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The literature on the neural basis of learning and memory is replete with studies using rats and monkey, but hardly any us-
ing pigeons.  This is odd because so much of what we know about animal behavior comes from studies with pigeons.  The 
unwillingness to use pigeons in neural studies of learning and memory probably stems from two factors, one that the avian 
brain is seen as radically different from the mammalian brain and as such can contribute little to its understanding, and the 
other that the behavior of pigeons is not seen as sophisticated as that of mammals, and certainly primates.  Studies over 
the past few decades detailing the remarkable cognitive abilities of pigeons, as well as a newly revised nomenclature for 
the avian brain, should spark a renewed interest in using pigeons as models to understand the neural basis of learning and 
memory.  Here we review studies on the pigeon’s hippocampus and ‘prefrontal cortex’ and show that they provide informa-
tion not only on the workings of the avian brain, but also shed light on the operation of the mammalian brain.
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Background

 So much of what we know about the principles of behav-
ior has been learned from studies with pigeons, and there is 
little doubt that these principles apply to mammalian behav-
ior (Skinner, 1953).  Despite this, those conducting neurosci-
ence studies with mammals such as rats and monkeys rarely 
reference avian neuroscience studies.  The purpose of this 
review is not only to highlight the value of using pigeons 
in neurophysiological investigations of brain function, but 
also to illustrate that these studies are relevant for our un-
derstanding of not just mammalian brain function, but also 
primate brain function. 

 On the basis of cost-effectiveness, ease of use, and more 
importantly on the basis of the ethical imperative of using the 
species with the least complicated neural system to achieve 
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our goals, pigeons are an ideal choice of species to use in 
neurophysiological studies.  They can be trained on most, if 
not all, of the tasks that are used to explore the neural basis 
of learning and memory in rats and monkeys, and there is 
little evidence that they solve tasks like discrimination learn-
ing, delayed matching-to-sample, and serial-order any dif-
ferently from them (Colombo, Cottle, & Frost, 2003; Scarf 
& Colombo, 2010, 2011).  In addition, while rats perform 
spatial tasks with ease and visual tasks with difficulty, and 
monkeys perform visual tasks with ease and are more diffi-
cult to test on spatial tasks, pigeons can easily perform both 
types of tasks.  In the current review we hope to convince re-
searchers, especially those younger scientists embarking on 
a career studying the neural basis of learning and memory, 
that pigeons are an excellent species of choice to use in such 
studies.

The Avian Brain

 Given that pigeons are behaviorally ideal subjects to use, 
why have so few studies used them to examine the neural ba-
sis of learning and memory?  It would appear that the biggest 
obstacle to using pigeons in neurophysiological research 
seems to be the fact that we are dealing with an avian brain 
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dees.  Despite this concordance, in the early 90s the idea that 
the avian hippocampus might have the same function as the 
mammalian hippocampus seemed unlikely given that the ar-
chitecture of the avian and mammalian hippocampi are very 
different.  In primates, the hippocampus is a roughly tubular 
structure that runs along the anterior/posterior extent of the 
medial temporal lobe (Figure 1A), whereas in rats the hippo-

mammalian hippocampus. 

 The prevailing view throughout the 1980s was that in ad-
dition to spatial problems, damage to the hippocampus in 
monkeys and rats produced visual memory impairments, ex-
pressed mainly as steeper retention functions on a delayed 
nonmatching-to-sample (DNMS) task (Mishkin, 1978; 

Figure 1.  Coronal sections illustrating the relative position of the hippocampus (H, red box) in the monkey (A), rat (B), and 
pigeon (C).  Adapted from “Is the avian hippocampus a functional homologue of the mammalian hippocampus?,” by M. 
Colombo and N. Broadbent, 2000, Neuroscience and Biobehavioral Reviews, 24, p. 465-484. Copyright 2000 by Elsevier 
Limited.  Adapted with permission

campus is a C-shaped structure with both dorsal and ventral 
components (Figure 1B).  In birds, the hippocampus, which 
consists of the hippocampus and the adjacent area parahip-
pocampalis, is located dorsally and along the midline and 
posterior extent of the brain (Figure 1C).  Even though the 
avian hippocampus emerges from the same part of the devel-
oping telencephalon as the mammalian hippocampus, and 
has similar input/output connections with sensory regions of 
the brain (Casini, Bingman, & Bagnoli, 1986; Krayniak & 
Siegel, 1978), when we began these studies in the early 90s 
the view was that it lacked an Ammon’s horn, dentate gyrus, 
hilar region, postcommisural fornix, as well as the classic 
CA subfields that are present in the mammalian hippocam-
pus (Krayniak & Siegel, 1978; Krebs, Erichsen, & Bingman, 
1991; but see Atoji & Wild, 2006, for a review of more re-
cent evidence that subareas within the avian hippocampus 
may indeed resemble the dentate gyrus and Ammon’s horn).  
These significant architectural differences made it unlikely, 
similarities in spatial impairments notwithstanding, that the 
avian hippocampus could serve the same function as the 

Mumby, Wood, & Pinel, 1992).  We found, however, that 
bilateral damage of the hippocampus in birds had no effect 
on visual memory, and this was true irrespective of whether 
the animals were trained preoperatively and then tested post-
operatively, or whether they were trained and tested postop-
eratively (Colombo, Swain, Harper, & Alsop, 1997b; Figure 
2C).  Furthermore, although both proactive and retroactive 
interference increases memory loss in rats (Jarrard, 1975), 
monkeys (Zola-Morgan & Squire, 1985) and humans (Sid-
man, Stoddard, and Mohr, 1968), birds with hippocampal 
lesions were no more affected by these types of interference 
than control animals (Colombo et al., 1997b).

 Our initial failure to find any visual memory deficits fol-
lowing hippocampal lesions in birds pointed to a functional 
difference between the avian and mammalian hippocampi, a 
finding that was perhaps both interesting from an evolution-
ary perspective and also in line with the known architectural 
differences, but one that made the possibility of using pi-
geons to illuminate mammalian hippocampal function un-
likely.  At the same time as these studies were being con-

rather than a mammalian brain, and therefore the ability to 
extrapolate from one to the other is perceived as being limit-
ed.  This issue is interesting because it has not prevented the 
transfer of behavioral knowledge to the mammalian condi-
tion, yet it has prevented the transfer of neurophysiological 
knowledge.   

 The unwillingness to accept neural studies in pigeons as 
relevant to our understanding of the mammalian brain may 
have been due to an outdated and incorrect avian brain no-
menclature that pervaded the literature for many years.  In 
this old nomenclature, most avian brain structures ended with 
the term ‘striatum’ (Jarvis et al., 2005; Reiner, 2005; Reiner, 
Yamamoto, & Karten, 2005; Shimizu, 2009). In mammals, 
the striatum consists of the caudate nucleus and the putamen, 
that along with the globus pallidus form a structure known 
as the basal ganglia.  Damage to this region produces a va-
riety of disorders, chief among them are posture and move-
ments disorders (Banich, 1997).  The basal ganglia have also 
been implicated in procedural memory, a low-level type of 
memory that is used for forming habits such as riding a bike 
(Packard, Hirsh, & White, 1989; Squire, 1992).  Because the 
avian brain consisted of a number of structures all that end-
ed with the term ‘striatum’ (e.g., ectostriatum, neostriatum), 
this fuelled the view that the bird’s brain was one complex 
motor system, and that at best birds could engage in a very 
low-level reflexive procedural memory.  Their value as a 
model to understand the neural mechanisms of learning and 
memory, not to mention more complex behavior, at least in 
the eyes of people conducting research with mammals, was 
very limited.  As stated elegantly by Reiner (2005) “…the 
outdated terminology has clearly been an impediment to the 
assimilation of avian brain research findings into the broader 
body of neuroscience findings” (p. 323).   

 The fact is, structures such as the avian ectostriatum and 
neostriatum have nothing whatsoever to do with the striatum 
in mammals.  How then did all structures in the avian brain 
come to be labelled with the ‘striatum’ misnomer?  The his-
tory of this issue was elegantly reviewed by Reiner (2005).  
Briefly, the telencephalon of mammals is characterized by 
two main cytoarchitectural regions, an outer six-layered 
cell region with dendrites arranged in an ascending fashion 
called the neocortex, and an inner region composed of uni-
formly distributed cells with dendrites arranged in a radial 
fashion called the basal ganglia.  Inspection of the avian 
telecephalon, especially with the techniques available at the 
turn of the 20th century, revealed no layering of cells, but 
rather one region more similar in appearance to the basal 
ganglia of mammals.  Hence, the avian telencephalon was 
viewed as one large hypertrophied basal ganglia, a view that 
fit perfectly with the perception at the time that birds were 
not terribly smart creatures.   

 Over the past 20 years, however, our view of the cognitive 
abilities of birds has changed dramatically.  Birds are now 
seen to posses an amazing repertoire of cognitive abilities 
such as transitive inference (Paz-y-Miño, Bond, Kamil, & 
Balda, 2004), tool use (Weir, Chappell, & Kacelnik, 2002), 
as well as a highest form of memory known as episodic 
memory (Clayton & Dickinson, 1998).  And these amazing 
abilities are not restricted to members of the corvid family.  
Pigeons also have been shown to perform as well as mon-
keys on tasks of concept formation (Colombo et al., 2003; 
Wright, 1997), and serial-order knowledge (Scarf & Co-
lombo, 2010, 2011; Terrace, 1987; Wright, Santiago, Sands, 
Kendrick, & Cook, 1985).  These behavioral findings, along 
with modern histochemical techniques that indicate that the 
avian telencephalon is in fact pallial (i.e., cortical) but orga-
nized with a nuclear rather than laminar architecture (Karten 
& Shimizu, 1989), has prompted a reconsideration of avian 
brain nomenclature.  In July of 2002, the Avian Brain No-
menclature Forum was held at Duke University, and a re-
vised nomenclature for the avian brain was put forth (Jarvis 
et al., 2005; Reiner et al., 2004).  The key notion to emerge 
from this meeting was that the avian brain consists of a large 
amount of pallial tissue of which a major fraction is homolo-
gous to the cortex of mammals.  As a result, most of the 
‘striatum’ terms were discarded and replaced with the more 
accurate 'pallial' terms.     

 Armed with a far more accurate nomenclature, it remains 
for avian neuroscientists now to convince mammalian neuro-
scientists that the avian brain is an excellent model in which 
to study the neural basis of learning and memory. More im-
portantly, it is critical for neuroscientists studying the avian 
brain to not just show that the same mechanisms that are 
present in the mammalian brain are present in the avian 
brain, but that avian neuroscience studies can make contri-
butions in their own right that further our understanding of 
mammalian brain function.  The neuroscience research that 
my colleagues and I have been engaged in over the past 20 
years has been one small step in that direction.
  

Avian Hippocampal Studies

 Basic Findings.  Does damage to the hippocampus in 
birds cause the same constellation of deficits as damage to 
the hippocampus in mammals?  It had been known for some 
time that spatial problems are common following hippocam-
pal lesions in rats (Olton, Becker, & Handelmann, 1979) and 
humans (Milner, 1965).  In some of the early avian stud-
ies exploring this issue, Bingman and colleagues had shown 
that damage to the hippocampus impairs certain aspects 
of homing in pigeons (Bingman, Ioale, Casini, & Bagnoli, 
1990; Bingman & Yates, 1992), and Sherry and Vaccarino 
(1989) had shown that hippocampal lesions caused disrup-
tions in memory for food caches in black-capped chicka-
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(Mumby & Pinel, 1994). Thus, what was initially perceived 
as evidence that the avian hippocampus had a different func-
tion to the mammalian hippocampus rapidly became an ex-
ample of how the avian and mammalian hippocampi shared 
a similar function: damage to the hippocampus of both spe-
cies impaired performance on spatial tasks but caused no 
impairments on visual memory tasks.  Over the subsequent 
years, this similarity of function was extended to a variety of 
tasks, both those impaired by damage to the hippocampus as 
well as those not impaired by hippocampal damage.  With 
respect to tasks not impaired, damage to the hippocampus in 
mammals and birds has little or no effect on acquisition or 
retention of procedural or habit tasks (Packard et al., 1989) 
such as simple visual discriminations, complex visual dis-
criminations, or concurrent discriminations (Alvarez et al., 
1995; Colombo, Broadbent, Taylor, & Frost, 2001; Colom-
bo, Cawley, & Broadbent, 1997a).  With respect to tasks that 
are impaired, damage to the hippocampus in mammals and 
birds significantly impairs performance on a variety of navi-
gation tasks (Maguire, Frackowiak, & Frith, 1997; Pearce, 
Roberts, & Good, 1998; Bingman & Yates, 1992), as well as 
tasks such as the radial-arm maze and water maze tasks used 
with rats, and analogues of these tasks used with pigeons 
(Colombo et al., 1997a; Fremouw, Jackson-Smith, & Kes-
ner, 1997; Morris, 1984; Olton & Samuelson, 1976).

 The similarity in the consequences of hippocampal lesions 
in mammals and birds extends to more subtle effects as well.  
For example, within the spatial domain, it is interesting that 
although rats with hippocampal lesions are impaired on the 
radial-arm maze task in that they take longer to learn the task 
than controls, they do eventually learn the task.  It appears, 
however, that their method of solution is different to that of 
control animals: while control animals adopt a nonstereo-
typic response strategy of entering arms in a random fashion, 
hippocampal rats solve the maze by adopting stereotypic re-
sponse strategies, such as exiting from an arm and entering 
the next arm to the right, a strategy that achieves success 
without requiring spatial memory of which arms have been 
visited.  It appears hippocampal pigeons also adopt stereo-
typic response strategies in solving mazes.  Colombo et al. 
(2001) trained pigeons on a radial-arm maze analogue task 
and showed that, like in rats, although hippocampal pigeons 
were significantly slower to learn the maze task than con-
trols, they were eventually able to learn the task.  Colombo 
et al. (2001) then analyzed the paths the control and hippo-
campal animals performed over the two criterial acquisition 
days and found that compared to control pigeons, hippocam-
pal pigeons had a greater tendency to follow the same paths 
from one criterial day to the next (Figure 3).  Thus, like rats 
with hippocampal damage, hippocampal pigeons adopted 
stereotypic response strategies in the solution of a maze task. 

 Outside of the spatial domain, we have also noticed that 

hippocampal birds show less fear and/or are less distract-
ible than control birds (Broadbent & Colombo, 2000), a 
finding in line with what has been shown in rats (Kaplan, 
1968; Raphelson, Isaacson, & Douglas, 1965; Wickelgren 
& Isaacson, 1963).  In fact, despite nearly two decades of 
research by ourselves and others (Good & Macphail, 1994; 
Hampton & Shettleworth, 1996), we have encountered only 

Figure 3.  Paths taken by control (A) and hippocampal 
(B) animals on the first (top) and second (bottom) criterial 
days on acquisition of a radial-arm maze analogue task.  
The task was conducted on an elevated table.  The circles 
represent cups on a table that hid food, and the arrows 
represent the paths taken by one representative control and 
one representative hippocampal animal.  The animals were 
trained until they satisfied a criterion of two consecutive 
days with no more than three errors.  An error was defined 
as revisiting a cup that had already been visited.  Notice that 
for the control animal the paths taken on the first and second 
criterial days are very different, whereas for the hippocampal 
animal there is perfect overlap. C, a correct path that leads 
to a cup not yet visited; E, an incorrect path (error) in which 
the subject revisits a cup already visited.  Adapted from “The 
role of the avian hippocampus in orientation in space and 
time,” by M. Colombo, N. J. Broadbent, C. S. R. Taylor, & 
N. Frost, 2001, Brain Research, 919, p. 292-301. Copyright 
2001 by Elsevier Limited.  Adapted with permission.

ducted in pigeons, however, data began to emerge that the 
visual memory impairments noted after hippocampal dam-
age in monkeys may have been due to damage to the tissue 
adjacent to the hippocampus rather than the hippocampus it-
self.  When Mishkin (1978) originally developed his animal 
model of human amnesia, his monkeys received lesions to 
the hippocampus (H), the tissue adjacent to the hippocampus 
(+), the amygdala (A), and the tissue adjacent to the amgy-
dala (another +).  This lesion, called the H+A+ lesion, was 
intended to replicate the damage sustained by the classic am-
nestic patient HM, who received bilateral resection of con-
siderable portions of his medial temporal lobe.  Indeed, like 
HM and other amnestics with similar damage, monkeys with 
H+A+ lesions show severe visual memory impairments, ex-
pressed as steeper retention functions on the DNMS task 
(H+A+ lesion; Figure 2A).  An impairment almost as severe 
as that following H+A+ lesions, however, can be obtained 
by damaging the hippocampus, the tissue adjacent to the hip-
pocampus, and the tissue adjacent to the amygdale (H++ le-
sion; Figure 2A; Zola-Morgan, Squire, Clower, & Rempel, 
1993).  Indeed, impairments equally as severe as those seen 
following H+A+ and H++ lesions can be obtained by dam-

aging just the tissue adjacent to the hippocampus and amyg-
dale (++ lesion; Figure 2A; Zola-Morgan, Squire, Amaral, 
& Suzuki, 1989), a finding that seriously called into ques-
tion whether the hippocampus was important at all for visual 
memory.  

 Although the visual memory impairments following ++ 
lesions challenged the role of the hippocampus in visual 
memory, final proof of this came about when a surgical tech-
nique was devised that would permit resection of the hip-
pocampus without incurring damage to the adjacent tissue 
(Alvarez, Zola-Morgan, & Squire, 1995).  Under these con-
ditions, monkeys with damage restricted to the hippocampus 
show almost no impairment in visual memory (Figure 2B), 
and the small impairment seen at the long delay was later at-
tributed to an artefact of the testing procedure (Nadel, 1992, 
1994).  In sum, damage to the hippocampus in monkeys does 
not seem to impair visual memory performance.

 The fact that the visual memory impairments seen in mon-
keys can be attributed to extrahippocampal damage rather 
than hippocampal damage appears to be true also for hu-
mans (Zola-Morgan, Squire, & Amaral, 1986) and rats 

Figure 2.  Visual memory performance following extensive hippocampal lesions in monkeys (A), restricted hippocampal 
lesions in monkeys (B), and hippocampal lesions in pigeons (C). The dashed line represents chance levels of performance.  C: 
normal unoperated animals; H: hippocampus; H++: hippocampus and tissue adjacent to the hippocampus and amygdala; 
H+A+: hippocampus, amygdala, and tissue adjacent to both these regions; ++: tissue adjacent to the hippocampus and 
amygdala.  Adapted from “Is the avian hippocampus a functional homologue of the mammalian hippocampus?,” by M. 
Colombo and N. Broadbent, 2000, Neuroscience and Biobehavioral Reviews, 24, p. 465-484. Copyright 2000 by Elsevier 
Limited.  Adapted with permission.
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the CS on fewer trials than control birds (Figure 4B) and/or 
exhibit fewer overall pecks to the CS across a session (Fig-
ure 4C).  It is interesting to note that, opposite to the general 
trend of first being discovered in mammals, the autoshaping 
deficit was first noted in pigeons and only later confirmed in 
mammals (Good & Honey, 1991; Figure 4A).

 We have recently turned our attention to understanding the 
nature of the autoshaping deficit in the hope that this will 
shed light on the functions of the mammalian  hippocampus.  
Our view is that understanding the source of these simpler 
deficits is more likely to explain why hippocampal animals 
are impaired on more complex tasks such as transitivity.  We 
are currently examining whether the failure of the hippo-
campal animals on the autoshaping task lies in a failure of 
detecting contingencies, reward processing, or navigation to 
points in space.  The point is that, armed with the knowl-
edge that the avian hippocampus has the same function as 
the mammalian hippocampus, we can explore the role of the 
avian hippocampus with confidence that our results will be 
relevant for understanding mammalian hippocampal func-
tion.

Avian NCL Studies

 The Avian NCL: Analogue of the Mammalian PFC?   
The nidopallium caudolaterale (NCL) is a multimodal tel-
encephalic region situated in the posterior pallium of birds 
(Waldmann & Güntürkün, 1993; Figure 5).  Divac and 
colleagues were the first to suggest that the NCL may cor-
respond to the mammalian prefrontal cortex (Divac, Mo-
gensen, & Björklund, 1985; Mogensen & Divac, 1982), an 
area involved in the executive control of behavior in pri-
mates (Miller & Cohen, 2001), and an area that is the focus 
of much current mammalian research.  Anatomically, there 
is considerable correspondence between the NCL and the 
PFC.  Both are considered the main integrative areas of the 
brain, receiving sensory information and translating that in-
formation into action.  For example, both the NCL and PFC 
receive projections from visual, auditory, and somatosen-
sory areas, and both project to motor and limbic areas of the 
brain (Jones & Powell, 1970; Kröner & Güntürkün, 1999).  
In addition, both the NCL and the PFC are densely innervat-
ed by midbrain dopaminergic fibers (Divac et al., 1985; Di-
vac, Björklund, Lindvall, & Passinghman, 1978; Güntürkün, 
2005b).  Naturally, given 300+ million years of independent 
evolution, there are going to be some anatomical differenc-
es.  For example, in primates, the mediodorsal (MD) nucleus 
of the thalamus projects to the PFC (Giguere & Goldman-
Rakic, 1988), whereas in birds the thalamic projection to the 
NCL, the nucleus dorsolateralis posterior thalami (DLP), 
does not share the same afferent and efferent connectional 
patterns as the MD (Csillag & Montagnese, 2005).  Despite 
the different connectional patterns, the DLP does seem to 

have the same functions as the MD (Güntürkün, 1997a).

 The behavioral consequences of damage to the NCL are 
also similar to the effects of damage to the PFC.  For ex-
ample, damage to the NCL and PFC result in impairments 
on delayed alternation and pattern-reversal tasks while spar-
ing performance on simultaneous visual discriminations and 
basic sensory processes (Fuster, 1997; Güntürkün, 1997a; 
Hartmann & Güntürkün, 1998; Mogensen & Divac, 1982, 
1993). In addition, blockade of D1 receptors in the NCL and 
the PFC cause impairments on tasks sensitive to NCL and 
PFC damage (Güntürkün, 2005a, 2005b).  In short, the evi-

Figure 5.  Lateral (A) and dorsal (B) view of the pigeon 
brain. The dark area marks the location of the NCL. Adapted 
from “Delay activity in avian prefrontal cortex – sample code 
or reward code?,” by R. Browning, J. B. Overmier, and M. 
Colombo, 2011, European Journal of Neuroscience, 33, p. 
726-735. Copyright 2011 by John Wiley and Sons.  Adapted 
with permission.

two instances in which damage to the hippocampus in pi-
geons produces an impairment different to that produced 
by damage to the hippocampus in mammals.  In both these 
cases, however, there are either inconsistencies within the 
mammalian literature itself concerning whether hippocam-
pal lesions cause impairments (Bingman, Strasser, Baker, & 
Riters, 1998; see Colombo & Broadbent, 2000, for a review 
of the inconsistencies in the mammalian studies), or the ex-
act task used with pigeons (Strasser, Ehrlinger, & Bingman, 
2004) has never been examined in hippocampal mammals, 
so it is unknown whether they would be impaired.  In fact, 
the similarity in findings between the avian and mammalian 
hippocampus prompted Colombo and Broadbent (2000) to 
suggest that the avian hippocampus is a functional homo-
logue (i.e., an analogue) of the mammalian hippocampus, 
and further proclaim that “despite 300 million years of in-
dependent evolution, there are no degrees of freedom in the 
evolution of hippocampal function” (p. 480).  

 Future Directions.  The fact that the avian hippocam-
pus is an analogue of the mammalian hippocampus makes 
it possible to now use the avian hippocampus as a model to 
understand mammalian hippocampal function.  Several the-
ories have been advanced concerning the role of the hippo-
campus, ranging from the initial view that the hippocampus 
was important for memory in general (Mishkin, 1982), fol-

lowed by refinements that it was important only for declara-
tive memories (Squire, 1992), then configural processing of 
information (Rudy & Sutherland, 1989, 1995), to the more 
recent view that the hippocampus is important for represen-
tational flexibility (Eichenbaum, Otto, & Cohen, 1994). All 
these theories share the same underlying theme that the hip-
pocampus fulfils an important role in ‘cognitive’ behavior.  
For example, Eichenbaum and colleagues believe that the 
hippocampus is important for the ability to make transitive 
(logical) judgements (Bunsey & Eichenbaum, 1996).   

 In contrast to ‘cognitive’ theories of hippocampal function, 
other theories view the hippocampus as having a much sim-
pler role in behavior.  According to these theories, damage 
to the hippocampus causes impairments in response inhibi-
tion and perseveration (Douglas, 1967; Gray, 1982; Gray & 
McNaughton, 1983; Kimble, 1968), and it is these ‘simpler’ 
impairments that underlie the ‘cognitive’ deficits seen after 
hippocampal lesions.  We have also noted failures in hip-
pocampal birds that don’t fall into the traditional memory-
based or cognitive-based theories of hippocampal function.  
One such impairment is the autoshaping deficit.  A number 
of investigators have noticed that hippocampal pigeons are 
slower to acquire an auto-shaped response (Reilly & Good, 
1989; Good & Macphail, 1994; Richmond & Colombo, 
2002).  Operationally, birds with hippocampal lesions peck 

Figure 4.  Autoshaping performance by rats (A) and pigeons (B and C).  Panels A and B show the autoshaping impairment 
expressed as a percentage of trials with a response to the CS, whereas panel C shows the impairment expressed in terms 
of overall responses to the CS. Adapted from “Is the avian hippocampus a functional homologue of the mammalian 
hippocampus?,” by M. Colombo and N. Broadbent, 2000, Neuroscience and Biobehavioral Reviews, 24, p. 465-484. 
Copyright 2000 by Elsevier Limited.  Adapted with permission.
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delay period.  In contrast, when the animals were instructed 
to forget the sample stimulus, the neural activity in the cue 
and delay periods returned to baseline (ITI) levels.

 Figure 8A shows the activity on remember and forget trials 
averaged across all the memory neurons encountered in the 
study.  Clearly, across all the memory neurons in the NCL, 
the remember cue resulted in an increase in activity in the 
cue period that persisted undiminished in the delay period, 
whereas the forget cue resulted in activity rapidly returning 
to baseline levels.  We concluded that the increased delay ac-
tivity represented a neural code of the animal remembering 
the sample stimulus, and the decrease in activity to baseline 
levels on forget trials indicated that the pigeons were forget-
ting the sample stimulus.  However, just because we told 
the animals to ‘forget’ the sample stimulus, and just because 
there was only baseline-level activity in the delay following 

the forget cue, it doesn’t necessarily follow that the birds 
were forgetting the sample stimulus.  In order to test whether 
the animals were forgetting the sample stimulus, on occasion 
we delivered forget-probe trials in which we presented the 
forget cue but then presented the animals with the memory 
test (Figure 6C).  As is shown in Figure 8B, performance on 
forget-probe trials was no different from chance (50%), a 
finding that supports the idea that the forget cue was indeed 
instructing the animals to forget the sample stimulus. 

 The notion that the enhanced delay activity and the abol-
ished delay activity represented remembering and forget-
ting the sample stimulus, respectively, is not the only pos-
sible explanation for the different levels of delay activity 
on remember and forget trials.  Rose and Colombo (2005) 
also raised the possibility that the differential delay activity 
might be related to reward.  On remember trials, not only is 

Figure 7.  Examples of three NCL neurons from three different birds. The left panel shows performance across remember 
trials, whereas the right panel shows the performance of the same neurons on forget trials.  On remember trials, there is 
sustained activation in the cue and delay periods. On forget trials, the sustained activation is abolished.  The binwidth is 50 
ms.  The vertical dashed lines separate the different periods of the task.  ITI, intertrial interval; S, sample period.  Adapted 
from “Neural correlates of executive control in the avian brain?,” by J. Rose and M. Colombo, 2005, PLoS Biology, 3, p. 
1139-1146. Copyright 2005 by Public Library of Science.  Adapted with permission.

dence suggests that the NCL is clearly an analogue of the 
PFC.  

 Memory Neurons.  Fuster and Alexander (1971) report-
ed that some cells in the monkey’s prefrontal cortex fired 
not when the animals were looking at a stimulus, but rather 
during the delay period when the animal presumably was 
remembering the stimulus.  Such ‘memory’ cells have now 
been found in a number of brain regions including the visual 
cortex, auditory cortex, and hippocampus, as well as in a 
number of species such as monkeys, rats, and humans (for 
a review see Colombo & Gross, 1994; Sakurai, 1990).  The 
prevailing view is that the enhanced activity during the delay 
period represents active maintenance of the stimulus, that 
is, a neural correlate of the to-be-remembered stimulus (Co-
lombo & Gross, 1994; Fuster & Jervey, 1982; Miyashita & 
Chang, 1988).  With respect to pigeons, memory cells have 

the animals to remember and forget the sample stimulus, 
something that had not been investigated in any species at 
that time.  Rose and Colombo (2005) trained pigeons on a 
directed forgetting (Maki, 1981) version of a delayed match-
ing-to-sample task (Figure 6).  Following pecks to the sam-
ple stimulus, the animals heard either a 2-sec high-frequency 
remember cue or a 2-sec low-frequency forget cue.  The cue 
period was followed by a 3-sec delay period.  On remember 
trials (Figure 6A), after the delay period there was a mem-
ory test in which the subjects were shown two comparison 
stimuli and had to respond to the comparison stimulus that 
had appeared as the sample stimulus.  A correct response 
resulted in a reward followed by the intertrial interval (ITI) 
and the next trial.  On forget trials (Figure 6B), at the end of 
the delay period there was no test, and following the ITI the 
next trial began.  Effectively, the remember cue instructed 
the birds to remember the sample stimulus, whereas the for-

Figure 6.  Sequence of events on remember trials (A), forget trials (B), and forget-probe trials (C).  The three horizontally 
arranged circles represent the projectors on which the stimuli were displayed.  During the cue and delay periods, the 
projectors were turned off.  ITI, intertrial interval.  The reward consisted of grains of wheat.  Adapted from “Neural 
correlates of executive control in the avian brain?,” by J. Rose and M. Colombo, 2005, PLoS Biology, 3, p. 1139-1146. 
Copyright 2005 by Public Library of Science.  Adapted with permission

been found in the entopallium, an area functionally similar 
to higher-order visual cortex in mammals (Colombo, Frost, 
& Steedman, 2001), as well as in the NCL (Diekamp, Kalt, 
& Güntürkün, 2002).  

 In primates, the PFC is believed to be involved in the ex-
ecutive control of behavior, and one manifestation of execu-
tive control is the ability to filter information, in other words, 
retain that which is important and discard that which is not 
(Smith & Jonides, 1999).  We wondered whether delay ac-
tivity in pigeons could be turned on and off by instructing 

get cue instructed the birds to forget the sample stimulus.  A 
session consisted of an intermixed number of remember and 
forget trials.

 Figure 7 shows examples of three delay cells recorded 
from the NCL of three different birds.  Shown in the figure 
is the activity of a neuron on both remember (left) and for-
get (right) trials.  The pattern is roughly the same across the 
three neurons.  When the animals were instructed to remem-
ber the sample stimulus, there was a sustained level of activ-
ity in the cue period that persisted into and throughout the 
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Figure 9.  Sequence of events on red-remember trials (A), white-remember trials (B), red-forget trials (C), white-forget 
trials (D), red-forget-probe trials (E), and white-forget-probe trials (F). The three horizontally arranged circles represent 
the projectors on which the stimuli were displayed. During the cue and delay periods, the projectors were turned off. ITI, 
intertrial interval.  The reward consisted of grains of wheat.  Adapted from “Delay activity in avian prefrontal cortex – 
sample code or reward code?,” by R. Browning, J. B. Overmier, and M. Colombo, 2011, European Journal of Neuroscience, 
33, p. 726-735. Copyright 2011 by John Wiley and Sons.  Adapted with permission.

Figure 10.  The population response profile of NCL memory cells on red-remember, white-remember, red-forget, and 
white-forget trials (A), and performance on the remember and forget-probe trials averaged across all the birds in the study 
(B). The vertical lines in panel A separate the different periods of the task.  ITI, intertrial interval; S, sample period; R, 
remember trials; F, forget-probe trials.  Adapted from “Delay activity in avian prefrontal cortex – sample code or reward 
code?,” by R. Browning, J. B. Overmier, and M. Colombo, 2011, European Journal of Neuroscience, 33, p. 726-735. 
Copyright 2011 by John Wiley and Sons.  Adapted with permission.

the animal being told to remember, but the remember cue is 
also instructing the animal that the opportunity for a reward 
is upcoming (Figure 6).  The forget cue, on the other hand, 
clearly instructs the animal that no reward will be available.  
Thus, although the heightened and abolished delay activity 
may represent a neural code of remembering and forgetting 
the sample stimulus, respectively, it could also represent a 
neural code of the opportunity to received a reward (remem-
ber trials) and no opportunity to receive a reward (forget tri-
als).

 We next pursued the issue of whether the delay activity 
represented a sample code or reward code by combining a 
differential-outcomes procedure with a directed-forgetting 
procedure (Browning, Overmier, & Colombo, 2011).  The 
structure of the task is shown in Figure 9.  As in the previ-
ous studies, the high-frequency cue indicated that the sample 
should be remembered, and the low-frequency cue indicated 
that the sample could be forgotten.  In contrast to the previ-
ous procedure, however, in the differential-outcomes proce-
dure a correct response on red remember trials resulted in a 
reward (Figure 9A), whereas a correct response on white re-
member trials was followed by no reward (Figure 9B).  The 

Figure 8.  The population response profile of NCL memory cells on the remember and forget trials (A), and performance on 
the remember and forget-probe trials averaged across all the birds in the study (B). The vertical lines in panel A separate the 
different periods of the task.  ITI, intertrial interval; S, sample period; R, remember trials; F, forget-probe trials.  Adapted 
from “Neural correlates of executive control in the avian brain?,” by J. Rose and M. Colombo, 2005, PLoS Biology, 3, p. 
1139-1146. Copyright 2005 by Public Library of Science.  Adapted with permission.

key was that on both red and white remember trials the ani-
mal had to remember the sample, yet only one stimulus, red, 
was associated with the possibility of an upcoming reward.

 The reasoning behind the experiment was as follows.  If 
delay activity occurred following both red and white re-
member trials, then the delay activity must be related to the 
sample and not the reward, because both red and white trials 
share the same feature of requiring memory of the sample 
stimulus.  On the other hand, if delay activity occurred fol-
lowing red remember trials and not white remember trials, 
then the delay activity must represent a reward code, because 
only the red trials are followed by the opportunity to gain a 
reward.  Browning et al. (2011) found that delay activity oc-
curred on red remember trials but not on white remember tri-
als, thus supporting the idea that delay activity was a reward 
code (Figure 10A).  Probe tests confirmed that the animals 
were forgetting on forget trials (Figure 10B).

 While the data to date suggest that the delay activity we 
observed in the NCL represents a reward code rather than a 
sample code, several points must be kept in mind.  First, we 
are not arguing that all delay activity in the NCL (or PFC in 
mammals) represents a reward code, and indeed there is evi-
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dence for the third criterion can be seen in the neural activity 
from block -3 to block +1.  In these two blocks, the delay-
to-reward is the same.  In block -3, the subject is choosing 
the large reward with a 1.5 sec delay, and in block +1, the 
subject is now choosing the small reward, also with a 1.5 sec 
delay.  Yet the neural activity in block -3 is greater than the 
neural activity in block +1, as is predicted by the third crite-
rion that states that for constant delays but different reward 
amounts the neural activity should be greater to the large 
(block -3) rather than the small (block +1) reward.  

 In summary, the NCL neurons integrated reward amount 
and time-to-reward and, as predicted by impulsive choice 
theory, their relative activation level correlated with the pi-
geon’s reward preference.  These findings not only shed light 
on impulsive decision making, but might also help in the 
understanding of human conditions that are characterized by 
a decreased ability to wait for a large reward, such as drug 
addiction, gambling, frontal lobe syndrome, and attention 
deficit disorders.    

 Gambling Neurons.  Another recent area of research for 

which pigeons have proven to be an excellent model con-
cerns the neural basis of gambling (Zentall & Stagner, 2011).  
Although gambling can be a harmless leisure activity, there 
is evidence that prolonged involvement in leisure gambling 
can lead to problem gambling and pathological gambling, 
along with which also comes higher rates of suicide, depres-
sion, and substance abuse (Ramirez, McCormick, Russo, & 
Taber, 1983).  Of all the forms of gambling, the one most 
associated with problem and pathological gambling are slot 
machines (Fisher & Griffiths, 1995), most likely because they 
incorporate well-established learning principles (established 
with pigeons) that promote gambling behavior, such as high 
rates of reinforcement and rapid event frequency (Griffiths, 
1999; Skinner, 1953).  So effective are these learning param-
eters that the addiction to slot machines has been likened to 
the addiction to crack-cocaine (Breen & Zimmerman, 2002). 

 Although a large network of structures contribute to gam-
bling behavior in humans, a critical region appears to be 
the frontal lobes.  Damage to the frontal lobes can lead to 
impaired decision-making abilities on gambling tasks (Fel-
lows & Farah, 2005), and fMRI studies have revealed that 

Figure 11.  An example of a neuron coding subjective reward value.  The neuron’s activity is shown for the three blocks 
preceding the preference shift in which the animal was choosing the large reward (A), and in the three blocks following the 
preference shift in which the animal was choosing the small reward (B).  The horizontal dotted line marks the averaged 
baseline spike rate. The grey area delineates the window used for statistical analysis.  Adapted from “Single units in the 
pigeon brain integrate reward amount and time-to-reward in an impulsive choice task,” by T. Kalenscher, S. Windmann, 
B. Diekamp, J. Rose, O. Güntürkün, and M. Colombo 2005, Current Biology, 15, p. 594-602. Copyright 2005 by Elsevier 
Limited.  Adapted with permission.

dence that some neurons in the PFC (and likely the NCL as 
well) do indeed code for the retention of a sample stimulus 
(Rainer, Asaad, & Miller, 1998).  Rather, what our studies 
have shown is that the long-held belief that delay activity 
represents a neural correlate of the animal remembering the 
sample stimulus is too simplistic, and that delay activity can 
represent codes of different things across different brain re-
gions.  In NCL (or PFC in mammals), delay activity could 
represent either a sample code or a reward code depending 
on the nature of the task.  Indeed the NCL and PFC are ar-
eas that are important for both memory (Miller & Cohen, 
2001; Güntürkün, 2005b) as well as processing information 
related to reward (Watanabe, 1996; Güntürkün, 2005b).  On 
the other hand, our prediction is that in entopallium, an area 
that should be involved in the memory of the sample and not 
reward processing, delay activity should be apparent on both 
red and white remember trials.  These studies are currently 
underway, but again, the main point that we wish to convey 
is that these studies are easily conducted in pigeons, and the 
results are relevant for understanding how information may 
be processed in the mammalian brain.

 Impulsive-Choice Neurons.  Recently, avian neuroscien-
tists have explored the topical area of the neural basis of im-
pulsive choice behavior.  Impulsive choice refers to the pref-
erence for a small immediate reward over a large delayed 
reward.  Such behavior underlies a variety of pathologies in 
humans such as gambling, drug addiction, ADHD, as well as 
general damage to the frontal lobes of the brain (Kalenscher, 
Windmann, Diekamp, Rose, Güntürkün, & Colombo, 2005).  

 In pigeons, the preference for a small immediate reward 
over a large delayed reward is a function of a bird’s subjec-
tive reward value, defined by Mazur (1984) as: 

V=A/(1+yD)

where ‘V’ refers to the subjective reward value, ‘A’ a fixed 
reward amount, ‘D’ the delay to the reward, and ‘y’ a dis-
count factor that determines the slope of the decay function.  
A number of studies in mammals have shown that cells in 
the frontal regions of the brain code for ‘D’ (Brody, Hernan-
dez, Zainos, & Romo, 2003), ‘A’ (Leon & Shadlen, 1999; 
Wallis & Miller, 2003) and ‘V’ (Tremblay & Schultz, 1999).  
We wondered whether cells in the NCL also coded subjec-
tive reward value.  Specifically, if a cell is sensitive to the 
subjective reward value the following criteria should be met:

1. For constant reward amounts but increasing 
delays the subjective reward value and neural 
activity should decrease.

2. For constant delays and reward amounts the 
subjective reward value and neural activity 

should remain constant.

3. For constant delays but different reward 
amounts the value of the larger reward, and 
hence the neural activity to it, should be greater 
than the value of the smaller reward and the 
neural activity to it.

 Kalenscher et al. (2005) trained birds on a delayed-reward 
choice paradigm in which they had a choice between two re-
sponse keys, one that delivered a small reward (2 sec access 
to food) after 1.5 sec, and the other that delivered a large re-
ward (4 sec access to food).  Initially the delay-to-reward for 
the large reward was also set at 1.5 sec, and naturally under 
these circumstances the bird pecked the key that delivered 
the large reward after 1.5 sec than the key that delivered a 
small reward after 1.5 sec.  Throughout the session, how-
ever, the delay-to-reward for the large reward increased, and 
at some point the pigeons showed a preference shift to the 
small immediate reward over the large delayed reward.    

 An example of a cell that integrated reward amount and 
delay-to-reward, that is, was modulated by subjective re-
ward value, is shown in Figure 11.  The left panel shows 
the neural activity across the last three blocks of trials prior 
to the subject’s preference shift, in other words, the three 
blocks in which the animal selected the large immediate 
reward over the small immediate reward.  The right panels 
shows the neural activity for the first three blocks of trials af-
ter the preference shift, that is, when the delay was increased 
to a point where the animal now chose the small immedi-
ate reward over the large delayed reward.  The figures show 
neural activity during the first 1500 msec of the delay period, 
and for our analysis we examined a window of 500 msec 
from 1000 to 1500 msec after the start of the delay (the area 
shaded). 

 The neuron shown in Figure 11 satisfies the previously 
mentioned criteria to be classified as encoding subjective re-
ward value.  With respect to the first criterion, in the three 
blocks before a preference shift the subject was always 
choosing the large reward, but as the delay increased from 
block -3 to -2 to -1 and the subjective reward value therefore 
decreased, the neural activity also decreased (Figure 11A, 
shaded area).  With respect to the second criterion, in the 
three blocks following the preference shift when the animal 
was always selecting the small immediate reward, the sub-
jective value remains the same, and so does the neural activ-
ity across blocks 1, 2, and 3 (Figure 11B, shaded area).  

 The fact that the neuron is modulated by delay-to-reward 
amount (first criterion) and not modulated when the delay is 
constant (second criterion) satisfies 2 of the 3 criteria to be 
classified as a cell that codes subjective reward value.  Evi-
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We would argue that playing a slot machine is not a cogni-
tively demanding task, and that the ability to appreciate that 
four identical stimuli result in a reward, and that the first 
nonidentical stimulus results in no reward, is well within the 
cognitive repertoire of all vertebrates. The only parametric 
data that would allow us to compare human and pigeon slot-
machine behavior is that humans show an increase in latency 
to initiate the next trial following a rewarded (compared to 
nonrewarded) outcome (Schreiber & Dixon, 2001).  We not-
ed the exact same latency increase in our pigeons: latency to 
initiate the next trial was significantly longer after rewarded 
than nonrewarded outcomes.  Outside the domain of slot 
machines, it is interesting that recent studies in birds have 
shown that they engage in gambling-like behavior (Zentall 
& Stagner, 2011).  

 Previous electrophysiological studies with animals have 
shown that neurons in the frontal lobe are sensitive to ele-
ments that underlie gambling behavior, such as risky deci-
sions, reward prediction and expectancy, as well as impend-
ing reward size and type.  No study, however, had examined 
neural activity while subjects are actually engaged in a gam-
bling task.  We showed that neurons in the NCL show cor-

relates of aspects of slot machine behavior, such as the im-
pending approach of a reward, as well as whether the subject 
won or lost.  Such a pigeon model of slot machine gambling 
may pave the way for studying disorders of impulse control 
and their effective treatments in humans.

Conclusions

 We have reviewed a number of studies on the neural basis 
of learning and memory in pigeons.  These studies, of course, 
represent far less than the proverbial tip of the iceberg of 
avian neuroscience research.  Studies on the avian brain 
have explored such diverse topics as neurogenesis (Barnea 
& Nottebohm, 1994), synaptic plasticity (Wieraszko & Ball, 
1993), the role of immediate early genes (Brito, Britto, & 
Ferrari, 2006), neural synchronicity (Kirsch & Güntürkün, 
2005), motion detection (Wang & Frost, 1992), as well as 
the neural basis of choice behavior (Kalenscher, Diekamp, 
& Güntürkün, 2003), lateralization (Güntürkün, 1997b), and 
birdsong (Konishi, 1994; Nottebohm, 1991), to name but a 
few areas of research.  Yet despite the wide range of inter-
esting studies, few have managed to incorporate themselves 
into the mammalian literature.  The reason for this lies most 
likely with what was an outdated nomenclature that viewed 
the avian brain as consisting of non-cortical structures, and 
therefore unlikely to support ‘cognitive’ behaviors and con-
tribute to our understanding of the richness of mammalian 
brain function.  Over the past twenty years our understand-
ing of avian cognition has changed dramatically, and birds, 
even pigeons, are now seen to posses an amazing repertoire 
of abilities, on par with those of mammals.  In line with this 
new understanding of avian cognition comes a revised no-
menclature for the avian brain that highlights its similarities 
to the mammalian brain.  As a result of the behavioral and 
anatomical advances, avian neuroscience has never had a 
better platform from which to advance our understanding of 
the complexities of the mammalian brain.

 Finally, it is important to comment on an issue central 
to those of us conducting comparative cognition work.  
Macphail (1985) argued not too long ago that we have to 
accept the null hypothesis and conclude that there are no 
differences in intelligence, either qualitative or quantitative, 
across vertebrates.  While this debate still rages on, it is now 
clear that abilities that we thought were the exclusive do-
main of primates are no longer.  The fact that pigeons can 
engage in mirror recognition (Epstein, Lanza, & Skinner, 
1981), executive control (Rose & Colombo, 2005), impul-
sive decision making (Kalenscher et al., 2005), and gam-
bling (Scarf et al., 2011), and that we can study the neural 
basis of these behaviors in pigeons, should lead to a deeper 
understanding of the neural mechanisms that underlie such 
behavior in primates.  Similarly, when you show that the pi-
geon’s hippocampus is in every respect an analogue of the 

Figure 14.  An example of an I-Lost neuron.  The activity 
drops the moment it becomes apparent that no reward 
will be delivered.  Adapted from “Brain cells in the avian 
‘prefrontal cortex’ code for features of slot-machine-like 
gambling,” by D. Scarf, K. Miles, A. Sloan, N. Goulter, M. 
Hegan, A. Seid-Fatemi, D. Harper, and M. Colombo, 2011, 
PLoS ONE, 6, p. 1-7. Copyright 2011 by Public Library of 
Science.  Adapted with permission.

decision-making under uncertainty, high reward, and high-
risk situations, all aspects of gambling behavior, result in ac-
tivation of various regions of the frontal lobe (Fukui, Murai, 
Fukuyama, Hayashi, & Hanakawa, 2005; Gehring & Wil-
loughby, 2002).  Similarly, single neurons in the prefrontal 
cortex of monkeys code for the type or magnitude of an ex-
pected reward (Watanabe, 1996), and the economic value of 
a stimulus (Padoa-Schioppa & Assad, 2006), conditions also 
required for gambling behavior.

 Despite the recent surge in interest in studies examining 
aspects of reward and risk-taking behavior, no study had yet 
examined the responses of single neurons in experimental 
animals actually playing a slot machine task.  We decided 
to examine how neurons in the pigeon’s brain behave while 
they played a slot machine task similar in many ways to a 
slot machine at any casino (Scarf et al., 2011).  Our slot ma-
chine had an upwards pointing “arm” that when pecked as-
sumed a downwards position and activated four tumblers.  
The pigeons pecked at each tumbler to stop its motion, and 
if the four tumblers displayed four identical stimuli the bird 
received a wheat reward. 

 We recorded from NCL neurons and were able to identify 
three neural correlates of slot machine gambling.  Reward-
Proximity neurons showed a significant linear increase or 

decrease in activity as each successive tumbler displayed 
an identical stimulus and the opportunity for a reward drew 
near (Figure 12).  These same neurons showed no linear 
trend when the tumblers displayed a nonrewarded outcome.

 We also noted what we called I-Won and I-Lost neurons.  
I-Won neurons showed activation only to a stimulus on the 
fourth and final tumbler, and only when the four tumblers 

Figure 12.  An example of a Reward-Proximity neuron. 
The neuron shows a steady increase in firing on rewarded 
trials as the opportunity of a reward draws near.  Adapted 
from “Brain cells in the avian ‘prefrontal cortex’ code for 
features of slot-machine-like gambling,” by D. Scarf, K. 
Miles, A. Sloan, N. Goulter, M. Hegan, A. Seid-Fatemi, 
D. Harper, and M. Colombo, 2011, PLoS ONE, 6, p. 1-7. 
Copyright 2011 by Public Library of Science.  Adapted with 
permission.

Figure 13.  An example of an I-Won neuron. The activity on 
the first three tumblers is no different to baseline activity, 
but activity to the fourth identical stimulus results in an 
increase in activity. Adapted from “Brain cells in the avian 
‘prefrontal cortex’ code for features of slot-machine-like 
gambling,” by D. Scarf, K. Miles, A. Sloan, N. Goulter, M. 
Hegan, A. Seid-Fatemi, D. Harper, and M. Colombo, 2011, 
PLoS ONE, 6, p. 1-7. Copyright 2011 by Public Library of 
Science.  Adapted with permission.

displayed a winning combinations (i.e., four of a kind).  An 
example of an I-Won neuron is shown in Figure 13.  These 
neurons did not fire to any stimuli displayed on the first three 
tumblers, nor did they fire to a fourth stimulus on nonre-
warded combinations.

 In contrast to I-Won neurons, I-Lost neurons either sig-
nificantly increased or decreased their activity the moment 
it became apparent that the opportunity to obtain a reward 
was no longer available.  An example of an I-Lost neurons is 
shown in Figure 14.  This neuron fired strongly when the op-
portunity of a reward was still possible, but reduced its firing 
rate at the presentation of the first nonidentical stimulus, that 
is, when there was no longer an opportunity to gain reward.

 What is the evidence that a pigeon playing a slot machine 
is a behavioral analogue of a human playing a slot machine?  



Neurophysiological Studies of Learning and Memory 38 Neurophysiological Studies of Learning and Memory 39

ferior temporal cortex and hippocampal neurons dur-
ing delayed matching to sample in monkeys (Macaca 
fascicularis). Behavioral Neuroscience, 108, 443-
455.  doi.org/10.1037/0735-7044.108.3.443

 PMid:7917038
Colombo, M., Swain, N., Harper, D., & Alsop, B. 

(1997b). The effects of hippocampal and area para-
hippocampalis lesions in pigeons: I. Delayed match-
ing to sample. Quarterly Journal of Experimental 
Psychology, 50B, 149-171.

Csillag, A., & Montagnese, C. M. (2005). Thalamo-
telencephalic organization in birds. Brain Research 
Bulletin, 66, 303-310.

 doi.org/10.1016/j.brainresbull.2005.03.020
 PMid:16144606
Diekamp, B., Kalt, T., & Güntürkün, O. (2002). Work-

ing memory neurons in pigeons. Journal of Neurosci-
ence, 22, 1-5.           PMid:11756482

Divac, I., Björklund, A., Lindvall, O., & Passingham, 
R. E. (1978). Converging projections from the me-
diodorsal thalamic nucleus and mesencephalic dopa-
minergic neurons to the neocortex in three species. 
Journal of Comparative Neurology, 180, 59–72.

 doi.org/10.1002/cne.901800105          PMid:649789
Divac, I., Mogensen, J., & Björklund, A. (1985). The 

prefrontal ‘cortex’ in the pigeon. Biochemical evi-
dence. Brain Research, 332, 365-368.

 doi.org/10.1016/0006-8993(85)90606-7
Douglas, R. J. (1967). The hippocampus and behavior. 

Psychological Bulletin, 67, 416-442.
 doi.org/10.1037/h0024599             PMid:4859959
Eichenbaum, H., Otto, T., & Cohen, N. J. (1994). Two 

functional components of the hippocampal memory 
system. Behavioral and Brain Sciences, 17, 449-518.

Epstein, R., Lanza, R. P., & Skinner, B. F. (1981). “Self-
awareness” in the pigeon. Science, 212, 695-696.

 doi.org/10.1126/science.212.4495.695
 PMid:17739404
Fellows, L. K. & Farah, M. J. (2005). Different un-

derlying impairments in decision-making following 
ventromedial and dorsolateral frontal lobe damage in 
humans. Cerebral Cortex, 15, 58-63.

 doi.org/10.1093/cercor/bhh108           PMid:15217900
Fisher, S., & Griffiths, M. D. (1995). Current trends in 

slot machine gambling: Research and policy issues. 
Journal of Gambling Studies, 11, 239–247.

 doi.org/10.1007/BF02104791
Fremouw, T., Jackson-Smith P., & Kesner, R. P. (1997). 

Impaired place learning and unimpaired cue learning 
in hippocampal-lesioned pigeons. Behavioral Neuro-
science, 111, 963-975.

 doi.org/10.1037/0735-7044.111.5.955      PMid:9383517
Fukui, H., Murai, T., Fukuyama, H., Hayashi, T. & 

Hanakawa, T. (2005). Functional activity related to 
risk anticipation during performance of the Iowa 
gambling task. NeuroImage, 24, 253-259.

 doi.org/10.1016/j.neuroimage.2004.08.028
 PMid:15588617
Fuster, J. M. (1997). The prefrontal cortex: Anatomy, 

physiology, and neuropsychology of the frontal lobe, 
3rd ed., Lippincott-Raven, Philadelphia.

Fuster, J. M., & Alexander, G. E. (1971). Neuron activ-
ity related to short-term memory. Science, 173, 652-
654.       doi.org/10.1126/science.173.3997.652

 PMid:4998337
Fuster, J. M., & Jervey, J. P. (1982). Neuronal firing in 

the inferotemporal cortex of the monkey in a visual 
memory task. Journal of Neuroscience, 2, 361-375.

 PMid:7062115
Gehring, W. J., & Willoughby, A. R. (2002). The medi-

al frontal cortex and the rapid processing of monetary 
gains and losses. Science, 295, 2279-2282.

 doi.org/10.1126/science.1066893        PMid:11910116
Giguere, M., & Goldman-Rakic, P. S. (1988). Medio-

dorsal nucleus: areal, laminar, and tangential distri-
bution of afferents and efferents in the frontal lobe of 
rhesus monkeys. Journal of Comparative Neurology, 
277, 195-213.         doi.org/10.1002/cne.902770204

 PMid:2466057
Good, M., & Honey, R. C. (1991). Conditioning and 

contextual retrieval in hippocampal rats. Behavioral 
Neuroscience, 105, 499-509.

 doi.org/10.1037/0735-7044.105.4.499     PMid:1930720
Good, M., & Macphail, E. M. (1994). Hippocampal le-

sions in pigeons (Columba livia) disrupt reinforced 
preexposure but not overshadowing or blocking. 
Quarterly Journal of Experimental Psychology, 47B, 
263-291.

Good, M., & Macphail, E. M. (1994). The avian hippo-
campus and short-term memory for spatial and non-
spatial information. Quarterly Journal of Experimen-
tal Psychology, 47B, 293-317.

Gray, J. A. (1982). The neuropsychology of anxiety: An 
enquiry into the functions of the septo-hippocampal 
system. Oxford: Oxford University Press.

Gray, J. A., & McNaughton, N. (1983). Comparison 

mammalian hippocampus (Colombo & Broadbent, 2000), 
while at the same time structurally totally different (Szekely, 
1999), we must take this into consideration when we devise 
computational models of primate hippocampal function.  In 
short, neurophysiological studies in pigeons have as much to 
contribute as studies in primates to our understanding of the 
workings of the human mind.

References

Alvarez, P., Zola-Morgan, S., & Squire, L. R. (1995). Dam-
age limited to the hippocampal region produces long-last-
ing memory impairment in monkeys. Journal of Neurosci-
ence, 15, 3796-3807.    PMid:7751947

Atoji, Y., & Wild, M. (2006). Anatomy of the avian hippo-
campal formation. Review in the Neurosciences, 17, 3-15.

 doi.org/10.1515/REVNEURO.2006.17.1-2.3
Banich, M. T. (1997). Neuropsychology: The neural basis 

of mental function. Boston: Houghton Mifflin Company.
Barnea, A., & Nottebohm, F. (1994). Seasonal recruitment 

of new neurons in the hippocampus of adult-free-ranging 
black-capped chickadees. Proceedings of the National 
Academy of Sciences USA, 91, 11217-11221.

 doi.org/10.1073/pnas.91.23.11217
Bingman, V. P., Ioale, P., Casini, G., & Bagnoli, P. (1990). 

The avian hippocampus: Evidence for a role in the devel-
opment of the homing pigeon navigational map. Behav-
ioral Neuroscience, 104, 906-911.

 doi.org/10.1037/0735-7044.104.6.906      PMid:2285489
Bingman, V. P., Strasser, R., Baker, C., & Riters, L. V. 

(1998). Paired-associate learning is unaffected by com-
bined hippocampal and parahippocampal lesions in hom-
ing pigeons. Behavioral Neuroscience, 112, 533-540.

 doi.org/10.1037/0735-7044.112.3.533      PMid:9676971
Bingman, V. P., & Yates, G. (1992). Hippocampal lesions 

impair navigational learning in experienced homing pi-
geons. Behavioral Neuroscience, 106, 229-232.

 doi.org/10.1037/0735-7044.106.1.229      PMid:1554434
Breen, R. B. & Zimmerman, M. (2002). Rapid onset of path-

ological gambling in machine gamblers Journal of Gam-
bling Studies, 18, 31-43.

 doi.org/10.1023/A:1016899322780 PMid:12375385
 doi.org/10.1023/A:1014580112648 PMid:12050846
Brito, I., Britto, L. R. G., & Ferrari, E. A. M. (2006). Clas-

sical tone-shock conditioning induces zenk expression 
in the pigeon (Columba livia) hippocampus. Behavioral 
Neuroscience, 120, 353-361.

 doi.org/10.1037/0735-7044.120.2.353
 PMid:16719699
Broadbent, N. J., & Colombo, M. (2000). Visual and spatial 

discrimination behavior following hippocampal lesions in 
pigeons. Psychobiology, 28, 463-475.

Brody, C. D., Hernandez, A., Zainos, A., & Romo, R. (2003). 
Timing and neural encoding of somatosensory parametric 
working memory in macaque prefrontal cortex. Cerebral 
Cortex, 13, 1196-1207.    doi.org/10.1093/cercor/bhg100

 PMid:14576211
Browning, R., Overmier, J. B., & Colombo, M. (2011). De-

lay activity in avian prefrontal cortex - sample code or 
reward code? European Journal of Neuroscience, 33, 726-
735.               doi.org/10.1111/j.1460-9568.2010.07540.x

 PMid:21175883
Bunsey, M., & Eichenbaum, H. (1996). Conservation of hip-

pocamppal memory functions in rats and humans. Nature, 
379, 255-257.   doi.org/10.1038/379255a0  PMid:8538790

Casini, G., Bingman, V. P., & Bagnoli, P. (1986). Con-
nections of the pigeon dorsomedial forebrain studied 
with WGA-HRP and 3H-Proline. Journal of Com-
parative Neurology, 245, 454-470.

 doi.org/10.1002/cne.902450403          PMid:2422224
Clayton, N. S., & Dickinson, A. (1998). Episodic-like 

memory during cache recovery by scrub jays. Nature, 
395, 272-274.     doi.org/10.1038/26216

 PMid:9751053
Colombo, M., & Broadbent, N. (2000). Is the avian hip-

pocampus a functional homologue of the mammalian 
hippocampus? Neuroscience and Biobehavioral Re-
views, 24, 465-484.

 doi.org/10.1016/S0149-7634(00)00016-6
Colombo, M., Broadbent, N. J., Taylor, C. S. R., & 

Frost, N. (2001). The role of the avian hippocampus 
in orientation in space and time. Brain Research, 919, 
292-301.

 doi.org/10.1016/S0006-8993(01)03050-5
Colombo, M., Cawley, S., & Broadbent, N. (1997a). 

The effects of hippocampal and area parahippocam-
palis lesions in pigeons: II. Concurrent discrimina-
tion and spatial memory. Quarterly Journal of Ex-
perimental Psychology, 50B, 172-189.

Colombo, M., Cottle, A., & Frost, N. (2003). Degree 
of representation of the matching concept in pigeons 
(Columba livia). Journal of Comparative Psychol-
ogy, 117, 246-256.

 doi.org/10.1037/0735-7036.117.3.246
 PMid:14498800
Colombo, M., Frost, N., & Steedman, W. (2001). Re-

sponses of ectostriatal neurons during delayed match-
ing-to-sample behavior in pigeons (Columba livia). 
Brain Research, 917, 55-66.

 doi.org/10.1016/S0006-8993(01)02906-7
Colombo, M., & Gross, C.G. (1994). Responses of in-

http://dx.doi.org/10.1037/0735-7044.108.3.443 
http://dx.doi.org/10.1016/j.brainresbull.2005.03.020 
http://dx.doi.org/10.1002/cne.901800105 
http://dx.doi.org/10.1016/0006-8993(85)90606-7 
http://dx.doi.org/10.1037/h0024599 
http://dx.doi.org/10.1126/science.212.4495.695 
http://dx.doi.org/10.1093/cercor/bhh108 
http://dx.doi.org/10.1007/BF02104791 
http://dx.doi.org/10.1037/0735-7044.111.5.955 
http://dx.doi.org/10.1016/j.neuroimage.2004.08.028 
http://dx.doi.org/10.1126/science.173.3997.652 
http://dx.doi.org/10.1126/science.1066893 
http://dx.doi.org/10.1002/cne.902770204 
http://dx.doi.org/10.1037/0735-7044.105.4.499 
http://dx.doi.org/10.1515/REVNEURO.2006.17.1-2.3
http://dx.doi.org/10.1073/pnas.91.23.11217
http://dx.doi.org/10.1037/0735-7044.104.6.906
http://dx.doi.org/10.1037/0735-7044.112.3.533 
http://dx.doi.org/10.1037/0735-7044.106.1.229
http://dx.doi.org/10.1023/A:1016899322780
http://dx.doi.org/10.1023/A:1014580112648
http://dx.doi.org/10.1037/0735-7044.120.2.353 
http://dx.doi.org/10.1093/cercor/bhg100 
http://dx.doi.org/10.1111/j.1460-9568.2010.07540.x 
http://dx.doi.org/10.1038/379255a0 
http://dx.doi.org/10.1002/cne.902450403
http://dx.doi.org/10.1038/26216 
http://dx.doi.org/10.1016/S0149-7634(00)00016-6 
http://dx.doi.org/10.1016/S0006-8993(01)03050-5 
http://dx.doi.org/10.1037/0735-7036.117.3.246 
http://dx.doi.org/10.1016/S0006-8993(01)02906-7 


Neurophysiological Studies of Learning and Memory 40 Neurophysiological Studies of Learning and Memory 41

pathway tracing study. Journal of Comparative Neu-
rology, 407, 228-260.

 doi.org/10.1002/(SICI)1096-9861(19990503)407:2<228::AID-
CNE6>3.0.CO;2-2

Leon, M. I., & Shadlen, M. N. (1999). Effect of ex-
pected reward magnitude on the response of neurons 
in the dorsolateral prefrontal cortex of the macaque. 
Neuron, 24, 415-425.

 doi.org/10.1016/S0896-6273(00)80854-5
Macphail, E. M. (1985). Vertebrate intelligence: the 

null hypothesis. Philosophical Transactions of the 
Royal Society of London, 308B, 37-51.

 doi.org/10.1098/rstb.1985.0008
Maguire, E. A., Frackowiak, R. S. J., & Frith, C. D. 

(1997). Recalling routes around London: Activation 
of the right hippocampus in taxi drivers. Journal of 
Neuroscience, 17, 7103-7110.         PMid:9278544

Maki, W.S. (1981). Directed forgetting in animals. In 
N.E. Spear & R.R. Miller (Eds.), Information Pro-
cessing in Animals: Memory Mechanisms (pp. 199-
226). Hillsdale, NJ: Erlbaum.

Mazur, J.E. (1984). Tests of an equivalence rule for 
fixed and variable reinforcer delays. Journal of Ex-
perimental Psychology : Animal Behavior Processes, 
10, 426-436.       doi.org/10.1037/0097-7403.10.4.426

Miller, E. K., & Cohen, J. D. (2001). An integrative 
theory of prefrontal cortex function. Annual Review 
of Neuroscience, 24, 167-202.

 doi.org/10.1146/annurev.neuro.24.1.167
 PMid:11283309
Milner, B. (1965). Visually-guided maze learning in 

man: Effects of bilateral hippocampal, bilateral fron-
tal, and unilateral cerebral lesions. Neuropsycholo-
gia, 3, 317-338.

 doi.org/10.1016/0028-3932(65)90005-9
Mishkin, M. (1978). Memory in monkeys severely im-

paired by combined but not by separate removal of 
amygdala and hippocampus. Nature, 273, 297-298.

 doi.org/10.1038/273297a0            PMid:418358
Mishkin, M. (1982). A memory system in the monkey. 

Philosophical Transactions of the Royal Society of 
London, 298B, 85-92.   doi.org/10.1098/rstb.1982.0074

Miyashita, Y., & Chang, H.S. (1988). Neuronal cor-
relate of pictorial short-term memory in the primate 
temporal cortex. Nature, 331, 68-70.

 doi.org/10.1038/331068a0       PMid:3340148
Mogensen, J., & Divac, I. (1982). The prefrontal ‘cor-

tex’ in the pigeon: Behavioral evidence. Brain, Be-
havior and Evolution, 21, 60–66.

 doi.org/10.1159/000121617         PMid:7159828
Mogensen, J., & Divac, I. (1993). Behavioural effects 

of ablation of the pigeon-equivalent of the mamma-
lian prefrontal cortex. Behavioral Brain Research, 
55, 101-107.

 doi.org/10.1016/0166-4328(93)90012-F
Morris, R. (1984). Developments of a water-maze pro-

cedure for studying spatial learning in the rat. Jour-
nal of Neuroscience Methods, 11, 47-60.

 doi.org/10.1016/0165-0270(84)90007-4
Mumby, D. G., & Pinel, J. P. J. (1994). Rhinal cortex le-

sions and object recognition in rats. Behavioral Neu-
roscience, 108, 11-18.

 doi.org/10.1037/0735-7044.108.1.11      PMid:8192836
Mumby, D. G., Wood, E. R., & Pinel, J. P. J. (1992). 

Object-recognition memory is only mildly impaired 
in rats with lesions of the hippocampus and amyg-
dala. Psychobiology, 20, 18-27.

Nadel, L. (1992). Multiple memory systems: What and 
why. Journal of Cognitive Neuroscience, 4, 179-188.

 doi.org/10.1162/jocn.1992.4.3.179
Nadel, L. (1994). Multiple memory systems: What and 

why, an update. In: Schacter DL, Tulving E, editors. 
Memory systems 1994. Cambridge: MIT Press.

Nottebohm, F. (1991). Reassessing the mechanisms 
and origins of vocal learning in birds. Trends in Neu-
roscience, 14, 206-211.

 doi.org/10.1016/0166-2236(91)90107-6
Olton, D. S., Becker, J. T., & Handelmann, G. E. (1979). 

Hippocampus, space, and memory. Behavioral and 
Brain Sciences, 2, 313-365.

 doi.org/10.1017/S0140525X00062713
Olton, D. S., & Samuelson, R. J. (1976). Remembrance 

of places passed: Spatial memory in rats. Journal of 
Experimental Psychology: Animal Behavior Process-
es, 2, 97-115.     doi.org/10.1037/0097-7403.2.2.97

Packard, M. G., Hirsh, R., & White, N. M. (1989). 
Differential effects of fornix and caudate nucleus le-
sions on two radial maze tasks: Evidence for multiple 
memory systems. Journal of Neuroscience, 9, 1465-
1472.        PMid:2723738

Padoa-Schioppa, C. & Assad, J. A. (2006). Neurons in 
the orbitofrontal cortex encode economic value. Na-
ture, 441, 223-226.      doi.org/10.1038/nature04676

 PMid:16633341    PMCid:2630027
Paz-y-Miño, C., Bond, A. B., Kamil, A. C., & Balda, 

R. P. (2004). Pinyon jays use transitive interference 
to predict social dominance. Nature, 430, 778-781.

between the behavioural effects of septal and hippo-
campal lesions: A review. Neuroscience & Biobehav-
ioral Reviews, 7, 119-188.

 doi.org/10.1016/0149-7634(83)90014-3
Griffiths, M. (1999). Gambling technologies: Prospects 

for problem gambling. Journal of Gambling Studies, 
15, 265- 283

 doi.org/10.1023/A:1023071113879      PMid:12766456
 doi.org/10.1023/A:1023053630588     PMid:12766464
Güntürkün, O. (1997a). Cognitive impairments after 

lesions of the neostriatum caudolaterale and its tha-
lamic afferent in pigeons: functional similarities to 
the mammalian prefrontal system? Journal fur Hirn-
forschung, 38, 133-143.        PMid:9059925

Güntürkün, O. (1997b). Avian visual lateralization: a 
review. NeuroReport, 8, 3-11.

Güntürkün, O. (2005a). Avian and mammalian “pre-
frontal cortices”: Limited degrees of freedom in the 
evolution of the neural mechanisms of goal-state 
maintenance. Brain Research Bulletin, 66, 311-316.

 doi.org/10.1016/j.brainresbull.2005.02.004
 PMid:16144607
Güntürkün, O. (2005b). The avian 'prefrontal cortex' 

and cognition. Current Opinions in Neurobiology, 
15, 686-693.

 doi.org/10.1016/j.conb.2005.10.003    PMid:16263260
Hampton, R. R., & Shettleworth, S. J. (1996). Hippo-

campal lesions impair memory for location but not 
color in passerine birds. Behavioral Neuroscience, 
110, 831-835.      doi.org/10.1037/0735-7044.110.4.831

 PMid:8864273
Hartmann, B., & Güntürkün, O. (1998). Selective defi-

cits in reversal learning after neostriatum caudolater-
ale lesions in pigeons: Possible behavioral equivalen-
cies to the mammalian prefrontal system. Behavioral 
Brain Research, 96, 125-133.

 doi.org/10.1016/S0166-4328(98)00006-0
Jarrard, L. E. (1975). Role of interference in retention 

by rats with hippocampal lesions. Journal of Com-
parative and Physiological Psychology, 89, 400-408.

 doi.org/10.1037/h0077049       PMid:1194447
Jarvis, E. D., et al. (2005). Avian brains and a new un-

derstanding of vertebrate brain evolution. Nature Re-
views Neuroscience, 6, 151-159.

 doi.org/10.1038/nrn1606
 PMid:15685220    PMCid:2507884
Jones, E. G., & Powell, T. P. S. (1970). An anatomical 

study of converging sensory pathways within the ce-

rebral cortex of the monkey. Brain, 93, 793-820.
 doi.org/10.1093/brain/93.4.793             PMid:4992433
Kalenscher, T., Diekamp, B., & Güntürkün, O. (2003). 

Neural architecture of choice behaviour in a concur-
rent interval schedule. European Journal of Neuro-
science, 18, 2627-2637.

 doi.org/10.1046/j.1460-9568.2003.03006.x
 PMid:14622165
Kalenscher, T., Windmann, S., Diekamp, B., Rose, J., 

Güntürkün, O., & Colombo, M. (2005). Single units 
in the pigeon brain integrate reward amount and 
time-to-reward in an impulsive choice task. Current 
Biology, 15, 594-602

 doi.org/10.1016/j.cub.2005.02.052
 PMid:15823531
Kaplan J. (1968). Approach and inhibitory reactions in 

rats after bilateral hippocampal damage. Journal of 
Comparative and Physiological Psychology, 65, 274-
281.  doi.org/10.1037/h0025531

Karten, H. J., & Shimizu, T. (1989). The origins of neo-
cortex: connections and lamination as distinct events 
in evolution. Journal of Cognitive Neuroscience, 1, 
291-301. doi.org/10.1162/jocn.1989.1.4.291

Kimble, D. P. (1968). Hippocampus and internal inhibi-
tion. Psychological Bulletin, 70, 285-295.

 doi.org/10.1037/h0026470  PMid:4880173
Kirsch, J. A., & Güntürkün, O. (2005). Neural syn-

chronicity in the pigeon “prefrontal cortex” during 
learning. Brain Research Bulletin, 66, 348-352.

 doi.org/10.1016/j.brainresbull.2005.02.012
 PMid:16144612
Konishi, M. (1994). An outline of recent advances in 

birdsong neurobiology. Brain, Behavior and Evolu-
tion, 44, 279-285. doi.org/10.1159/000113582

 PMid:7842286
Krayniak, P. F., & Siegel A. (1978). Efferent connec-

tions of the hippocampus and adjacent regions in the 
pigeon. Brain Behaviour and Evolution, 15, 372-388.

 doi.org/10.1159/000123788
Krebs, J. R., Erichsen, J. T., & Bingman, V. P. (1991). 

The distribution of neurotransmitters and neurotrans-
mitter-related enzymes in the dorsomedial telenceph-
alon of the pigeon (Columba livia). Journal of Com-
parative Neurology, 314, 467-477.

 doi.org/10.1002/cne.903140305 PMid:1687688
Kröner, S., & Güntürkün, O. (1999) Afferent and ef-

ferent connections of the caudolateral neostriatum in 
the pigeon (Columba livia): a retro- and anterograde 

http://dx.doi.org/10.1002/(SICI)1096-9861(19990503)407:2<228::AID-CNE6>3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1096-9861(19990503)407:2<228::AID-CNE6>3.0.CO;2-2
http://dx.doi.org/10.1016/S0896-6273(00)80854-5 
http://dx.doi.org/10.1098/rstb.1985.0008 
http://dx.doi.org/10.1037/0097-7403.10.4.426 
http://dx.doi.org/10.1146/annurev.neuro.24.1.167 
http://dx.doi.org/10.1016/0028-3932(65)90005-9 
http://dx.doi.org/10.1038/273297a0 
http://dx.doi.org/10.1098/rstb.1982.0074 
http://dx.doi.org/10.1038/331068a0 
http://dx.doi.org/10.1159/000121617 
http://dx.doi.org/10.1016/0166-4328(93)90012-F 
http://dx.doi.org/10.1016/0165-0270(84)90007-4 
http://dx.doi.org/10.1037/0735-7044.108.1.11 
http://dx.doi.org/10.1162/jocn.1992.4.3.179 
http://dx.doi.org/10.1016/0166-2236(91)90107-6 
http://dx.doi.org/10.1017/S0140525X00062713 
http://dx.doi.org/10.1037/0097-7403.2.2.97 
http://dx.doi.org/10.1038/nature04676 
http://dx.doi.org/10.1016/0149-7634(83)90014-3 
http://dx.doi.org/10.1023/A:1023071113879 
http://dx.doi.org/10.1023/A:1023053630588
http://dx.doi.org/10.1016/j.brainresbull.2005.02.004 
http://dx.doi.org/10.1016/j.conb.2005.10.003 
http://dx.doi.org/10.1037/0735-7044.110.4.831 
http://dx.doi.org/10.1016/S0166-4328(98)00006-0 
http://dx.doi.org/10.1037/h0077049 
http://dx.doi.org/10.1038/nrn1606 
http://dx.doi.org/10.1093/brain/93.4.793 
http://dx.doi.org/10.1046/j.1460-9568.2003.03006.x 
http://dx.doi.org/10.1016/j.cub.2005.02.052 
http://dx.doi.org/10.1037/h0025531 
http://dx.doi.org/10.1162/jocn.1989.1.4.291 
http://dx.doi.org/10.1037/h0026470 
http://dx.doi.org/10.1016/j.brainresbull.2005.02.012 
http://dx.doi.org/10.1159/000113582 
http://dx.doi.org/10.1159/000123788 
http://dx.doi.org/10.1002/cne.903140305 


Neurophysiological Studies of Learning and Memory 42 Neurophysiological Studies of Learning and Memory 43

 doi.org/10.1016/0028-3932(68)90023-7
Skinner, B. F. (1953). Science and Human Behavior. 

New York: Macmillan.
Smith, E. E., & Jonides, J. (1999). Storage and ex-

ecutive processes in the frontal lobes. Science, 283, 
1657–1661.

 doi.org/10.1126/science.283.5408.1657
 PMid:10073923
Squire, L. R. (1992). Memory and the hippocampus: A 

synthesis from findings with rats, monkeys, and hu-
mans. Psychological Review, 99, 195-231.

 doi.org/10.1037/0033-295X.99.2.195    PMid:1594723
 doi.org/10.1037/0033-295X.99.3.582
Strasser, R., Ehrlinger, J. M., & Bingman, V. P. (2004). 

Transitive behaviour in hippocampal-lesioned pi-
geons. Brain, Behavior and Evolution, 63, 181-188.

 doi.org/10.1159/000076442         PMid:14745244
Szekely, D. (1999). The avian hippocampal formation: 

subdivisions and connectivity. Behavioral Brain Re-
search, 98, 219-225.

 doi.org/10.1016/S0166-4328(98)00087-4
Terrace, H. S. (1987). Chunking by a pigeon in a serial 

learning task. Nature, 325, 1-3.
 doi.org/10.1038/325149a0        PMid:3808071
Tremblay, L., & Schultz, W. (2000). Reward-related 

neuronal activity during go-nogo task performance in 
primate orbitofrontal cortex. Journal of Neurophysi-
ology, 83, 1864-1876.         PMid:10758098

Waldmann, C., & Güntürkün, O. (1993). The dopami-
nergic innervation of the pigeon caudolateral fore-
brain: immunocytochemical evidence for a ‘prefron-
tal cortex’ in birds? Brain Research, 600, 225-234.

 doi.org/10.1016/0006-8993(93)91377-5
Wallis, J. D., & Miller, E. K. (2003). Neuronal activity 

in primate dorsolateral and orbital prefrontal cortex 
during performance of a reward preference task. Eu-
ropean Journal of Neuroscience, 18, 2069-2081.

 doi.org/10.1046/j.1460-9568.2003.02922.x
 PMid:14622240
Wang, Y., & Frost, B. J. (1992). Time to collision is sig-

naled by neurons in the nucleus rotundus of pigeons. 
Nature, 356, 236-238.     doi.org/10.1038/356236a0

 PMid:1552942
Watanabe, M. (1996). Reward expectancy in primate 

prefrontal neurons. Nature, 382, 629-632.
 doi.org/10.1038/382629a0        PMid:8757133
Weir, S., Chappell, J., & Kacelnik, A. (2002) Shaping of 

hooks in New Caledonian crows. Science, 297, 981.
 doi.org/10.1126/science.1073433       PMid:12169726

Wickelgren, W. O., & Isaacson, R. L. (1963). Effect of 
the introduction of an irrelevant stimulus on runway 
performance of the hippocampectomized rat. Nature, 
200, 48-50.       doi.org/10.1038/200048a0

 PMid:14074628
Wieraszko, A., & Ball, G. F. (1993). Long-term poten-

tiation in the avian hippocampus does not require 
activation of the N-Methyl-D-Aspartate (NMDA) re-
ceptor. Synapse, 13, 173-178.

 doi.org/10.1002/syn.890130208        PMid:8095355
Wright, A. A. (1997). Concept learning and learning 

strategies. Psychological Science, 8, 119-123.
 doi.org/10.1111/j.1467-9280.1997.tb00693.x
Wright, A. A., Santiago, H. C., Sands, S. F., Kendrick, 

D. F., & Cook, R. G. (1985). Memory processing of 
serial lists by pigeons, monkeys, and people. Science, 
229, 287-289.

 doi.org/10.1126/science.9304205      PMid:9304205
Zentall, T. R., & Stagner, J. (2011). Maladaptive choice 

behaviour by pigeons: an animal analogue and pos-
sible mechanism for gambling (sub-optimal human 
decision-making behaviour. Proceedings of the Royal 
Society B: Biological Sciences, 278, 1203-1208.

 doi.org/10.1098/rspb.2010.1607       PMid:20943686
Zola-Morgan, S., & Squire, L. R. (1985). Medial tem-

poral lesions in monkeys impair memory on a variety 
of tasks sensitive to human amnesia. Behavioral Neu-
roscience, 99, 22-34.

 doi.org/10.1037/0735-7044.99.1.22
 PMid:4041230
Zola-Morgan, S., Squire, L. R., & Amaral, D. G. (1986). 

Human amnesia and the medial temporal region: En-
during memory impairment following a bilateral le-
sion limited to field CA1 of the hippocampus. Jour-
nal of Neuroscience, 6, 2950-2967.

 PMid:3760943
Zola-Morgan, S., Squire, L.R., Amaral, D.G., & Suzu-

ki, W.A. (1989). Lesions of perirhinal and parahippo-
campal cortex that spare the amygdala and hippocam-
pal formation produce severe memory impairment. 
Journal of Neuroscience, 9, 4355-4370.

 PMid:2593004
Zola-Morgan, S., Squire, L. R., Clower, R. P., & Rem-

pel, N. L. (1993). Damage to the perirhinal cortex 
exacerbates memory impairment following lesions to 
the hippocampal formation. Journal of Neuroscience, 
13, 251-265.        PMid:8423472

 doi.org/10.1038/nature02723       PMid:15306809
Pearce, J. M., Roberts, A. D. L., & Good, M. (1998). 

Hippocampal lesions disrupt navigation based on 
cognitive maps but not heading vectors. Nature, 396, 
75-77. doi.org/10.1038/23941

 PMid:9817202
Rainer, G., Asaad, W. F., & Miller, E. K. (1998). Se-

lective representation of relevant information by neu-
rons in the primate prefrontal cortex. Nature, 393, 
577-579.       doi.org/10.1038/31235

 PMid:9634233
Raphelson, A. C., Isaacson, R. L., & Douglas, R. J. 

(1965). The effects of distracting stimuli on the run-
way performance of limbic damaged rats. Psycho-
nomic Science, 3, 483-484.

Ramirez, L., McCormick, R., Russo, A., & Taber, J. 
(1983). Patterns of substance abuse in pathological 
gamblers undergoing treatment. Addictive Behaviors, 
8, 425-428.

 doi.org/10.1016/0306-4603(83)90044-8
Reilly, S., & Good, M. (1989). Hippocampal lesions 

and associative learning in the pigeon. Behavioral 
Neuroscience, 103, 731-742.

 doi.org/10.1037/0735-7044.103.4.731
 PMid:2765178
Reiner, A., et al. (2004). Revised nomenclature for avi-

an telencephalon and some related brainstem nuclei. 
Journal of Comparative Neurology, 473, 377-414.

 doi.org/10.1002/cne.20118
 PMid:15116397    PMCid:2518311
Reiner, A. (2005). A new avian brain nomenclature: 

Why, how and what. Brain Research Bulletin, 66, 
317-331.

 doi.org/10.1016/j.brainresbull.2005.05.007
 PMid:16144608
Reiner, A., Yamamoto, K., & Karten, H. J. (2005). Or-

ganization and evolution of the avian forebrain. The 
Anatomical Record, 287A, 1080-1102.

 doi.org/10.1002/ar.a.20253       PMid:16206213
Richmond, J., & Colombo, M. (2002). Hippocampal 

lesions, contextual retrieval, and autoshaping in pi-
geons. Brain Research, 928, 60-68.

 doi.org/10.1016/S0006-8993(01)03355-8
Rose, J., & Colombo, M. (2005). Neural correlates of 

executive control in the avian brain. PLoS Biology, 3, 
1139-1146.    doi.org/10.1371/journal.pbio.0030190

 PMid:15941358    PMCid:1088974
Rudy, J. W., & Sutherland, R. J. (1989). The hippo-

campal formation is necessary for rats to learn and 
remember configural discriminations. Behavioural 
Brain Research, 34, 97-109.

 doi.org/10.1016/S0166-4328(89)80093-2
Rudy, J. W., & Sutherland, R. J. (1995). Configural as-

sociation theory and the hippocampal formation: An 
appraisal and reconfiguration. Hippocampus, 5, 375-
389.    doi.org/10.1002/hipo.450050502   PMid:8773252

Sakurai, Y. (1990). Cells in the rat auditory system have 
sensory-delay correlates during the performance of 
an auditory working memory task. Behavioral Neu-
roscience, 104, 856-868.

 doi.org/10.1037/0735-7044.104.2.253      PMid:2346620
 doi.org/10.1037/0735-7044.104.6.856    PMid:2285484
Scarf, D., & Colombo, M. (2010). Representation of se-

rial order in pigeons (Columba livia). Journal of Ex-
perimental Psychology: Animal Behavior Processes, 
36, 423-429.   doi.org/10.1037/a0020926

 PMid:20973610
Scarf, D., & Colombo, M. (2011). Knowledge of the or-

dinal position of list items in pigeons. Journal of Ex-
perimental Psychology: Animal Behavior Processes, 
37, 483-487.  doi.org/10.1037/a0023695

 PMid:21574738
Scarf, D., Miles, K., Sloan, A., Goulter, N., Hegan, M., 

Seid-Fatemi, A., Harper, D., & Colombo, M. (2011). 
Brain cells in the avian ‘prefrontal cortex’ code for 
features of slot-machine-like gambling. PLoS ONE, 
6, 1-7.   doi.org/10.1371/journal.pone.0014589

 PMid:21283622    PMCid:3026783
Schreiber, J., Dixon, M. R. (2001). Temporal charac-

teristics of behavior on random-ratio schedules ob-
served during slot machine play. Psychological Re-
ports, 89, 67-72.     doi.org/10.2466/PR0.89.5.67-72

 PMid:11729554  .doi.org/10.2466/pr0.2001.89.1.67
 PMid:11729554
Sherry, D. F., & Vaccarino, A. L. (1989). Hippocampus 

and memory for food caches in black-capped chicka-
dees. Behavioural Neuroscience, 103, 308-318.

 doi.org/10.1037/0735-7044.103.2.308
Shimizu, T. (2009). Why can birds be so smart? Back-

ground, significance, and implications of the revised 
view of the avian brain. Comparative Cognition & 
Behavior Reviews, 4, 103-115.

Sidman, M., Stoddard, L. T., & Mohr, J. P. (1968). 
Some additional quantitative observations of imme-
diate memory in a patient with bilateral hippocampal 
lesions. Neuropsychologia, 6, 245-254.

http://dx.doi.org/10.1016/0028-3932(68)90023-7 
http://dx.doi.org/10.1126/science.283.5408.1657 
http://dx.doi.org/10.1037/0033-295X.99.2.195 
http://dx.doi.org/10.1037/0033-295X.99.3.582 
http://dx.doi.org/10.1159/000076442 
http://dx.doi.org/10.1016/S0166-4328(98)00087-4
http://dx.doi.org/10.1038/325149a0 
http://dx.doi.org/10.1016/0006-8993(93)91377-5 
http://dx.doi.org/10.1046/j.1460-9568.2003.02922.x 
http://dx.doi.org/10.1038/356236a0 
http://dx.doi.org/10.1038/382629a0 
http://dx.doi.org/10.1126/science.1073433 
http://dx.doi.org/10.1038/200048a0 
http://dx.doi.org/10.1002/syn.890130208 
http://dx.doi.org/10.1111/j.1467-9280.1997.tb00693.x 
http://dx.doi.org/10.1126/science.9304205 
http://dx.doi.org/10.1098/rspb.2010.1607 
http://dx.doi.org/10.1037/0735-7044.99.1.22 
http://dx.doi.org/10.1038/nature02723 
http://dx.doi.org/10.1038/23941 
http://dx.doi.org/10.1038/31235 
http://dx.doi.org/10.1016/0306-4603(83)90044-8 
http://dx.doi.org/10.1037/0735-7044.103.4.731 
http://dx.doi.org/10.1002/cne.20118 
http://dx.doi.org/10.1016/j.brainresbull.2005.05.007 
http://dx.doi.org/10.1002/ar.a.20253 
http://dx.doi.org/10.1016/S0006-8993(01)03355-8 
http://dx.doi.org/10.1371/journal.pbio.0030190 
http://dx.doi.org/10.1016/S0166-4328(89)80093-2 
http://dx.doi.org/10.1002/hipo.450050502 
http://dx.doi.org/10.1037/0735-7044.104.2.253 
http://dx.doi.org/10.1037/0735-7044.104.6.856 
http://dx.doi.org/10.1037/a0020926 
http://dx.doi.org/10.1037/a0023695 
http://dx.doi.org/10.1371/journal.pone.0014589 
http://dx.doi.org/10.2466/PR0.89.5.67-72 
http://dx.doi.org/10.2466/pr0.2001.89.1.67 
http://dx.doi.org/10.1037/0735-7044.103.2.308 

