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Abstract

Black-capped chickadees store food in many different locations in their home range and are able to accurately remember these
locations. We measured the number of cells immunopositive for three different Immediate Early Gene products (Fra-1, c-Fos and
ZENK) to map neuronal activity in the chickadee Hippocampal Formation (HF) during food storing and retrieval. Fra-1-like
immunoreactivity is downregulated in the dorsal HF of both storing and retrieving chickadees compared to controls. In retrieving
birds, the number of Fos-like immunoreactive neurons relates to the number of items remembered, while the number of
ZENK-like immunoreactive neurons in the HF may be related to the accuracy of cache retrieval. These results imply that the
brain might process complex information by recruiting more neurons into the network of active neurons. Thus, our results could
help explain why food-hoarding birds have more HF neurons than non-hoarders, and why this number increases in autumn when

large numbers of food items are cached. © 2000 Elsevier Science B.V. All rights reserved.
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Scatter-hoarding birds cache food-items in many lo-
cations [57]. Their memory for these locations
[7,8,14,59] involves the Hippocampal Formation (HF)
[39,60,61,65], a homologue to the mammalian hippo-
campal and parahippocampal regions [4,17,19,33,36—
38,55]. The avian HF is larger in food-hoarding birds
than in non-hoarders [39,61] and lesioning this struc-
ture impairs the use of spatial memory in birds
[23,40,60]. The HF of black-capped chickadees (Poecile
atricapillus) is larger in the fall (during the peak in food
hoarding) than at other times of the year, including
winter [67]. This is due to a net addition of newly
generated neurons in the fall [2], resulting in an in-
creased cell number [63].

* Corresponding author. Present address: Department of Physiol-
ogy and Pharmacology, Wake Forest University School of Medicine,
Medical Center Boulevard, Winston-Salem, NC 27157, USA. Tel.:
+ 1-336-716-8691; fax: + 1-336-716-8501.

E-mail address: tsmulder@wfubmc.edu (T.V. Smulders).

Why is the HF larger in the fall, but not in winter?
During the fall, birds spend most of their time hoarding
seeds, but only retrieving seeds sporadically. During
winter, on the other hand, birds spend more time
retrieving seeds, while they hoard much less frequently
than during the fall [10,20—22,27,49]. It is possible that
the HF is involved only in storing memories for cache
locations, but not in retrieving them. This would ex-
plain the seasonal pattern in HF volume and neurogen-
esis [2,67].

In this study, we investigate whether the HF is
involved in storing and/or retrieving the information
about cache locations by measuring the expression of
immediate early genes (IEGs). IEGs are genes whose
expression is induced rapidly and whose gene products
are typically transcription factors (reviewed in Ref.
[26,54]). In some systems, this cascade has been linked
to the permanent remodeling of the neuron and its
synapses involved in encoding longer-term memory (re-
viewed in Ref. [18,54,69]). Very often, however, the
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molecular consequences of the expression of IEGs are
not known, and they are used as markers of any areas
that are particularly active during a certain behavior
[26,51,56]. The expression of IEGs has recently been
used successfully in songbirds to elucidate which areas
of the brain are activated during song production and
song perception [5,29,30,32,34,44—-47] and in chicks in
the context of imprinting [1,42]. In this study, we use
antibodies to specific gene-products from two well-spe-
cified IEG families, the Fos family and the Krox fam-
ily. Members of the two families are likely to have
different functions and to be expressed differently in
response to behavioral stimulation.

1. Materials and methods

1.1. Subjects

Eighteen black-capped chickadees were caught
around Ithaca, NY in December 1995 under federal
and NY State permits. They were fed a mix of ground
beef, raisins, carrot baby food, hard-boiled eggs, wheat
germ, and turkey pellets. They were housed in 45.7 x
21.9 x 25.4 cm?® (w x d x h) wire cages on a 9 h/15 h
(I/d) light schedule.

1.2. Experimental set-up

The birds were carried individually, in their home
cage, from the housing room to the experimental room.
They entered the 4.5x 4 x 2.5 m* (wxd x h) room
through a sliding door from their home cage. The room
contained three dead trees, which had holes drilled into
their trunks and branches at approximate intervals of
20 cm. Underneath each hole was a wooden perch. The
holes could be closed off with a knotted piece of string
that was attached above the hole. The three trees
contained a total of 51 holes.

The observer sat behind a one-way window and
recorded the behavior using The Observer© Version 2.0
(Noldus) on an IBM XT computer.

1.3. Behavior

The birds were acclimated to the experimental room
by letting each one fly around in it for 20 min each day
for 6 days. The birds were food deprived 21 h before
being run in the experiment. They were assigned to
groups of three, on the basis of similarities in outer
rectrix appearance and tarsometatarsus length (indica-
tors respectively of age and possibly of sex [62]). One
bird of each trio was randomly assigned to each of the
following three behavioral treatments:

1.3.1. Storing

The birds entered into the experimental room, where
husked sunflower seeds were available. They were left
in the room until they had stored a minimum of five
seeds or 75 min had elapsed. If a bird did not store at
all during that period, it was rerun on a later date.
Birds that stored fewer than five, but more than one
seed, were used in the experiment. Birds were usually
not interrupted during a hoarding bout, but taken out
of the room after the bout was over. This resulted in
more than five seeds being hoarded by several birds.

1.3.2. Retrieving

Birds were allowed to store seeds as in the first
group. They then had access to ad-lib food for ~2 h
before being food-deprived again. Twenty-four hours
after the storage phase, birds were returned to the
experimental room and allowed to retrieve their caches.
At this time, all the holes were covered and pieces of
sunflower seed were available in the holes in which the
bird had stored the previous day. No other food was
available in the room. The birds were left in the room
until at least 60% of the seeds had been retrieved or 90
min had elapsed.

1.3.3. Control

The birds were put in the experimental room just like
the birds in the Storing condition, but had only un-
storable sunflower seed flour available to them. Each
was left in the room for the same amount of time as the
Storing bird with which it had been matched up.

After being taken out of the room, the birds in each
of the three conditions were given one whole sunflower
seed in their home cage (to give all of them exposure to
handling and eating whole seeds) and then left in the
dark for 75 min, after which they were perfused. Be-
cause the birds determined the onset of hoarding and
retrieving themselves, and because different birds will
take different amounts of time to store similar amounts
of seeds, we decided to perfuse them all at equal times
after the end of the exposure. We chose 75 min, since
the c-Fos protein typically is present at maximal levels
between 1 and 2 h after the stimulus that induces it [48].

1.4. Perfusion and tissue preparation

The birds were injected with an overdose of
Chloropent (Fort Dodge Labs). They were then per-
fused transcardially with 0.9% NaCl (+ 0.1% NaNO,)
in 0.IM NaPB (pH=7.3), followed by 4%
paraformaldehyde (+ 0.1% NaNO,) in 0.1 M NaPB.
The brain was post-fixed in the paraformaldehyde for
at least 1 h (up to 18 h for some bad perfusions ( <3 of
all birds)) and then stored in sodium phosphate-
buffered saline. Brains were cryoprotected by immers-
ing them in 20% sucrose in NaPB until they sank to the
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bottom of the jar. They were then cut frozen on a
sliding microtome into 40 pum sections, which were
collected in 0.02 M KPBS (pH =7.3) with 0.0025%
Sodium Azide. These sections were then stored at 4°C
until they were stained. Every 6th section was stained
with the Fos antibody, and another set of every 6th
section was stained with the ZENK antibody (see Sec-
tion 1.4.1). The brains of each matched set of three
birds (one of each behavioral treatment) were run
through the procedure together, to control for any
variability among the different runs of the protocol.

1.4.1. Fos immunocytochemistry

Sections were washed in KPBS with Bovine Serum
Albumin and then incubated in 3% normal horse
serum for 2 h. Sections were then moved to primary
antibody (Fos AB-1 mouse monoclonal, Oncogene Sci-
ence, diluted 1/2000) in KPBS + 0.1% triton-X for 66 h
at 4°C. This primary antibody has been used in birds
before [42] and is known to cross react with other gene
products in the Fos family, such as Fra-1 and Fra-2
[31]. After three washes, the tissue was then transferred
to secondary antibody (horse anti-mouse, Vector Labo-
ratories, 1/500) in KPBS + 0.1% triton-X for 3 h at
room temperature. After another three washes the tis-
sue was transferred to ABC solution (Vector Elite kit,
1/200) for 2 h at room temperature. After the last three
washes, the tissue was incubated in a mix of 2.5%
Nickel Ammonium Sulfate, 0.2% glucose, 0.04% Am-
monium Chloride, 0.025% DAB in 0.1M NaAc buffer
(pH = 6.0), with 40 units of glucose oxidase for 30-45
min. The tissue was mounted on gelatin-covered slides,
cleared with Histoclear® and coverslipped with Eu-
kitt®™.

1.4.2. ZENK immunocytochemistry

The ZENK protein is a member of the Krox family.
Its name is an acronym of the gene’s other four names:
Zif-286, EGR-1, NGFI-A and Krox-24 [50]. The pro-
tocol was similar to the one for Fos with the following
exceptions. We used the polyclonal rabbit anti-EGR-1
(Santa Cruz) at a 1/10 000 dilution and a goat anti-
rabbit secondary (Vector Laboratories). The primary
antibody has been well characterized for use in birds
[47]. The final staining step was done in a solution
containing 0.05% DAB, 0.025% CoCl and 0.02% NiCl
in 0.1M NaPB, to which 0.0015% H,O, was added.
This staining method provides stain in 1-2 min. Again
the tissue was mounted on gelatin-covered slides,
cleared with Histoclear® and coverslipped with Eu-
kitt®.

1.5. Volume analysis and cell counts

In addition to the expected nuclear stain in the tissue
stained with the anti-Fos antibody, we also found

many cells with cytoplasmic label in the HF. We be-
lieve that this stain represents a cross-reactivity of the
antibody with other members of the Fos family. The
primary antibody we used has been shown to cross-re-
act with Fra-1 and Fra-2 [31]. In rats, these proteins
are expressed in the cytoplasm of neurons, rather than
in the nucleus, and their expression in adults is specific
to the hippocampus [3,52]. In our tissue as well, cyto-
plasmic stain is limited to the HF, with the possible
exception of a few individual neurons in other brain
areas. Therefore, we will refer to the cytoplasmically
stained neurons as Fra-1-like immunoreactivity and
treat them as a separate category of neurons in our
analyses. The cells that showed nuclear stain with the
anti-Fos antibody will be referred to as Fos-like, and
those stained with the anti-ZENK primary (all of
which showed nuclear stain) ZENK-like.

The volume of the Hippocampal Formation (HF)
was estimated by measuring the surface area of the HF
on each section stained for ZENK, multiplying this by
0.24 mm (the distance between every 6th 40 pum sec-
tion) and adding up the resulting volumes. Surface
areas were measured using NIH Image 1.61 on an
Apple Macintosh Ilci computer, connected to a high-
resolution black and white video camera (COHU Solid
State Camera). Using our estimate of the total volume,
we divided the HF into a rostral and a caudal part,
each representing = 50% of the total HF volume. In
addition, we also drew an imaginary horizontal line
tangent to the top of the ventricle, dividing the HF
into a dorsal and a ventral part (Figs. 2 and 3). Cells
stained for either immediate early gene were counted
separately in the resulting four subdivisions (dorsal-
rostral, ventral-rostral, dorsal-caudal and ventral-cau-
dal).

Stained cells were counted semi-automatically. Using
a 10X objective, images of regions of interest were
digitized with NIH Image 1.61. In pilot work, we
determined that a staining intensity threshold set at
70% of the difference between background staining and
maximal nuclear staining (0.7«(M — B) + B; M = maxi-
mum stain in that section, B =mean background stain
density in the area under investigation) would reliably
discriminate between labeled and unlabeled cells. La-
beled cells were counted this way throughout the entire
HF (every cell in every section) for all three categories.
All counts were done blind to treatment. Final counts
for each subdivision were divided by the volume in
which they had been counted to obtain an estimate of
the density of Fos-like, Fra-1-like and ZENK-like im-
munoreactivity in each subdivision. All analyses were
performed on this density measure. Our staining proce-
dure did not allow us to use stereological methods.
Our densities should therefore be considered as relative
measures that are comparable within our study, but
not as absolute numbers.
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1.6. Statistical analysis

In order to quantify the retrieval performance of the
birds in the Retrieving group, we calculated a Retrieval
Quotient (RQ). This quotient is calculated as follows:

r(n) —c(n)

n—c(n)

RQ =

with n = the total number of seeds stored by that bird
on the previous day, r(n) = the number of seeds actu-
ally retrieved after n looks and c¢(n) =the number of
seeds expected to be recovered by pure chance after n
looks. To calculate c(n), we simply divided the total
number of seeds stored by the total number of possible
storage sites, and multiplied this number by n looks
(Fig. 1). For perfect performance, RQ =1, for chance
performance, RQ = 0.

Data were analyzed using Systat© 5.2.1 on an Apple
Macintosh Centris 610 computer. Analyses were per-
formed using a repeated measures General Linear
Model. This analysis is the general statistical model that
includes both ANOVA and Multiple Regression as
special cases. It allows the simultaneous testing of
within- as well as between-subject variables, both cate-
gorical and continuous, as independent variables. In
our analyses, we used three categorical within-subject
variables (dorsal versus ventral subdivision of HF, ros-
tral versus caudal subdivision of HF and Immediate
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Fig. 1. Behavioral performance of the six birds in the Retrieval group.
Calculation of the Retrieval Quotient (RQ) is explained in the first
panel. n=the number of seeds stored during the previous day,
r(n) = the number of seeds retrieved after n looks, ¢(n) = number of
seeds expected to be retrieved by pure chance after n looks.

Early Gene identity), while the between-subject vari-
ables were either categorical (treatment assignment) or
continuous (time in experiment, number of seeds
stored, ...). The analysis also tests for possible interac-
tions between all the within-subject variables and the
between-subject variable(s). The dependent measure in
every case was the density of stained neurons. In the
analyses in which we investigated effects of behavioral
variables on the expression of the IEGs, we log-trans-
formed the IEG densities, in order to detect log-linear
relationships (as suggested by preliminary plotting of
the data). Findings are considered significant when
P <0.05.

2. Results
2.1. Behavior

Birds in the Storing group stored a median of six
seeds (range: 3—21). The birds in the Retrieval group
stored a median of six seeds (range: 2—10) and retrieved
a median of five (range 1-9) of those. The mean
retrieval performance was well above chance levels of
discovery (RQ =0.52 + 0.1 (mean + SD), ranging from
0.33-0.63; Fig. 1).

2.2. Distribution of the different IEGs

The three different IEGs had similar densities of
labeled cells across the entire HF (F(2,34) =0.679, NS;
3 x 2 x 2 repeated measures ANOVA with IEG identity
(IEG), dorsal versus ventral subdivision (DV) and ros-
tral versus caudal (RC) subdivision as within-subject
variables). All IEGs showed a higher density of labeled
cells in the dorsal HF than in the ventral HF
(F(1,17) = 35.956, P < 0.0001; same analysis). The more
detailed distribution of labeled cells across the four
different sub-parts of the HF was different for different
IEGs, however (same analysis, significant interactions:
IEG by DV: F(2,34) =9.072, P=0.0007; IEG by RC:
F(2,34)=14.388, P <0.0001; IEG by DV by RC:
F(2,34) =11.523, P =0.0002). Because of these differ-
ences, we decided to analyze the detailed distribution of
each IEG separately.

ZENK-like immunoreactive cells (Fig. 2A,B) could
be found all across the forebrain. In the HF, the stained
cells were mainly found along the dorsal and medial
edges, as well as on the lateral edge (Fig. 2C). Densities
were generally lower away from the edges of the HF.
More ZENK-like immunoreactive cells are found in the
dorsal than in the ventral part (F(1,17) =25.903, P=
0.0001; 2 x 2 repeated measures ANOVA with DV and
RC subdivisions as within-subject factors), and more
are found in the rostral than in the caudal half of the
HF (F(1,17)=12.077, P =0.0029). The dorsal-rostral
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Fig. 2. ZENK-like immunoreactive nuclei in HF (A,B) and distribution of ZENK-like immunoreactive cells in the left HF (C). Notice the large
number of ZENK-like immunoreactive cells near the medial (m) and dorsal (d) edges. (V: ventricle). Arrows indicate the lateral boundary of the
HF and the horizontal line represents the division between dorsal and ventral HF. (scale bar = 10 um (A,B) and 200 pm (C)).

part of the HF in particular has the highest density of
ZENK-like immunoreactivity, more than expected from
just the combination of the two main effects (interac-
tion: DV by RC: F(1,17) =15.137, P =0.0012).

Fos-like immunoreactive cells (Fig. 3A) were dis-
tributed mostly towards the lateral boundary of the
HF, as well as a few along the ventricle (Fig. 3C). There
were more Fos-like cells in the dorsal than in the
ventral HF (F(1,17)=21.038, P=0.0003; 2 x2 re-
peated measures ANOVA with DV and RC subdivi-
sions as within-subject factors), but there were no
significant differences in density between rostral and
caudal HF, nor was there an interaction between DV
and RC.

Fra-1-like immunoreactive cells (Fig. 3B) tended to
be distributed near the dorsal and medial boundaries of
the HF (Fig. 3C). Again, there were more Fra-1-like
cells in the dorsal than in the ventral part of the HF

(F(1,17) =15.303, P=0.0011; 2 x 2 repeated measures
ANOVA with DV and RC subdivisions as within-sub-
ject factors), but there were no differences between
rostral and caudal, and no interactions between DV
and RC.

2.3. Patterns across treatments

There was a significant effect of treatment on the
density of Fra-1-like immunoreactive cells in the HF
(F(2,15) =3.738, P=0.0482). This effect was carried
completely by the dorsal HF (2 x 2 x 3 ANOVA with
two within-subjects repeated measures (DV and RC)
and one between-subjects variable (behavioral treat-
ment), interaction between treatment and DV:
F(2,15)=4.994, P=0.0218; Fig. 4). There were more
Fra-1-like immunoreactive cells in the dorsal HF of
control birds than in the dorsal HF of either the storing
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Fig. 3. Close-ups of Fos-like immunoreactive nuclei near the lateral edge of HF (A) and Fra-1-like immunoreactive cell bodies near the medial
edge of HF (B). A few examples are indicated by arrows. Distribution of Fos-like and Fra-1-like immunoreactive cells in the left HF (C). Notice
the large number of Fra-1-like stained cells near the medial (m) edge. (V: ventricle) Arrows indicate the lateral boundary of the HF and the
horizontal line represents the division between dorsal and ventral HF. (scale bar = 10 um (A,B) and 200 um (C)).

or retrieving groups (F(2,15) =8.544, P =0.0033), but
no differences in the ventral HF (F(2,15) =0.937, NS).
There were no significant differences in the density of
either Fos-like or ZENK-like immunoreactive cells in
the HF among the three treatment groups, nor was
there any interaction between treatment and subdivi-
sion within the HF. There are no differences in total
HF volume among treatments.

2.4. Patterns within treatments

Because there were obvious individual differences
among birds in the number of cells expressing the three
different staining patterns, we investigated if these indi-
vidual differences correlated with any relevant behav-
ioral variables in the three treatment groups. In all
these analyses, we used the dorsal versus ventral (DV)

900,
Dor Ven

Ros | (]

Cell density (cells/mm?)

Storing

Retrieving

Control

Fig. 4. Densities of Fra-1-like stained cells in the four subdivisions of
the HF for the three treatment groups. Densities in the dorsal HF are
significantly higher in the control group than in either of the other
two groups. Dark bars are dorsal regions, and striped bars are caudal
regions. Error bars represent the standard error of the mean.
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Fig. 5. Positive relationship of the density of ZENK-like immunore-
active cells, split up among the four HF subdivisions, with the
Retrieval Quotient (RQ) (A), and negative relationship with the
amount of time spent in the experimental room (B). See Section 2 for
details on the statistical analysis. (D = dorsal, V = ventral, R = ros-
tral, C = caudal).
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Fig. 6. Positive relationship of the density of Fos-like immunoreactive
cells with the number of seeds stored the previous day (A) and the
number of seeds actually retrieved (B). See Section 2 for details on the
statistical analysis. (D = dorsal, V = ventral, R = rostral, C = caudal).

and the rostral versus caudal (RC) subdivisions of the
HF as within-subject variables, while using the behav-
ioral variable under investigation as a between-subject
variable. A significant interaction between the between-
subjects variable and one of the within-subject variables
would indicate that the effect of the between-subjects
variable is different for different subdivisions of the
HF.

In the Control group, we only had one behavioral
variable to test: total time in the experiment. There was
a significant effect of this variable on the Fra-1-like
immunoreactivity (F(1,4)=14.219, P =0.0196). How-
ever, one bird stayed in the experiment 4—10 times
longer than any of the other birds, and without this
outlier the effect was not significant (F(1,3) = 3.585,
NS). In the Storing group, we tested four variables:
time in the experiment, time since the start of hoarding,
total number of seeds cached, and hoarding intensity
(measured as the median inter-store interval). No sig-
nificant effects were found on any of the three IEG
expression patterns.

In the Retrieving group, we tested six variables: total
time in the experiment, number of seeds stored the
previous day, number of seeds (re)stored during the
retrieval session, number of seeds retrieved, number of
sites investigated and the Retrieval Quotient (RQ).
ZENK-like immunoreactivity was significantly influ-
enced by the total time in the experiment (F(1,4) =
13.996, P=0.0201) and by RQ (F(1,4)=247.4234,
P =0.0001) (Fig. 5). There were no significant interac-
tions between these variables and subdivision within the
HF. Because of the design of the experiment, animals
that did not perform well at recovery were left in the
experiment longer, such that time in the experiment and
RQ were negatively correlated (r= —0.833, P=
0.0393). Because most birds started retrieving soon
after entering the experimental room, total time in the
room also correlates with the time from when the bird
retrieves its first seed to the end of the session (r=
0.992, P=0.0001). This latter variable also has a sig-
nificant effect on ZENK-like immunoreactivity
(F(1,4) =24.654, P =0.0077). None of the other vari-
ables had a significant effect on ZENK-like expression.

There was a significant effect of the number of seeds
stored the previous day (F(1,4)=20.746, P =0.0104)
and the number of seeds retrieved (F(1,4)=38.857,
P =0.0034) on the Fos-like immunoreactivity in the
HF (Fig. 6). Again, there were no significant interac-
tions with location within the HF. Number of seeds
retrieved naturally correlates positively with the number
of seeds stored the previous day (r = 0.955, P = 0.0030).
No other variables correlated significantly with Fos-like
expression, including the number of locations visited,
which is a measure of foraging activity. None of the
variables examined correlated significantly with Fra-1-
like immunoreactivity.
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3. Discussion
3.1. Patterns of IEG expression across treatments

Fra-1-like immunoreactivity was down regulated in
the dorsal HF of both storing and retrieving birds,
compared to the control group. Since the function of
Fra-1 in the cell is not yet clear, this result is not easily
interpreted. This IEG product is present in the cyto-
plasm of hippocampal neurons, but not in the nucleus
[52]. Thus, it is unlikely that it plays a role as a
transcription regulator. It does, however, bind to mem-
bers of the Jun family of IEGs. It is possible that Fra-1
sequesters Jun-like proteins in the cytoplasm. A down-
regulation of the cytoplasmic Fra-1 could then result in
a release of other proteins, which in turn could influ-
ence transcription. Alternatively, the Fra-1-Jun com-
plex might play an as yet unknown role in the
cytoplasm itself [52], in which case downregulation in
the perikaryon could be a consequence of relocation of
the protein complex to the extremities of the neuronal
processes. Regardless of the exact meaning of a down-
regulation of the protein, our results show that IEG
expression is altered in the HF both during the storing
and the retrieval phase of the hoarding behavior. We
can therefore conclude that the HF is somehow in-
volved in both phases of this natural memory process.

The downregulation of Fra-1-like immunoreactivity
was limited to the dorsal HF. This is of interest in
regard to identifying functional subdivisions in the
avian HF. Our dorsal subdivision in which Fra-1-like
expression is observed corresponds roughly to the Dor-
somedial part of the HF as described by Szekely [68].
According to her tract-tracing studies, this region
projects mainly to other parts of the HF. Not enough is
known to date about this region to make any compari-
sons to the mammalian hippocampus meaningful.
There is no reason to assume that dorsal HF in birds
has any relationship to dorsal hippocampus in
mammals.

3.2. Patterns in the retrieving treatment

In the Retrieving birds, the number of ZENK-like
immunoreactive cells correlated negatively with the
time the bird spent in the environment and positively
with their retrieval performance. Because of the co-lin-
earity between these two variables, these results can be
interpreted in two different ways. First, perhaps many
cells express ZENK-like immunoreactivity initially, and
then over time fewer and fewer cells retain levels high
enough to be counted. This could happen if the half-life
of the ZENK protein is short compared to other IEGs.
The ZENK protein in birds returns to baseline levels
between 2 and 4 h after induction [47], while ZENK-ex-
pression as a consequence of a behavioral task in mice

returned to baseline after ~ 2 h [6]. This time course is
short enough to explain the observed expression pat-
terns in our results.

Alternatively, the pattern in ZENK-like immunoreac-
tivity is due to differences in retrieval performance. A
high score on the Retrieval Quotient (RQ) indicates
that a bird retrieved most of its seeds close to the
beginning of its search/retrieval bout. The fact that our
birds were severely food-restricted before the experi-
ment suggests that differences in motivation are un-
likely to wunderliec the observed differences in
performance. Therefore, we consider RQ to be an index
of memory accuracy. Birds with more ZENK-like im-
munoreactive cells in their HF remembered the loca-
tions of their caches more accurately. Because the two
variables (accuracy and time spent in the environment)
are interrelated, it is impossible to say which one is the
primary correlate of the individual differences in
ZENK-like expression. If time since the start of re-
trieval is the primary correlate, then that implies that
there was an initial general upregulation of ZENK
protein at the onset of retrieval. If retrieval accuracy
was the primary correlate, then animals that retrieve
more accurately experience ZENK upregulation in
larger numbers of neurons to begin with. Either way,
retrieval of caches is accompanied by an upregulation
of the ZENK protein in HF neurons.

The number of Fos-like immunoreactive cells corre-
lates significantly with the number of seeds stored the
previous day, and the number retrieved during the
session. Since these two numbers are closely correlated,
it is again difficult to say which is the primary correlate
of the observed effect. The pattern in Fos-like im-
munoreactive cells is not due to differences in foraging
activity, nor in the number of seeds eaten: one of the
hoarding birds ate many more seeds than any other
bird, but Fos-like expression in its HF was about
median. Interestingly, the best behavioral correlate with
the number of Fos-like immunoreactive cells is the
absolute number of seeds remembered, rather than the
accuracy with which they are retrieved. This suggests
that remembering the locations of more items is accom-
panied by Fos-expression in (and presumably activation
of) more HF cells.

It is somewhat surprising that we can detect such
subtle within-group variability in the retrieval group,
while we cannot find differences between the number of
either Fos-like or ZENK-like immunoreactive cells in
the different treatment groups. This suggests to us that
the HF is also being activated in the other two condi-
tions (control and storing), but that we have not been
able to identify the relevant behavioral variables that
trigger the expression of either IEG. A control group of
animals that were just kept in their normal housing
conditions without disturbance would be useful in test-
ing this hypothesis.
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3.3. Implications for the role of the Hippocampal
Formation in food hoarding

These findings could have important implications for
the evolution of the HF in food-hoarding birds. If more
hippocampal neurons are activated when a bird remem-
bers more caches (Fos-like results) and remembers them
more accurately (one possible interpretation of the
ZENK-like results), then birds that have to process the
locations of a few thousand items with increased accu-
racy could possibly need more neurons (a larger neural
network) than animals that do not have this require-
ment. Food-hoarding birds, which have more neurons
in their HF than do non-hoarding species
[13,24,25,39,61], have also been shown to have a more
accurate spatial memory performance than non-hoard-
ers [43]. Memory capacity is more difficult to test, and
has not been compared between the two groups of
birds.

Could our results also shed light on why we find
more neurons in the HF during the autumn peak of
hoarding than at other times of the year [63]? Both the
present study and Clayton and Krebs [15] present re-
sults implying that the HF is involved during the en-
coding of memories for cache sites, but we found no
quantitative relationship between the number of items
stored and the number of neurons activated. We also
showed that hippocampal neurons are activated during
the retrieval of spatial memories, and more of them
express IEGs when (more accurately) remembering
more cache locations. However, most cache retrieval
takes place after the hoarding peak, and neuronal
number in the HF has returned to baseline by this time
[63]. It is therefore unlikely that the animals in winter
actually recall the many thousands of caches made in
the fall. Parids have been shown to remember cached
items only up to 4-6 weeks after caching [10,28] and
both theoretical [12,64] and empirical [11,41,53] work
suggests that they use different strategies for retrieving
hoards over these longer time spans.

Then why are there more neurons in the HF in
October? We hypothesize that this increase in cell num-
ber is related to a different need for accurate spatial
memory during the hoarding peak itself: the efficient
management and distribution of caches. In order to
lose as few caches as possible to thieves, the chickadees
should distribute their caches as uniformly as possible
and at a specific, optimal density [58]. This can only be
done by redistributing previously stored items [9,16,35]
and/or by remembering where previous caches are lo-
cated, in order to guide the placement of new ones
[64,66]. Both processes require a very accurate memory
for the locations of many caches. The results of the
present study suggest that this memory may require the
presence and activation of a large number of HF
neurons, which are there during the fall, but not during
winter [63].

4. Conclusion

The three IEGs under study each show a different
pattern of expression in the HF of birds performing a
food-hoarding task. Fra-1-like immunoreactivity in the
dorsal HF is downregulated when the birds are storing
as well as when they are retrieving. Fos-like immunore-
activity is upregulated when recalling more items.
ZENK-like immunoreactivity is also upregulated dur-
ing the retrieval process. The possible recruitment of
more neurons into the active circuitry as more locations
are remembered (more accurately) could provide in-
sights into how the brain processes complex informa-
tion. Thus it may explain why food-hoarding birds,
which have a need for processing more spatial informa-
tion more accurately, have more hippocampal neurons
than non-hoarders, and why this neuronal number
varies seasonally.
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