatment of Parkinson’s disease dementia.
Behav Brain Res 2011;219(2):280–90.
[119] McCormack AL, et al. Environmental risk factors and Parkinson’s disease:
selective degeneration of nigral dopaminergic neurons caused by the herbicide paraquat. Neurobiol Dis 2002;10(2):119–27.
[120] Lyall K, Schmidt RJ, Hertz-Picciotto I. Maternal lifestyle and environmental risk factors for autism spectrum disorders. Int J Epidemiol
2014;43(2):443–64.
[121] Dos Santos AC, et al. REM sleep deprivation generates cognitive and neurochemical disruptions in the intranigral rotenone model of Parkinson’s disease.
J Neurosci Res 2013;91(11):1508–16.
[122] Li X, et al. Cognitive dysfunction precedes the onset of motor symptoms in the
MitoPark mouse model of Parkinson’s disease. PLoS One 2013;8(8):e71341.
[123] Magen I, et al. Cognitive deﬁcits in a mouse model of pre-manifest Parkinson’s
disease. Eur J Neurosci 2012;35(6):870–82.
[124] Moy SS, et al. Mouse models of autism spectrum disorders: the challenge for behavioral genetics. Am J Med Genet C-Semin Med Genet
2006;142C(1):40–51.
[125] Kuusikko-Gaufﬁn S, et al. Face memory and object recognition in children
with high-functioning autism or Asperger syndrome and in their parents. Res
Autism Spectr Disord 2011;5(1):622–8.
[126] Wolf JM, et al. Speciﬁc impairment of face-processing abilities in children
with Autism spectrum disorder using the let’s face it! skills battery. Autism
Res 2008;1(6):329–40.
[127] Bhattacharya A, et al. Genetic removal of p70 S6 kinase 1 corrects molecular: synaptic, and behavioral phenotypes in fragile X syndrome mice. Neuron
2012;76(2):325–37.
[128] Silverman JL, et al. AMPAKINE enhancement of social interaction in the BTBR
mouse model of autism. Neuropharmacology 2013;64:268–82.
[129] Yang M, et al. Reduced excitatory neurotransmission and mild Autismrelevant phenotypes in adolescent Shank3 null mutant mice. J Neurosci
2012;32(19):6525–41.
[130] Kane MJ, et al. Mice genetically depleted of brain serotonin display social
impairments, communication deﬁcits and repetitive behaviors: possible relevance to Autism. PLoS One 2012;7(11).
[131] Mychasiuk R, et al. Effects of rat prenatal exposure to valproic acid on
behaviour and neuro-anatomy. Dev Neurosci 2012;34(2–3):268–76.
[132] Presti-Torres J, et al. Impairments of social behavior and memory after
neonatal gastrin-releasing peptide receptor blockade in rats: implications
for an animal model of neurodevelopmental disorders. Neuropharmacology
2007;52(3):724–32.
[133] Fleminger S, Ponsford J. Long term outcome after traumatic brain injury. BMJ
2005;331(7530):1419–20.
[134] Morris S, et al. Determinants of hospital costs associated with traumatic brain
injury in England and Wales. Anaesthesia 2008;63(5):499–508.
[135] Gold EM, et al. Functional assessment of long-term deﬁcits in rodent models
of traumatic brain injury. Regen Med 2013;8(4):483–516.
[136] Ferreira AP, et al. The effect of NADPH-oxidase inhibitor apocynin
on cognitive impairment induced by moderate lateral ﬂuid percussion
injury: role of inﬂammatory and oxidative brain damage. Neurochem Int
2013;63(6):583–93.
[137] Ferreira AP, et al. HOE-140: an antagonist of B2 receptor, protects against
memory deﬁcits and brain damage induced by moderate lateral ﬂuid
percussion injury in mice. Psychopharmacology (Berl) 2014;231(9):1935–
48.
[138] Prins ML, et al. Repeated mild traumatic brain injury: mechanisms of cerebral
vulnerability. J Neurotrauma 2013;30(1):30–8.

193

[139] Zhao Z, et al. Neuroprotective effects of geranylgeranylacetone in experimental traumatic brain injury. J Cereb Blood Flow Metab 2013;33(12):1897–908.
[140] Murray DKet al. The effects of exercise on cognition in Parkinson’s disease: a
systematic review. Transl Neurodegener 2014;3(1):5.
[141] Piao CS, et al. Late exercise reduces neuroinﬂammation and cognitive dysfunction after traumatic brain injury. Neurobiol Dis 2013;54:252–63.
[142] Dickendesher TL, et al. NgR1 and NgR3 are receptors for chondroitin sulfate
proteoglycans. Nat Neurosci 2012;15(5):703–12.
[143] Tong J, et al. Inhibition of Nogo-66 receptor 1 enhances recovery of
cognitive function after traumatic brain injury in mice. J Neurotrauma
2013;30(4):247–58.
[144] Rachmany Let al. Cognitive impairments accompanying rodent mild
traumatic brain injury involve p53-dependent neuronal cell death and
are ameliorated by the tetrahydrobenzothiazole PFT-alpha. PLoS One
2013;8(11):e79837.
[145] Dachir S, et al. Inosine improves functional recovery after experimental traumatic brain injury. Brain Res 2014;1555:78–88.
[146] Tweedie D, et al. Changes in mouse cognition and hippocampal gene expression observed in a mild physical- and blast-traumatic brain injury. Neurobiol
Dis 2013;54:1–11.
[147] Hamm RJ, et al. The rotarod test: an evaluation of its effectiveness in
assessing motor deﬁcits following traumatic brain injury. J Neurotrauma
1994;11(2):187–96.
[148] Adelson PD, et al. Motor and cognitive functional deﬁcits following
diffuse traumatic brain injury in the immature rat. J Neurotrauma
1997;14(2):99–108.
[149] O’Farrell E, MacKenzie J, Collins B. Clearing the air: a review of our current
understanding of chemo fog. Curr Oncol Rep 2013;15(3):260–9.
[150] Wefel JS, Schagen SB. Chemotherapy-related cognitive dysfunction. Curr Neurol Neurosci Rep 2012;12(3):267–75.
[151] Laquintana V, et al. New strategies to deliver anticancer drugs to brain tumors.
Expert Opin Drug Deliv 2009;6(10):1017–32.
[152] Janelsins MC, et al. Prevalence: mechanisms, and management of cancerrelated cognitive impairment. Int Rev Psychiatry 2014;26(1):102–13.
[153] Kesler SR, et al. Elevated prefrontal myo-inositol and choline following breast
cancer chemotherapy. Brain Imaging Behav 2013;7(4):501–10.
[154] Deprez S, et al. Chemotherapy-induced structural changes in cerebral white
matter and its correlation with impaired cognitive functioning in breast cancer patients. Hum Brain Mapp 2011;32(3):480–93.
[155] Silverman DH, et al. Altered frontocortical: cerebellar, and basal ganglia activity in adjuvant-treated breast cancer survivors 5–10 years after
chemotherapy. Breast Cancer Res Treat 2007;103(3):303–11.
[156] Vardy J, Tannock I. Cognitive function after chemotherapy in adults with solid
tumours. Crit Rev Oncol Hematol 2007;63(3):183–202.
[157] Bisen-Hersh EB, Hineline PN, Walker EA. Effects of early chemotherapeutic treatment on learning in adolescent mice: implications for cognitive
impairment and remediation in childhood cancer survivors. Clin Cancer Res
2013;19(11):3008–18.
[158] Oefﬁnger KC, et al. Chronic health conditions in adult survivors of childhood
cancer. N Engl J Med 2006;355(15):1572–82.
[159] Fardell JE, et al. The impact of sustained and intermittent docetaxel
chemotherapy regimens on cognition and neural morphology in healthy mice.
Psychopharmacology (Berl) 2014;231(5):841–52.
[160] Fardell JE, et al. Cognitive impairments caused by oxaliplatin and
5-ﬂuorouracil chemotherapy are ameliorated by physical activity. Psychopharmacology (Berl) 2012;220(1):183–93.
[161] Pyter LM, et al. Mammary tumors induce select cognitive impairments. Brain
Behav Immun 2010;24(6):903–7.
[162] Mondie CM, et al. The chemotherapy agent: thioTEPA, yields long-term
impairment of hippocampal cell proliferation and memory deﬁcits but not
depression-related behaviors in mice. Behav Brain Res 2010;209(1):66–72.
[163] Gandal MJ, et al. A novel electrophysiological model of chemotherapyinduced cognitive impairments in mice. Neuroscience 2008;157(1):95–104.
[164] ElBeltagy M, et al. Fluoxetine improves the memory deﬁcits caused by the
chemotherapy agent 5-ﬂuorouracil. Behav Brain Res 2010;208(1):112–7.
[165] Seigers R, et al. Long-lasting suppression of hippocampal cell proliferation
and impaired cognitive performance by methotrexate in the rat. Behav Brain
Res 2008;186(2):168–75.

