CHAPTER 2

Neurobiology of spatial
behavior
David F. Sherry and Jennifer S. Hoshooley

2.1 Introduction

2.2 Food storing in the Paridae

Chickadees and tits seem unlikely subjects for
research on the neurobiology of spatial behavior.
Most species are sedentary and there appears to be
little about the Parid brain that would recommend
it as a model system for neurobiology. Chickadees
and tits, along with Corvids, have, however, been at
the centre of recent research on spatial ability and a
brain region crucially involved in spatial ability, the
hippocampus. Two basic discoveries focused attention on chickadees and tits. The first was that chickadees and tits that store food remember the spatial
locations of their caches. These birds are scatter
hoarders and place very large numbers of food
items in sites dispersed through their winter home
range. They can store hundreds of items in a single
day and put each cache in a different place, never
reusing the same site. Remembering the locations
of these caches is a formidable problem and there is
now a great deal of experimental evidence showing
that the birds successfully solve it. The second discovery was that despite appearances, the Parid
brain is unusual. Food-storing chickadees and tits,
along with food-storing jays and nuthatches, have a
larger hippocampus than is found in species that do
not store food. The hippocampus is involved in a
variety of cognitive processes but one that has been
consistently identified in birds and mammals
(including humans) is spatial ability. In this chapter
we will describe what has been learned from
chickadees and tits about the neurobiology of
spatial ability. Review of a parallel research
program on food-storing Corvids can be found in
Balda et al. (1997).

All of the North American chickadees and titmice
store food, as do most of the well-known Eurasian
species (Hampton and Sherry 1992; Sherry 1989).
Figure 2.1 shows the phylogenetic distribution of
food-storing in the Paridae. The behavior is practically universal in the Poecile group and the two
crested tit groups Lophophanes and Baeolophus. The
only exceptions are three little-known, high-altitude
species endemic to China and the Himalayas for
which it remains unknown whether or not they
store food. Food storing is known not to occur in the
great tit, and although it has been reported for the
blue tit (Hinde 1952; Southern 1946) it is probably
rare, if it occurs at all (Haftorn 1956; Healy et al.
1994; Richards 1958). For the many species of the
Periparus and Parus groups found in China, Nepal,
the Philippines, and Africa there is not enough
information to be certain whether they store food or
not. Food storing has not been observed in the wild
or in captivity in the groundpecker (Parus humilis;
Gebauer, personal communication) a very unusual
bird (formerly Hume’s ground jay) recently
assigned to the Paridae on the basis of molecular
and biochemical characteristics (Gebauer et al. 2004;
James et al. 2003) and placed near the root of the
Parid phylogeny proposed by Gill et al. (2005).

2.2.1 Food storing in the wild
Food storing has a strong seasonal component in
Parids, beginning in autumn and continuing
through the winter into early spring (Brodin 1994;
Haftorn 1956; Ludescher 1980; Nakamura and
9
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Figure 2.1 The distribution of food-storing in the Paridae, shown on a phylogeny proposed by Gill et al. (2005). Dark shaded boxes show
species known to store, light shaded boxes show species that do not store, or in the case of Parus caeruleus, rarely do so. One species not shown
in this phylogeny, Parus venustulus, is thought to be closely related to Parus ater and has been reported to store food (Harrap and Quinn 1996).
Although there appears to be a phylogenetic pattern to the occurrence of food-storing, there is no information on the presence or absence of the
behavior for most species in the Periparus and Parus groups. Arrows show hypothesized invasions of North America by the Poecile and
Baeolophus groups in the late Tertiary, 3.5 and 4.0 mya, respectively. Branch numbers in this maximum likelihood phylogram show posterior
probabilities greater than 70% (reprinted with permission from Gill et al. 2005).
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Wako 1988; Pravosudov 1985). Chickadees and tits
cache all of the foods they normally eat, including
seeds, nuts, fat from animal carcasses, spiders, and
insects, which they sometimes prepare by removing the head and viscera. Any small crevice or
cavity will do as a storage site, and food is also
stored in moss, lichen, dry leaves, or pushed into
soft ground. Field studies of European marsh tits
(Cowie et al. 1981; Stevens and Krebs 1986) and willow tits (Brodin 1992), in which researchers located
cache sites in the wild, found that most food is
retrieved very soon after it is stored, often by the
end of the same day and generally within a few
days at most. Studies in which ingestion of radiolabeled stored seeds produced a radio-labeled
growth bar on growing rectrices of willow tits
found some food was also retrieved and eaten at
much longer intervals ranging from six to 40 days
(Brodin and Ekman 1994). The radio labeling
method cannot detect cache recovery after shorter
intervals because of the time required to initiate
growth of a replacement rectrix, or after longer
intervals because replacement of the feather is complete by about 6 weeks. This result shows, nevertheless, that caches are sometimes left in place for
long periods of time before retrieval, or that stored
food is sometimes retrieved and recached multiple
times (Brodin 1994). On the Japanese island of
Miyake, Higuchi (1977) observed nuts of the
Japanese chinquapin Castanopsis cuspidata are
among the food brought by varied tits to their
young. Because these nuts had not been available
on trees since the previous winter, Higuchi concluded the birds were likely feeding their young
from caches made at least several months earlier.

2.2.2 Memory for cache sites
Early field studies of cache retrieval by marsh tits,
willow tits, and Siberian tits (also known as the
gray-headed chickadee and the only Parid to occur
in both the Palearctic and the Nearctic) confirmed
by a variety of methods, including direct observation, that birds that cache food later return to collect
it (Cowie et al. 1981; Pravosudov 1986; Stevens and
Krebs 1986). Laboratory studies showed that memory for the spatial locations of caches is the means
of cache retrieval, rather than chance encounter, use
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of preferred site types, use of a preferred route, or
marking of cache sites. These experiments determined the rate of successful cache recovery by captive birds and found that chickadees and tits
perform much better than expected by either
chance or site preference alone (Sherry 1984; Sherry
et al. 1981; Shettleworth and Krebs 1986; Shettleworth
and Krebs 1982). Memory for cache sites can persist
for up to 4 weeks in black-capped chickadees in
captivity and this is probably an underestimate of
how long food-storing Parids can remember the
locations of their caches (Hitchcock and Sherry 1990).
But knowing that chickadees remember where they
placed their caches—remarkable as that feat of
memory may be—only opens up new questions
about spatial cognition in these little birds. What is
remembered about a cache site and what makes up
a “spatial location” for a chickadee?

2.2.3 Memory for caches versus other
spatial locations
Experiments with black-capped chickadees, marsh
tits, and coal tits in captivity show that they are
equally good at remembering the locations of food
they have stored and food they have encountered
but not collected in the course of normal foraging
(Shettleworth and Krebs 1986; Shettleworth et al.
1990). Even after an interval of 26 h, the birds return
with equal probability to both kinds of site.
Analyses of interference in memory between sites
where food was stored and sites where food was
encountered give no indication that the two types of
spatial locations are remembered in different ways
(Shettleworth et al. 1990), although the duration of
memory for cache sites may be longer than for sites
where food was encountered (Brodbeck et al. 1992).
Black-capped chickadees’ memory for spatial
locations where they have found food shows some
of the same properties found in other research on
animal memory using more conventional tasks.
Locations and features that are unique, for
example, are remembered better than locations and
features that are repeated within successive experimental trials (Brodbeck et al. 1992). This may
make cache sites, which are unique in the wild,
easier to remember than stimuli that are repeated
on successive trials in laboratory experiments.
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Black-capped chickadees’ memory for sites where
they have found food also shows a serial position
effect—better memory for items at the beginning and
the end of a sequence compared to the middle —very
similar to serial position effects found in animal and
human memory for lists and series of events
(Crystal and Shettleworth 1994).

2.2.4 Spatial memory in food-storing versus
non-storing birds
To compare spatial ability in storing and non-storing birds it is obviously necessary to observe
behavior other than food storing. Research on
memory in chickadees and tits, described above,
provides a number of non-storing tasks in which
chickadees and tits perform about as well as they
do when retrieving caches, and these tasks can be
used to compare performance in storing and nonstoring species.
Krebs et al. (1990) compared memory in food-storing coal tits and non-storing great tits for sites where
food had previously been encountered. In an experiment that required remembering which of seven
previously encountered sites contained food, coal
tits relocated the site after fewer attempts than great
tits, but in an experiment that required remembering which seven sites out of a possible 60 contained
food, both species did equally well. In the latter
experiment, great tits tended to return to all of the
sites they had previously visited whether they contained food or not, while coal tits tended to return
more selectively to sites that had contained food.
Brodbeck (1994) developed a very interesting
task that makes it possible to determine what
aspects of a spatial location are remembered by
food-storing birds. Birds found food in one of four
distinctively colored and patterned blocks of wood
placed in an array on the wall of an aviary. Once a
chickadee had found which block contained food
the bird was removed from the aviary. When it
returned the arrangement of the wood blocks had
been changed. The array was displaced on the wall
of the aviary while preserving the relative position
of the blocks to one another. In addition, the
rewarded block had been switched with another
block in the array. The displacement was done in
such a way that a different feeder in the array now

occupied the location on the wall formerly occupied by the rewarded feeder (Fig. 2.2). There was
also no food in any of the blocks. By dissociating
cues in this way and placing them in conflict it was
possible to determine whether the bird chose the
correct position on the wall, the correct position in
the array, or the correct color and pattern. Brodbeck
(1994) found that black-capped chickadees
returned preferentially to the block that was in the
correct position on the wall. This result suggested
that the place where the bird had found food was
remembered as a location with respect to the larger
features of the aviary, not the arrangement of blocks
in the array or the distinctive colors and patterns on
the block. When the birds failed to find food at this
block, however, their second choice was most often
to the feeder in the correct position in the array, and
when they failed to find food there, their third

(a)

(b)

Figure 2.2 Chickadees searched until they discovered which of
four blocks arranged in an array on the wall of an aviary contained
food, indicated in (a) by the white triangle (Brodbeck 1994). The bird
then left the aviary and the array of blocks was modified, as shown in
(b). The array has been shifted to the right in this illustration and the
feeder formerly baited has been exchanged with another. The bird
then returned to the aviary to search for food. This manipulation
dissociates choice of the matching position on the wall, choice for
the matching position in the array, and choice for the matching
colors and patterns of the blocks. Redrawn with permission from
Brodbeck (1994).
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choice was to the feeder with the colors and pattern
that matched the block that was originally baited.
This result shows that chickadees treat spatial location with respect to surrounding landmarks as primary, but also remember smaller-scale spatial
relations and the local features of sites where they
have found food.
Dark-eyed juncos (Junco hyemalis) in Brodbeck’s
(1994) experiment also remembered which feeder
had been baited but on test trials with cues placed
in conflict showed no preference among cues. Their
first, second, and third choices were equally likely
to be to the correct position on the wall, the correct
position in the array, or the correct colors and
pattern.
Brodbeck and Shettleworth (1995) modified this
procedure for the presentation of stimuli on a computer touch screen. Birds pecked stimuli on the
screen that corresponded to the wood blocks in
Brodbeck’s original experiment in order to obtain a
food reward. In the touch screen version of the task
the absolute position of the array on the screen was
not manipulated. Comparison of food-storing
black-capped chickadees and non-storing darkeyed juncos showed that while chickadees chose
first the stimulus in the correct relative position in
the array and rarely the stimulus of the correct color,
juncos did not differ in their choice of position or
color. Chickadees had a strong tendency to match
spatial location of the rewarded stimulus, not its
color, while juncos matched location and color
equally often. A subsequent experiment showed
that when chickadees were required to choose on
the basis of location alone or color alone, their
responses were over 80% correct for location but no
better than chance for color. Juncos, in contrast, performed equally well and above chance for both location and color stimuli (Brodbeck and Shettleworth
1995). These results show that food-storing chickadees either fail to attend to or fail to remember the
color of stimuli in these experiments, in contrast to
the spatial location of stimuli, while non-storing
juncos have no such bias for location over color.
Food-storing chickadees do not necessarily perform better than non-storing birds on memory tasks.
Hampton et al. (1998) compared the effects of
proactive interference on memory in black-capped
chickadees and dark-eyed juncos. Proactive
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interference is the disruptive effect on memory of
material presented before something that is to be
remembered. A phone number in the middle of a list,
for example, is more difficult to remember than a
number early in the list because of proactive interference by earlier numbers. Proactive interference
contributes to the serial position effects described
earlier. In Hampton et al.’s (1998) experiment,
chickadees and juncos were required to remember
the last in a series of one, two, or three stimuli
presented on a touch screen. Hampton et al. (1998)
reasoned that food-storing chickadees might be
more resistant to proactive interference because of
the large number of cache sites they remember in the
wild. Greater resistance to proactive interference had
been previously reported for food-storing birds by
Clayton and Krebs (1994). Chickadee performance
declined, however, in a linear fashion as the number
of stimuli in the series increased—a clear effect of
proactive interference. The performance of juncos
showed no effect of proactive interference; their
behavior was unaffected by the number of stimuli in
the series. Interestingly, in a second experiment by
Hampton et al. (1998) a seemingly minor change in
procedure resulted in proactive interference in both
chickadees and juncos, with superior performance
by chickadees on series of all three lengths. The
procedural change was to refrain from providing a
food reward for pecking the final stimulus in the
series. Hampton et al. (1998) suggest that the difference between their two experiments occurs because
juncos are more affected than chickadees by the
recent reward history of stimuli. When the last item
in a series is associated with a food reward, juncos
consistently choose that item independent of the
number of items that preceded it, while chickadees
do not. When juncos are not provided with food
reward associated with the final item, both species
show proactive interference and the performance of
chickadees is consistently better than that of juncos.
Whether this explanation is correct or not, this study
shows that the relative performance of food-storing
and non-storing birds during laboratory memory
tests is not necessarily what one would predict from
food-storing birds’ reliance upon memory to recover
caches of food. Furthermore, seemingly minor
changes in experimental procedure can be of major
significance to the birds.
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Shettleworth and Westwood (2002) subsequently
conducted similar experiments comparing the performance of chickadees and juncos on touch screen
tasks using location and color stimuli. They found,
however, that both chickadees and juncos performed better on location stimuli than on color
stimuli, and this was the case whether location and
color items were presented independently or as
parts of a compound stimulus. Shettleworth and
Westwood (2002) also carefully varied the retention
interval over which chickadees and juncos were
required to remember location and color stimuli.
Food-storing chickadees consistently did much better with spatial information than they did with
color information, while juncos performed only
slightly better, or no better, with location stimuli
compared to color stimuli. Both species performed
better than chance with both kinds of stimuli and
food-storing birds did not necessarily perform better than non-storing birds with spatial stimuli.

A multidimensional scaling analysis of responses
showed, for example, that chickadees did not make
finer or more orderly spatial discriminations than
juncos did for stimuli on a touch screen
(Shettleworth and Westwood 2002). This pattern of
results neatly characterizes many of the apparently
contradictory observations made in the course of
research comparing memory in food-storing and
non-storing birds. Food-storing birds may, in fact,
not excel at spatial tasks compared to other birds,
but spatial tasks are what food-storing birds do
best, at least in experiments that involve pecking
colored shapes on a touch screen.

2.3 The hippocampus
Having discovered the capacity of food-storing
chickadees and tits to relocate cache sites and the
cognitive means by which they do this, researchers
turned to the neural mechanisms behind the birds’
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Figure 2.3 The hippocampus of the cynomolgus monkey (Macaca fascicularis), rat, and pigeon. Two interfolded structures, the dentate gyrus
(DG) and Ammon’s horn, or cornu ammonis (CA), make up the mammalian hippocampus. Scale bars equal 2 mm. APH area parahippocampalis;
CA1, CA3 cells fields of the cornu ammonis; DG dentate gyrus; HP hippocampus. Modified from Colombo and Broadbent (2000).
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spatial ability. The structure that has received the
most attention has been the hippocampus. In
mammals the importance of the hippocampus for
spatial behavior has been well-documented. The
neuroanatomical region designated as hippocampus in the avian brain is found in a very different location from that of the hippocampus of the
mammalian brain (Fig. 2.3). In birds, the hippocampus lies on the dorsal surface of the brain just
above the ventricles (Karten and Hodos 1967; Stokes
et al. 1974) whereas in mammals the hippocampus is
embedded in overlying neural tissue. The internal
structure of the hippocampus also appears quite
different in birds and mammals. In mammals, discrete divisions are apparent in histologically stained
tissue. The interfolded CA1 and CA3 cell fields of
Ammon’s horn and the dentate gyrus give the
hippocampus its distinctive appearance. Although
the avian hippocampus lacks such clear cellular
organization, it has structural features that resemble
those found in the mammalian brain. The avian
hippocampus is composed of two regions—the
hippocampus proper and the area parahippocampalis. The hippocampus proper is a V-shaped
band of darkly stained tissue running along the
most medial and the most ventral edges of the

APH

HP

Figure 2.4 The black-capped chickadee hippocampus, made up of
the hippocampus proper (HP) and the area parahippocampalis (APH).
Neurons immunoreactive for the neuronal nuclei specific protein
(NeuN) are shown labeled with diaminobenzidine (DAB) at
5 objective magnification. Arrows indicate the change in cell
density marking the lateral boundary of the hippocampus. V-shaped
line shows the cell density-defined boundary between the
hippocampus proper and the area parahippocampalis.
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structure (Fig. 2.4). Neurons in this region are
heterogeneous in size and packed closely together.
The area parahippocampalis is adjacent to the
hippocampus proper and extends laterally to a
boundary marked by a distinct change in cell
density (Krebs et al. 1989). The area parahippocampalis is characterized by decreased cell density
(in comparison to the hippocampus proper) and is
comprised of uniformly large neurons. Based on the
results of connectivity and electrophysiology
studies, it has been suggested that the V-shaped
hippocampus proper may be homologous to
Ammon’s horn and that the dorsomedial region of
the hippocampus may be homologous to the
dentate gyrus (Siegel et al. 2002; Szekely 1999).
Despite these differences in anatomy, many lines
of evidence indicate homology between the avian
and mammalian hippocampus. Developmentally,
the hippocampus arises from the same neural precursor tissue in birds and mammals (Källén 1962;
Kuhlenbeck 1938). Connectivity studies have also
shown homology between birds and mammals,
both for connections within the hippocampus
and for connections between the hippocampus and
other brain regions (Casini et al. 1986; Krayniak and
Siegel 1978). Neurochemical comparisons have
shown similar distributions of neurotransmitters
and neuropeptides in the mammalian and avian
hippocampus (Erichsen et al. 1991; Krebs et al.
1991). Two phenomena characteristic of the mammalian hippocampus, long-term potentiation (LTP)
and place cells, have been described in the avian
hippocampus (Margrie et al. 1998; Siegel et al. 2005).
LTP is a phenomenon in which a few seconds of
electrical stimulation can cause neurons to become
more sensitive to stimulation for days or weeks
afterward. Long-term potentiation may mimic
processes involved in learning and the formation of
memory. Place cells are neurons that are most
electrically active whenever the animal enters a
particular place in its environment. Lesion studies
of pigeons and zebra finches have also shown the
importance of the hippocampus for processing
spatial information (Colombo and Broadbent 2000;
Patel et al. 1997; Watanabe and Bischof 2004). These
converging lines of evidence strongly suggest
that the avian hippocampus and the mammalian
hippocampus are indeed homologous structures,
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derived with modification from a structure or structures in the dorso-medial forebrain of their most
recent common ancestor.
Early work exploring the neural basis of foodstoring spatial behavior took a lesion approach. The
first study to examine the effects of hippocampal
ablation showed that Eurasian nutcrackers
(Nucifraga caryocatactes) could not find their
caches—though they continued to make caches and
search for them—following removal of the hippocampus (Krushinskaya 1966). Similarly, an intact
hippocampus is necessary for black-capped chickadees to accurately retrieve stored food (Sherry and
Vaccarino 1989). Chickadees with hippocampal
lesions continued to store food (in tree branches
arranged in an indoor aviary) but the accuracy of
retrieval was reduced to a level no better than
expected by chance encounter. Using a different
approach Hampton and Shettleworth (1996a,
1996b) compared the effects of hippocampal lesions
in chickadees and non-storing dark-eyed juncos by
assessing performance on some of the cognitive
tasks described earlier. The results showed that the
hippocampus is necessary in both chickadees and
juncos for tasks that require memory for spatial
information. In their first study the hippocampus
was found to be necessary for memory of the
spatial location of a stimulus but was not necessary
for memory of the color of the stimulus (Hampton
and Shettleworth 1996a). In their second study,
hippocampal lesions were found to impair
performance by both species on an operant spatial
non-matching-to-sample task. These results show
that the chickadee hippocampus plays an essential
role in memory for spatial locations and is involved
in memory for cache sites.

overall brain size, in the food-storing marsh tit, for
example, than in the non-storing great tit (Krebs
et al. 1989). Black-capped chickadees, which store
food more intensively than either Mexican chickadees or bridled titmice, have a larger hippocampus
relative to overall brain size than the other two
species (Hampton et al. 1995).
Brodin and Lundborg (2003) carried out a metaanalysis of available data on hippocampal size in
food-storing Parids and Corvids and concluded
that, in general, there is no relation between relative
hippocampal size and the degree of caching behavior in either of these groups of food-storing birds.
This data set has, in turn, been reanalyzed by Lucas
et al. (2004) who found that the results of Brodin
and Lundborg’s earlier analysis were affected by an
unexpected confound: the relative size of the
hippocampus is greater in European birds than in
North American birds. After correcting statistically
for this difference between Eurasian and North
American birds, Lucas et al. (2004) showed that
birds that store food to a greater degree do indeed
have a relatively larger hippocampus. The continent effect they found has subsequently been shown
to occur in both food-storing and non-storing birds
(Garamszegi and Lucas 2005). The cause of this
difference in hippocampal size between European
and North American birds is not entirely
clear. Garamszegi and Lucas (2005) suggest it is not
likely to be a result of differences in the latitudinal
distribution of European and North American
species and favor instead a continental difference
in avian ecology and life history—yet to be
identified—as the evolutionary explanation for the
differences in hippocampal size they found.

2.3.2 Neural processing of spatial information
2.3.1 Comparative studies of the hippocampus
The hippocampus of food-storing birds such as
chickadees, nuthatches, and jays is consistently
larger than the hippocampus of non-storing birds
such as thrushes, blackbirds, sparrows, and warblers, after correcting for overall differences in brain
size (Garamszegi and Eens 2004; Krebs et al. 1989;
Sherry et al. 1989). This general pattern also holds
within food-storing families of birds such as the
Paridae. The hippocampus is larger, relative to

The discovery of differences in hippocampal size
between food-storing and non-storing birds has
influenced research on the neural mechanisms of
spatial information processing. This work has
prompted researchers studying spatial learning in
mammalian systems to look for neural specializations that might correlate with specializations of
spatial cognition (Galea and McEwen 1999; Jacobs
et al. 1990; Jacobs and Schenk 2003; Pawluski and
Galea 2006). This vein of research has added an
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ecological and evolutionary element to research on
the neurobiology of the hippocampus (Sherry 2006;
Sherry et al. 1992).
This research has also cast chickadees in a new
light, as a model species for examining the
operation of the hippocampus and the neural
mechanisms of memory formation. Because their
food storing behavior requires the processing of a
good deal of spatial information, chickadees may
provide useful insights into the neurobiology of
spatial behavior, much as London taxi drivers have
provided unexpected insights into the relation
between the human hippocampus and spatial
ability (Maguire et al. 2003).
One line of research has extended comparative
analysis of the hippocampus by examining the
ontogeny of hippocampal enlargement in foodstorers. In juvenile mountain chickadees and marsh
tits food-storing activity and spatial experience are
necessary for hippocampal growth and the
maintenance of increased hippocampal volume
(Clayton 2001; Patel et al. 1997). Other work has
compared levels of neurochemicals in the brains of
food-storers and non-storers. One such study
compared the distribution of two neuropeptides,
substance P and neuropeptide Y, in black-capped
chickadees, non-storing blue and great tits, and
non-storing dark-eyed juncos (Gould et al. 2001).
Substance P and neuropeptide Y are known to
modulate memory formation in other species.
While no significant differences in neuropeptide Y
expression were found among the four species,
chickadees showed significant enlargement of a
region of intense substance P immunoreactivity in
the area parahippocampalis (APH). This result
suggests that substance P may play a role in spatial
information processing in APH. A study which
examined the distribution of two different
receptors for the excitatory neurotransmitter
glutamate—the NMDA and AMPA receptors—
found significantly fewer NMDA receptors in foodstoring marsh tits than in non-storing blue tits
(Stewart et al. 1999). In mammals, the AMPA
receptor is involved in normal glutamate neurotransmission within the hippocampus. The NMDA
receptor is normally inactivated, unless the neuron
is experiencing frequent stimulation. When this
occurs and the neuron is depolarized, glutamate

17

can activate the NMDA receptor as well. Activation
of NMDA receptors is one step in the LTP of
neurons, described earlier. Another approach has
been to examine the expression of immediate early
genes (IEGs) in the hippocampus during various
components of food-storing behavior. IEGs are
activated in many neurons in response to frequent
firing of action potentials and their expression in
neural tissue therefore indicates areas where strong
activation has occurred during the performance of
a particular behavior or cognitive process (Mello
et al. 2004). Smulders and DeVoogd (2000) found
that the IEG expression in the chickadee hippocampus during food-storing was related to the
accuracy of cache retrieval, suggesting that the
intensity of neuronal activity in the hippocampus
has later effects on the strength of memory for
cache locations
A series of recent studies by Shiflett, DeVoogd,
and their colleagues examined the effects of
disrupting hippocampal neurotransmission and
neural processing on the spatial behavior of
chickadees. In one study the hippocampus was
reversibly inactivated by the administration of
lidocaine (Shiflett et al. 2003) while in another the
effects of antagonizing NMDA and cannabinoid
receptors were examined (Shiflett et al. 2004). In
both studies the same general methods were
used. Chickadees were tested on spatial memory
encoding and retrieval in a task in which food was
hidden in blocks of wood on the walls of a large
indoor aviary. Birds were trained to learn the
location of a food reward hidden in one block—the
target block—located in an array of blocks that
were empty. The accuracy of returning to the target
block following various delay intervals was tested.
In both studies birds were implanted with bilateral
cannulas, the tips of which were in contact with
the dorsal surface of the hippocampus. Lidocaine,
the NMDA receptor antagonist AP5, and the
cannabinoid receptor antagonist SR141716A were
administered directly to the hippocampus through
the cannulas.
Reversible inactivation of the hippocampus with
lidocaine showed that the hippocampus was necessary for encoding the spatial location of the target
and for short-term memory of the target location
tested 15 min following the initial encoding. Once
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the target location was encoded, however, retrieval
of its location from memory after 3 hours no longer
required activation of the hippocampus. These
results support the idea that the hippocampus is
more important for the initial encoding of spatial
memories rather than for their retrieval, which is
consistent with findings for mammals. The results
obtained for the NMDA receptor antagonist
AP5 showed that in order for information to be
accessible after long delays, that is, transferred to
long-term memory, NMDA receptors have to be
functional during initial encoding of the target location. NMDA receptor inactivation during the
15-min period following encoding had no effect on
transfer to long-term memory. Similarly, NMDA
receptor activation during encoding was not necessary for short-term memory of the target location
assessed 15 min after encoding. This latter result
suggests that other receptors are involved in the
processing of spatial information that results in
short-term memory.
Cannabinoid receptor inactivation produced
intriguing results. If cannabinoid receptors were
functional during the encoding of a first target
location, then memory for a second target location,
learned on a subsequent day, was better on a probe
1 day following the learning of the second location.
That is, cannabinoid antagonism during the
encoding session for the first target location caused
errors in recalling the second target location. This
result suggests that cannabinoid receptor activation
may be important for learning of multiple spatial
locations—a core component of food-storing
behavior.

2.3.3 Neurogenesis in the hippocampus of
the adult black-capped chickadee
A number of studies have addressed the role of
adult neurogenesis in the processing of spatial information in the hippocampus. The first work to examine neurogenesis in the black-capped chickadee was
that of Barnea and Nottebohm (1994) Extensive
research had previously described adult neurogenesis in the oscine song control system, much of this
work conducted by Nottebohm and his colleagues
(Nottebohm 2002), leading to a detailed picture of
the location and nature of neural progenitor cells,

the migratory patterns of new neurons from their
place of origin, and the morphological and electrophysiological properties of new neurons. The song
control nucleus HVC, which is involved in the integration of auditory input and motor output related
to song learning, exhibits striking seasonal variation
in the recruitment of new neurons, with maximum
levels occurring in the fall (Nottebohm 2004;
Tramontin and Brenowitz 2000). Because fall is the
time of year when many songbirds modify their
learned songs, it has been proposed that new
neurons must be added to neuronal circuits for new
learning to occur.
To test the hypothesis that neurogenesis is correlated with seasonal change in neural processing
Barnea and Nottebohm (1994) examined neurogenesis in another system, the hippocampus of the
black-capped chickadee. They proposed that if new
neurons are necessary for new memories to be
created then more neurons should be recruited into
the chickadee hippocampus in the fall when
thousands of caches are being created. Chickadees
were caught in the wild throughout the year, injected
with the cell birth marker tritiated thymidine, and
then released back into the wild to be recaptured
at various times from 6 weeks to 1 year later.
Examination of the hippocampus of birds caught
6 weeks postinjection showed greatest levels of
neuronal recruitment in birds administered tritiated
thymidine in October. Heightened neuronal recruitment at the time of year when chickadees were creating most cache sites provided further support for
the idea that new neurons are incorporated into
existing neuronal circuitry at times of year when
there are elevated demands on spatial memory.
To further understand the role of neurogenesis in
spatial memory in the chickadees hippocampus, we
conducted a study of seasonal variation in the production of new hippocampal neurons (Hoshooley
and Sherry 2004). It could be that more neurons are
recruited into the chickadee hippocampus in
October because a greater number of neurons are
generated at that time of year, anticipating heightened spatial processing demands. It could also be
that neurons are generated at a constant rate
throughout the year and usually perish soon after
production, but in October more are incorporated
into hippocampal circuits and survive. To test this
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first hypothesis we examined hippocampal neuron
production in chickadees in fall, winter, and spring
by administering the cell birth marker bromodeoxyuridine (BrdU) and sacrificing birds 1 to
2 weeks later. This interval between birth marker
administration and sacrifice was chosen to allow
time for new neurons to express a mature neuronal
phenotype, assessed morphologically, while at the
same time minimizing the time for possible attrition of new neurons. No significant fluctuations in
neuron production were detected over fall, winter,
and spring. This suggests that the enhanced recruitment described by Barnea and Nottebohm (1994)
comes about through greater recruitment of
October-born hippocampal neurons rather than an
overall increase in the production of such cells.
New neurons may be necessary to encode new
spatial memories in the hippocampus because old
neurons undergo irreversible structural modification during memory formation that is incompatible
with the encoding of new spatial memories (Barnea
and Nottebohm 1996; Nottebohm 2002; Nottebohm
2002). New structurally unmodified neurons may
be necessary for new information to be encoded. To
make room for new neurons in hippocampal circuitry, neurons encoding expendable information
may be excised in a process of neuronal replacement. Some support for this hypothesis comes
from the studies described above (Barnea and
Nottebohm 1994; Hoshooley and Sherry 2004)
which both found that the total number of hippocampal neurons did not change seasonally, suggesting increased attrition must at some point equal
increased fall recruitment. The idea of seasonal
neuronal replacement is also supported by findings
with songbirds showing that neuronal recruitment
to HVC increases following targeted cell death
(Scharff et al. 2000).
Other work examining neurogenesis in chickadees has revealed that a bird’s social status plays a
modulatory role on cell production in the ventricular
zone directly beneath the hippocampus. Dominant
birds show greater numbers of newly divided cells
(Pravosudov and Omanska 2005). A factor which
has been found not to have an effect on hippocampal
neurogenesis is corticosterone. Administration of
corticosterone had no significant effect on neural
proliferation in the hippocampal ventricular zone at
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the doses examined by Pravosudov and Omanska
(2005; see also Chapter 3).
Because hippocampal neurogenesis varies
seasonally it is possible that annual changes in
photoperiod influence its timing and magnitude.
We examined hippocampal neuron recruitment in
three groups of birds held in various photoperiodic
conditions in an attempt to determine whether
decreasing daylength in the fall may serve as a cue
enhancing the recruitment of fall-born neurons
(Hoshooley et al. 2005). The groups were held on
either long-days (15L: 9D) in a photostimulated
state, on long-days (15L:9D) in a photorefractory
state (assessed by gonadal regression and onset of
molting), or on short days (8L:16D) in a photorefractory state. No significant differences in
hippocampal neuron recruitment were detected
among the groups, suggesting that photoperiod is
not a cue that acts directly on the survival of adultgenerated neurons in the chickadee hippocampus.
It is plausible, though not proven, that hippocampal neurogenesis plays a role in spatial memory in
food-storing birds. There are indications that the
seasonal pattern found in black-capped chickadees
does not occur in non-food-storing species such as
house sparrows (Hoshooley and Sherry in press).
Future research determining the properties of new
neurons may tell us more about their function.
The receptor profile of these new cells—whether
they possess NMDA or cannabinoid receptors, for
example—may provide important clues about their
function in the hippocampus. Determining whether
adult-generated neurons become interneurons with
projections entirely within the hippocampus, or
projection neurons exchanging information with
other brain areas, or both, would likewise provide
important clues about their function.
The discovery of neurogenesis in the adult brain
overturned long held ideas about brain structure
and neural plasticity. Much of the initial evidence
for the occurrence of adult neurogenesis came from
research on the song control nuclei of songbirds.
Neurogenesis in the hippocampus of food-storing
birds may lead, similarly, to a greater understanding of how spatial cognition, and perhaps other
cognitive processes, are implemented in the constantly changing network of neurons that make up
the hippocampus.
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2.4 Summary and conclusions
Chickadees and tits have made an unexpected contribution to our understanding of spatial ability and
the hippocampus because of their specialized foodstoring behavior. The jury is still out on the question of whether spatial ability or spatial cognition is
specialized in chickadees and tits. Some properties
of spatial ability and spatial memory in food-storing birds are very similar to those of other species.
Some quantitative differences in spatial ability have
been found in laboratory studies, however, and no
laboratory studies have successfully simulated the
storage and recovery of thousands of cached food
items as it occurs in the wild over a period of many
months. One pattern that does emerge is that foodstoring birds may tend to solve foraging tasks spatially to a degree not found in other birds.
In contrast to the complex pattern of results in
comparative studies of behavior, comparative
neuroanatomical studies of the hippocampus of
food-storing chickadees and tits are somewhat
clearer. Food-storing birds have a larger hippocampus than do non-storing birds, whether the
comparison is made within the Parids or between
Parids and non-storing families. The fine-scale
neuroanatomical causes of this difference in size,
its functional implications, and the role of adult
neurogenesis remain the topics of current research.
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