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a b s t r a c t
Eph receptors and ephrins are involved in establishing topographic connectivity in primary sensory brain
regions, but also in higher order structures including the cortex and hippocampus. Ephrin-A2−/− mice have
abnormal topography in the primary visual system but have normal visual and learning performance on
a simple visual discrimination task. Here we use signal detection theory to analyse learning behaviour
of these mice. Wild-type (WT) and ephrin-A2−/− (KO) mice performed equally well in a two-stimulus
visual discrimination task, with similar learning rates and response latencies. However, during reversal
learning, when the rewarded stimulus was switched, the two genotypes exhibited differences in response
strategies: while WTs favoured a win-stay strategy, KOs remained relatively neutral. KOs also exhibited a
stronger lateralization bias in the initial stages of learning, choosing the same arm of the maze with high
probability. In addition, use of a Bayesian “optimal observer” revealed that compared to WT, KO mice
adapted their decisions less rapidly to a change in stimulus-reward relationship. We suggest that the
misexpression of ephrin-A2 may lead to abnormal connectivity in regions known for their involvement in
reversal learning and perseverative behaviours, including thalamic–prefrontal cortical–striatal circuitry
and particularly orbitofrontal cortex. The implication is that topographic organisation of higher order
brain regions may play an important role in learning and decision making.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Eph receptors and ephrin ligands are cell-surface proteins that
have been shown to contribute to many processes in the developing brain including cell proliferation, brain regional organisation
and neuronal connectivity [20]. A key function of these proteins is to
guide growing axons to precise targets within brain regions [5,23].
Receptor-ligand binding results in bidirectional activation of intracellular signalling pathways, commonly resulting in cytoskeletal
rearrangements that underlie axon guidance [17]. Because the proteins are frequently expressed as gradients in interconnected brain
regions [5,23], Ephs and ephrins are strongly associated with the
development of topographically organised projections [11,30], particularly in primary sensory regions including the visual, auditory
and olfactory systems [6,7,24]. Gradients of Ephs and ephrins have
also been detected in topographically organised regions that are
thought to support complex processes including learning, mem-
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ory and cognition; these regions include the striatum, cortex and
hippocampus [9,18,31].
Transgenic and knockout mouse lines have been created to
elucidate the molecular functions of Eph/ephrins in various brain
regions, and have generally demonstrated abnormal connectivity
and/or altered synaptic plasticity. However, relatively few studies
have taken advantage of these mice to examine the behavioural
consequences of these abnormalities, despite the opportunity
to gain insight into the relationship between brain connectivity and behaviour. A signiﬁcant limitation has been the difﬁculty
in interpreting data from constitutive knockouts. For example,
EphA4−/− mice have reduced locomotor activity [19], ruling out
most behavioural tests. Although most behavioural studies have
demonstrated impaired learning and memory when Eph/ephrin
signalling is disrupted, they all acknowledge that unreported sensory or motor deﬁcits may confound results. EphB2−/− mice display
subtle deﬁcits in the Morris Water maze, but were impaired
from the very ﬁrst trial, making results difﬁcult to interpret [13].
Similarly, a recent study in EphA6−/− mice identiﬁed deﬁcits in
learning and memory on spatial and fear conditioning tasks [28],
but abnormal baseline freezing behaviour meant that the authors
could not distinguish between abnormal sensory processing or a
learning deﬁcit. The strongest support for a role for Eph/ephrin signalling in learning and memory comes from studies which infused
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recombinant EphA or ephrin-A proteins into the hippocampus
and demonstrated impaired spatial learning [10]. However this
methodology tested the immediate impact of eph/ephrin blockade
on learning and did not investigate the consequences of miswiring
as a result of abnormal development in a knockout mouse.
One of the best studied knockout strains is the ephrin-A2−/−
mouse, which was originally created to investigate the role of this
protein in guiding retinal ganglion cell axons to their targets in the
midbrain, the superior colliculus and lateral geniculate nucleus [7].
Disruption of the ephrin-A2 gene results in moderate topographic
defects in these projections, which persist into adulthood. Retinal
ganglion cells form appropriately located terminations within the
SC and LGN, but also form aberrant ectopic projections [7], some of
which are functional [15]. Nonetheless, knockout mice display normal performance on several visually guided behaviours, including
visual placing, pupil reﬂex and visual acuity and have normal overall activity levels [15]. As a result, any behavioural impairment on
a visual discrimination task are likely to be attributed to abnormal
processing outside of the primary sensory brain regions. EphrinA2 is strongly expressed throughout the cortex, hippocampus and
striatum [1,9,18], suggesting that these regions will be abnormally
wired in the knockout.
Here we trained mice on a visual discrimination task and used
signal detection theory to analyse behaviour during initial learning,
and during reversal, when the opposite stimulus was rewarded.
We hypothesised that WT and KO mice would show similar rates
of learning as suggested by our previous work [15], but might
employ different strategies to acquire the initial or reversed task.
In support of this hypothesis, we show that wild-type (WT) and
ephrin-A2−/− (KO) mice performed equally well in a two-stimulus
visual discrimination task, with similar learning rates and accuracy.
However, during reversal, the two genotypes exhibited differences
in response strategies: while WT mice favoured a win-stay strategy, KO mice remained relatively neutral. KO mice also exhibited a
stronger lateralization bias in the initial stages of learning, preferring the same (left) arm of the maze. In addition, use of a Bayesian
“optimal observer” analysis revealed that compared to WT, KO mice
adapted their decisions less rapidly to a change in stimulus–reward
relationship, further identifying abnormal strategies during reversal learning. These results suggest abnormalities in prefrontal
cortical regions, and/or in thalamic–prefrontal cortical–ventral
striatal circuitry that are essential for ﬂexibility in learning and
decision making.
2. Methods
2.1. Animals and housing
Age-matched (6–8 weeks) wild-type (WT; C57BL/6J; n = 5) and knockout mice
(KO; ephrin A2−/− ; n = 5), were obtained from a breeding colony at the University
of Western Australia. Knockout mice were a generous gift from Feldheim et al. [7]
and were rederived on a C57Bl/6J background. A C57Bl/6J-congenic strain was then
produced following standard procedures, by backcrossing the ephrin-A2−/− strain
onto a C57Bl/6 background for 10 generations [15,29]. Same-sex (female) and samestrain animals were group-housed in standard cages (45 cm × 29 cm × 12 cm) under
a 12-h light/dark schedule (lights on 7 a.m. to 7 p.m.) in controlled environmental
conditions of 22 + 2 ◦ C and 50 + 10% relative humidity. Food (Rat & Mouse Chow, Speciality Foods, Glen Forrest, Western Australia) and water were provided ad libitum.
Animals were handled daily (2 × 10 min/mouse) for one week prior to experimentation upon which food deprivation commenced (1–2 pellets daily intake) to facilitate
rapid learning. Individual weights were monitored to ensure the animals remained
healthy. All trials were conducted within the same six hours of the light cycle. The
study was approved by the Animal Ethics Committee of the UWA (AEC 03/100/526)
and performed in accordance with Principles of Laboratory Care (NIH publication
no. 86-23, revised 1985).
2.2. Visual discrimination (match-to-sample) task
Mice were habituated to a Y-shape maze for ﬁve consecutive days prior to training. The ﬂoor of the box was covered with wood shavings identical to that of the
subjects’ housing. A laminated card displaying a visual stimulus was placed at the

end of each arm. The visual stimuli consisted of laminated squares of paper (6 cm2
each) with either vertical black and white stripes at 0.37 cycles per degree (a spatial frequency that can be distinguished by both WT and KO mice [15]) or a solid
50% grey square of the same luminance as the striped pattern. Correct choices were
immediately rewarded (peanut butter), and after each attempt, mice were returned
to the starting position by hand for the next trial. Initial trials consisted of ten
attempts twice daily which was later increased to ﬁfty attempts daily as competency increased. Pattern locations for each choice were randomly allocated to the
arms before each trial, but kept constant for all mice. Individuals were scored on their
choice after crossing a line halfway down the arm at which point timing ceased. Subjects were deemed to have made a non-choice if they had not entered any arm after
60 s. Accuracy (% correct choices) and response latency (seconds) were recorded.
Criterion performance was set at 75% correct responses for two consecutive days
following standard procedures [15,26]. After each trial, wood shavings were mixed
in order to disrupt any olfactory information.
2.3. Experimental design
During the ﬁrst learning phase (Learning Phase 1, deﬁned by the time taken to
reach criterion; 12 days), mice were rewarded when the striped card was selected.
After criterion was reached, trials continued for 5 days to collect data during performance on the learnt task (Learnt Phase). Mice then underwent a second learning
phase (Learning Phase 2, deﬁned by the time taken to reach criterion; 8 days), when
they were rewarded when the previously incorrect stimulus (solid grey square) was
selected. We veriﬁed in a separate cohort of mice that there was no innate preference for striped or grey patterns in either WT or KO mice (data not shown, also in
[15]). This was conﬁrmed in the present study by similar (50%) accurate response
rates at the beginning of Learning Phases 1 and 2 for both genotypes. For this reason,
the starting stimulus was kept constant across groups to facilitate the experimental
procedure.
2.4. Analysis
Task performance (days to criterion) and decision time were analysed in
STATVIEW (version 5.0.1, 1998) using non-parametric survival tests (Mantel–Cox).
Animals that failed to reach criterion were censored from further analysis in the
speciﬁc time period.
For signal detection theory analysis, responses were scored and categorized
based on the response type. A correct switch indicated a response in which the
animal correctly recognized a change in location of the target stimulus, while a correct repeat occurred when the animal correctly repeated their response. Incorrect
response (switch or repeat) occurred when the animal made an incorrect decision or
failed to respond (timed out). Non-choices (i.e. where no response is made after 60 s)
were included in the analysis and considered to be a switch to an incorrect strategy
(one of non-response). Non-choices were therefore scored as ‘Incorrect Switches’.
Responses were analysed using three measures as follows:
• D Prime (d ) is a measure of signal to noise ratio [12] and was calculated as:
d =

z(H) − z(F)
√
2

where z(H) and z(F) represent the z-distribution scores of the number of Correct
Repeats and Incorrect Repeats. The formula has been corrected for use with twoalternative forced choice tasks by dividing the z-scores by the square of two. d > 0.8
indicate high sensitivity and d < 0 indicate extreme insensitivity [21].
• Index Y (IY ) determines whether the animals have an innate preference to either
side of the maze [27] and is calculated as:

IY =



Left − Right
Total Correct

where Left and Right are the number of correct responses to the left and right
respectively and Total Correct is the total amount of correct responses. A value of
zero represents an absence of bias.
• The strategy index (IX ) examines response bias, and is calculated as:
IX =

[P(r/s) − P(s/r) + 1]
2

where P(r/s) is the probability of making an incorrect repeat when a switch is
required and P(s/r) is the probability of making an incorrect switch when a repeat
is required. IX >0.5 indicates a tendency towards repeating responses (‘win-repeat’
strategy) while IX <0.5 indicates a tendency towards switching responses (‘winswitch’ strategy) [27].
Data were analysed using SPSS Statistics (version 17, 2008). A mixed-design
ANOVA with Day of Training (n, n + 1. . .) as the repeated measure and Genotype
(wild-type or ephrin-A2−/− ) as the between-subjects measure was used to assess d ,
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IX and IY across the three training periods (Learning Phase 1, Learnt Phase, Learning
Phase 2).
2.5. Bayesian-optimal observer
We deﬁned a Bayesian “optimal observer” to describe what the best decision
should be (from a statistical point of view) on every trial over all days of training.
The optimal utility depends on the scenarios Li presented at every trial. Two
scenarios are possible: (1) the striped pattern is in the left arm of the maze; or (2)
the striped pattern is in the right arm of the maze. The optimal utility also depends
on the decisions ai (representing two choices, moving left or moving right). On any
given trial t, the optimal decision aopt (Li ) that will yield the highest expected reward
r is
opt

at (Li ) = arg max p(r|Li , ai )t

(1)

ai

By applying Bayes’ rule, we obtain p(r|Li ,ai )t (the probability of a reward r given
the joint probability of a scenario Li and a decision ai ):
p(r|Li , ai )t =

p(Li , ai |r)t · p(r)t
p(Li , ai )t

(2)

Initially, we devised a Bayesian model where all probabilities were set to 0.5.
Then, for each subject, we computed Eq. (1). The goal of Eq. (1) is to determine which
of the two potential decisions (moving right or moving left) is optimal in terms of
reward expectations. In this way, moving right (a1 ) is more optimal than moving
left (a2 ) if a1 > a2 , and moving left is more optimal if a1 < a2 . After an optimal decision
is determined on each trial, we updated p(Li ,ai |r)t , p(r)t , and p(Li ,ai )t by taking into
account information from all trials that the subject had seen. Taking p(r)t as an
example, this updating was performed as follows:


p(r)t = p(r)t−1 + ( · (p(r)t − p(r)t−1 ))

(3)



where p(r)t is the proportion of a trials (from trial 1, . . ., t) that yielded a reward.
The parameter  in Eq. (3) can be adjusted to ﬁt the Bayesian-optimal observer.
We explored a total of 10,000 different values of  ranging from 0.00001 to 10
in increments of 0.001. For each value of , we computed the decision of the ideal
observer at every trial of phases I and II. In order to compare these “Bayesian-optimal
decisions” to the decisions made by the subjects, we focused on the decisions to the
left arm of the maze (because only two choices were possible, focusing on decisions
to the right arm would yield the same conclusions). For each trial, we computed the
proportion of subjects that made a left arm decision. Then, we used a Pearson correlation to compare this proportion to the Bayesian-optimal decision. The value of 
that yielded the highest correlation was deemed to provide the best ﬁt between the
Bayesian model and the experimental data. Of course, it is possible that a better ﬁt
could be obtained if we considered different values of  for phases I and II independently. For the purposes of the current study, we restricted our analyses to a single
value of  that resulted in the highest correlation between the Bayesian model and
experimental data for the ﬁrst 40 trials (entire day of training) at the beginning of
phase II. Different values of  were obtained for the two experimental groups (wildtype and KO mice) independently. In this context, a high value of  would suggest
that subjects adapted rapidly to a change in the stimulus–reward relationship. That
is, a high value of  would suggest that subjects were prone to overwrite distant
knowledge in favour of information acquired during recent trials. Conversely, a low
value of  would suggest a resistance to overwrite distant knowledge relative to the
stimulus-reward relationship.

3. Results
3.1. Task performance
During training phase 1, no difference was detected between
genotypes in the number of days to reach criterion (WT: mean
(M) = 13 ± 0.86 days; ephrin-A2−/− : M = 11 ± 0.41 days; P = 0.797;
Fig. 1A). One ephrin-A2−/− mouse failed to reach criterion and was
removed from further analysis during this phase. All mice maintained criterion performance during the Learnt Phase (Fig. 1A).
During Learning Phase 2, no difference in learning rate was
detected between genotypes (WT: M = 9 ± 1.08 days; ephrin-A2−/− :
M = 10 ± 1.3 days; P = 0.732) (Fig. 1A). Time to criterion was slightly
less in training phase 2 than phase 1, although this was not signiﬁcant (P > 0.578). Response latency decreased as animals became
proﬁcient with the task, but there was no difference between genotypes at any time (Fig. 1A). The average time taken for mice to make
a response decreased from Day 1 (M = 11.31 ± 1.63 s SD) to Day 25
(M = 1.84 ± 0.16 s SD). Training time was greater during training
phase 1 compared to phase 2, P < 0.05 (Fig. 1A).

Fig. 1. Graphs showing measurements of behaviour of WT (Black squares) and
ephrin-A2−/− (red diamonds) mice during a visual discrimination task. Values are
separated into three phases: Learning Phase 1 (initial learning to discriminate
between two visual stimuli), Learnt Phase (>75% accuracy) and Learning Phase 2
(reversal). (A) Upper lines show the average % of errors for each genotype. Bottom
lines show the response latency. (B) Bias index. (C) d or sensitivity to the stimulus.
(D) Strategy index. Signiﬁcant differences between genotypes for repeated measures across a learning phase are indicated by an asterisk (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of the article.).
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3.2. Bias index

3.5. Bayesian-optimal observer

All mice had a bias for the left arm of the maze during the learning stages of their training (Fig. 1B). A bias near 0 was present in
the Learnt Phase (once mice had reached criterion). During Learning Phase 1, ephrin-A2−/− mice demonstrated a stronger bias than
WT mice (F(1, 8) = 9.020, P < 0.05, 2p = 0.530), but no difference
was detected between genotypes during Learning Phase 2 (F(1,
8) = 0.153, P = 0.706). However, bias signiﬁcantly decreased from
the beginning to the end of the experiment for both genotypes
(t(9) = 2.722, P < 0.05, r = 0.67, Fig. 1B).

For the WT group, the best ﬁt of the Bayesian model was
obtained with a value of  = 1.95. The correlation between the proportion of subjects that chose the left arm and the Bayesian-optimal
decision on each trial was above statistical chance expectations
(r = 0.36, P < 0.02) (Fig. 2A). The best ﬁt of the Bayesian model for
the ephrin-A2−/− group required a value of  = 1.01 that is lower
compared to the WT group. The correlation between the observed
responses and the Bayesian-optimal decisions was also lower than
that obtained for the wild-type group, and did not differ from
chance expectations (r = 0.11, P > 0.5) (Fig. 2B). Taken together,
these results suggest that, compared with the WT subjects, ephrinA2−/− subjects adapted their decisions less rapidly to a change in
stimulus–reward relationship, as evidenced by a lower value of 
when ﬁtting the Bayesian model to the observed responses. In addition, the decisions of WT subjects during the ﬁrst 40 trials of phase
II could be described by a Bayesian-optimal observer, while the
decisions of ephrin-A2−/− subjects could not.

3.3. Sensitivity to visual stimuli (d )
No pre-existing differences in sensitivity (d ) were
present between WT (M = −0.208 ± 0.342 SD) and KO mice
(M = −0.053 ± 0.777 SD) at the beginning of training (t(7) = −0.401,
P = 0.700; Fig. 1C). For each individual test, the assumption of
sphericity was met. During Learning Phase 1, d increased signiﬁcantly with time (F(10, 70) = 13.618, P < 0.05, 2p = 0.660), but there
was no difference between genotypes (F(1, 7) = 5.013, P = 0.060,
2p = 0.417; Fig. 1C), indicating that both genotypes became more
sensitive to the rewarded stimulus with time. No effect of time
or genotype was found during the Learnt Phase (F(4, 432) = 0.632,
P = 0.859 and F(1, 8) = 0.002, P = 0.967), where sensitivity was
extremely high (>1 for all mice in all tests). The different slopes
for WT and ephrin-A2−/− mice in Fig. 1C during the Learnt Phase
are most likely due to individual variation in the time to criterion
(see above). During Learning Phase 2, d followed a similar pattern
to that observed in Learning Phase 1, increasing with time as the
mice re-learnt the task (F(7, 49) = 5.77, P < 0.05, 2p = 0.439), with
no effect of genotype (F(1, 7) = 0.149, P = 0.711).
3.4. Strategy index (IX )
No pre-existing differences in strategy were present between
WT (M = 0.559, SD = 0.100) and KO mice (M = 0.455, SD = 0.137) at
the beginning of training (t(7) = 1.324, P = 0.227; Fig. 1D). During
Phase 1, IX did not change with time (F(10, 70) = 1.800, P = 0.076),
nor genotype (F(1, 7) = 3.081, P = 0.123; Fig. 1D). No effect of time
or genotype was present during the Learnt Phase (F(4, 32) = 1.320,
P = 0.284 and F(1, 8) = 0.012, P = 0.917; Fig. 1D). However, during
Learning Phase 2, IX did not change with time (F(7, 49) = 1.060,
P = 0.403), but was signiﬁcantly different between genotypes (F(1,
7) = 6.801, P < 0.05, 2p = 0.493; Fig. 1D). WT mice reverted to the
‘win-stay’ strategy employed during Learning Phase 1 (M = 0.549),
particularly in early stages of the phase. In contrast, ephrin-A2−/−
mice maintained a neutral strategy with weak tendency towards a
‘win-switch’ strategy (M = 0.482).

4. Discussion
Here we show that ephrin-A2−/− mice have similar learning rates
and sensitivity to a stimulus compared to WT mice during the initial acquisition of a visual discrimination task and during reversal
learning. Both genotypes employed similar strategies (win-stay)
during initial acquisition, but differed during reversal learning: WT
mice reverted to a win-stay strategy, returning more frequently to
arms where they had just received a reward, whereas ephrin-A2−/−
mice maintained the neutral strategy that they had developed by
the end of the ﬁrst learning phase.
The similar learning rates and initial strategies suggest normal hippocampal function in ephrin-A2−/− mice, because the basic
learning and memory components of the task were no different
from WT. Furthermore, both genotypes showed a strong bias to the
left arm of the Y-maze during learning phases, consistent with previous studies suggesting an innate preference for one side [2]. The
most important behavioural difference between the two genotypes
was observed during the reversal phase of testing, suggesting that
the deﬁcit in ephrin-A2−/− mice is likely to involve the orbitofrontal
cortex, a region implicated in reversal learning. Previous studies
have shown that lesion of the orbitofrontal cortex impairs reversal learning in mice and rats, but does not impact on the initial
acquisition of discrimination learning [3]. Furthermore, depletion
of serotonin within the OFC shows similar reversal-speciﬁc impairments [22].
However, ephrin-A2−/− mice do not show a true impairment in
reversal learning, because the time to criterion was the same as
for WT. Rather, they display a different strategy during reversal.
Unlike WT, ephrin-A2−/− mice do not return to the win-stay strat-

Fig. 2. Bayesian-optimal observer analysis. Graphs show the relationship between the proportion of subjects that chose the left arm (solid black line) and the Bayesianoptimal decision (solid red line) on the ﬁrst 35 trials (day 1) of Learning Phase 2 for WT mice (A) and ephrin-A2−/− mice (B). The Pearson correlation between subjects and
the Bayesian-optimal decision are reported above each graph (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
the article.).
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egy that they used in the initial learning phase, but rather maintain
a neutral strategy that they adopted during the Learnt Phase. The
maintenance of a neutral strategy could be seen as a form of perseverance, a behaviour also mediated by the prefrontal cortex [14].
The stronger bias in ephrin-A−/− mice in the initial learning phase
is also consistent with stronger perseverance.
Results of a Bayesian analysis were consistent with a perseverance of response strategies in ephrin-A2−/− mice. The Bayesian
model that best described the behaviour of ephrin-A2−/− mice
during the Learnt Phase had a lower update parameter () than
the Bayesian model for the WT mice, suggesting that ephrinA2−/− mice adapted their response strategy more slowly than
WT mice. As opposed to WT mice, the response strategy of
ephrin-A2−/− mice could not be reliably described by a Bayesianoptimal observer, suggesting that perseverance was not an adaptive
learning strategy. Further behavioural studies, for example using
a set-shifting paradigm, would identify whether perseverative
deﬁcits are present in ephrin-A2−/− mice [14,16].
An alternative view of the behavioural deﬁcit in ephrin-A2−/−
mice is that the mice failed to eliminate inappropriate response
alternatives. This type of error has been associated with deﬁcits
in strategy shifting mediated by the Nucleus accumbens (core;
NAc) and can also manifest as a failure to maintain new strategies [8]. The involvement of the NAc is consistent with studies
suggesting that behavioural ﬂexibility and choice of strategy
is mediated by thalamic–prefrontal cortical–ventral striatal circuitry, with evidence coming from studies in humans [25] and
rats [4]. The mediodorsal nuclei of the thalamus (MD), prefrontal cortex (PFC), and nucleus accumbens core (NAc) form
an interconnected network that are thought to underlie certain
forms of behavioural ﬂexibility, including reversal and set-shifting
[4].
mRNA in situ hybridization studies in mouse brain (online Allen
Brain Atlas) show that ephrin-A2 is abundantly expressed in the
thalamus, prefrontal cortex and nucleus accumbens. Given the role
for ephrin-A2 in axonal pathﬁnding in multiple brain regions, it
is possible that the lack of ephrin-A2 might affect the development of these neuronal circuits. The implication is the topographic
organisation of projections between these structures may underlie
complex behaviours associated with behavioural ﬂexibility [14,30].
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