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Previous studies demonstrated that amongst food-storing passerine birds tile hippocanlpal region (dorso-medial cortex) is enlarged relative 
to the rest of the telencephalon. It has been hypothesised that this hippocanlpal specialisation is related to the spatial memory requirements of 
retrieving large numbers of stored items. Here we compare the development of the hippocampus in a food-storing and a non-storing corvid, 
the adults of which' differ in relative hippocampal volume. The volume, cell density and number of cells in the hippocampal region of nestling 
(5-25 days post hatching) and adult (> 320 days old) magpies Pica pica (food-storing) and jackdaws Corvus monedula (non-storing) were 
measured. In both species the volume of the hippocampus increases with the volume of the rest of the telencephalon during the nestling growth 
phase. The relative volume of the hippocampus in 5- to 25-day-old nestlings of the two species does not differ significantly. In the food-storing 
magpie, the relative volume of the adult hippocampus is significantly larger than that of nestlings, whilst in the jackdaw, adults and nestlings 
do not differ. The density of neurons declines with increasing age and this effect is more marked in jackdaws than in magpies. Neuron num- 
ber did not change significantly with age, but is significantly greater in adult magpies than in adult jackdaws. These results are discussed in relation 
to the possibility that changes in hippocampal volume and cell number are related to the use of spatial naemory in retrieving stored food. 

INTRODUCTION 

Previous studies have shown that amongst food- 
storing passerine birds the dorsomedial cortex or hip- 
pocampal region is enlarged relative to the rest of the 
telencephalon in comparison with non-food-storing 
species ~2'22. This has occurred in at least three inde- 
pendent evolutionary lines (the titmice Paridae, corvids 
Corvidae and nuthatches Sittidae), suggesting an ana- 
tomical specialisation of the brain associated with stor- 
ing behaviour. The hippocampal region plays a role in 
forming memories for stored food ]4'2] and the enlarge- 
ment of the hippocampus of food-storers may be an 
adaptation for processing the large amounts of infor- 
mation involved in storage and retrieval of food t ~,t3 

In the present study we examine how the difference 
between a storer and a non-storer in relative hippoc- 
ampal volume arises during development. Although the 
ontogeny of food-storing behaviour has been docu- 
mented in detail in only a few species 5'8 (for review see 
ref. 24), it is known that young birds do not store until 
after leaving the nest. In titmice, where the most de- 
tailed work has been done, birds start to store soon 

Correspomlence: S.D. tlealy, Department of Zoology, Oxford Uni- 
versity, South Parks Road, Oxford, OXI 3PS, UK. 

after independence from the parents, i.e. about 2 weeks 
after leaving the nest 5. Thus by examining the relative 
hippocampal volume of storing and non-storing birds 
before and after leaving the nest, it is possible to as- 
certain whether or not the enlargement of the hippoc- 
ampal region in storing species precedes the onset of 
storing behaviour. We examined the relative hippocam- 
pal volume, cell density and cell number of storing and 
non-storing species of corvid. The magpie Pica pica is 
known to store throughout the year and probably re- 
trieves its cached food within a few hours to days of 
storing z. Tile jackdaw Corvus monedula rarely if ever 
stores food in the wild (review in ref. 9). Adults of the 
former have a significantly larger hippocampus than do 
adults of the latter 9. 

MATERIALS AND METIIODS 

Preparation of material 
Twenty-eight jackdaws (mean weight of adults 220 g) 

and 25 magpies (mean weight of adults 185 g) were 
sacrificed with an intraperitoneal overdose of sodium 
pentobarbitone and perfused transcardiaily with 0.75 ~o 
saline followed by 10~ formal saline. Following per- 
fusion the brains were dissected out and postfixed for 
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7 days in 10~o formal saline before being transferred to 
30~/o sucrose formalin. The brains were subsequently 
cut as frozen sections of either 50 pm or 25 #m thick- 
ness in the coronal plane. Every fifth section (50/~m) or 
every tenth section (25 itm) was stained with Cresyl 
violet. Fourteen of the jackdaws and 10 of the magpies 
were taken under licence from the nest during April and 
May 1988, 1989 and 1990 and ranged in age from ca. 
5 to ca. 25 days posthatching. The remaining 15 mag- 
pies and 14jackdaws were adults, at least 320 days old, 
collected under licence at the same season and in the 
same years as the nestlings. 

Vohmletric analysis 
Hippocampal and telencephalon (excluding the hip- 

pocampal region) volumes were measured by tracing 
outlines under 10 x magnification with a photographic 
enlarger and digitising the areas on each section to 
compute volumes using the formula for a truncated 
cone. The definition of the boundaries of the hippoc- 
ampal region followed those described by refs. 7, 12, 15. 
The volumemeasurements were logarithmically trans- 
formed and: analysed by stepwise multiple regression 
with hippocampal volume as the dependent variable 
and three independent variables: telencephalon volume, 
storer/non-storer (coded as a dummy variate) and age 
(nestling, adult) also coded as a dummy variate. 

Neuron density and number 
Neuron densities for a random subsample of 24 birds 

(six nestlings, aged 10-25 days posthatching, and six 
adults of each species) were estimated by counting pro- 
files in a square graticule measuring 100 • i00/ tm in a 
single plane of focus in the Nissl-stained sections and 
applying the standard correction factors to obtain an 
estimate of neuron density ~'1~ Neurons were identified 
by their pale nucleus and more darkly stained nucleo- 
lus: only cells with a visible nucleolus in the sample 
frame were included. The hippocampal formation is a 
heterogeneous structure in terms of its cell types and 
cell density 7. We therefore sampled three different areas 
of the hippocampal region: the medial arm of the 
V-shaped structure of densely packed cells (area 2 of 
ref. 7); the dorsomedial region (area 4 of ref. 7) and the 
dorsolateral region (area 6 of ref. 7) (Fig. 1). These 
regions were sampled at three levels of  the rostro-caudal 
axis of  the hippocampal formation corresponding ap- 
proximately to the following levels of the canary atlas 23. 
A 3.5, characterised by the first appearance of the 
septo-mesencephalic tract; A 1.6, corresponding to the 
appearance of the anterior commissure; and A 0.4, rec- 
ognised by the first appearance of the cerebellum. In 
each region at each level on the rostral-caudal axis, 
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Fig. 1. A schematic of the hippocampal region in coronal section to 
illustrate the sampling regions used for cell density estimates. The set 
of three squares in a row (not to scale) indicate the sampling regions. 
HA, hyperstriatum accessorium; HV, hyperstriatum ventrale; V, lat- 

eral ventricle; S, septum. 

three adjacent fields of cells in the left hippocampus 
were counted at 400 x magnification. Each field con- 
tained approximately 100 cells, thus the total number of 
cells counted per birds was about 900 per section 
(300 • 3 regions) or 2,700 in total. In a preliminary 
analysis of the data, the 3 sampling regions and the 
three rostro-caudal sections were considered sepa- 
rately, but no differences in the patterns reported below 
were seen between these subsamples, so all data were 
combined for the main analysis. The cell counting was 
done by using an image processing system (Image 1.40) 
to display the field on the screen of a Macintosh II 
computer. The images were enhanced to sharpen the 
nucleolus. The average density estimated from nine 
sampling areas in each bird was multiplied by hippoc- 
ampal volume to obtain an estimate of the total num- 
ber of neurones in the hippocampal formation for each 
individual. The method we used is similar to that used 
in most previous studies of neuron density and number, 
but recent developments of more sophisticated meth- 
ods such as the optical dissector, have shown that con- 
ventional techniques are biased 6"26'28. Thus the mea- 
surements provide only an approximate estimate oftotal 
cell number and therefore may not detect subtle differ- 
ences. 

RESULTS 
Vohtmetric changes 

In the multiple regression of hippocampal volume 
on telencephalon, species and age, there was a signifi- 



cant effect of telencephalon volume (F1 ,47  = 823.679, 
P = 0.000 I), age (cumulative, Ell,4 7 = 30.614, P = 0.0001), 
a significant species effect (Fi.47=43.65, P=0.0001),  
and a significant interaction between species and age 
(Ft,47 = 12.418, P = 0.0001). The results are displayed in 
Fig. 2A,B, which shows that during the late nestling 
stage the relative hippocampal volume of the storing 
and non-storing species is similar, whilst in the adults 
there is a striking difference: in the non-storing jack- 
daw, hippocampal volume relative to telencephalon 
volume remains the same as in the late nestling stage, 
whilst in the magpie, relative hippocampal volume in- 
creases (Fig. 2A). When the nestling and adult birds 
were analysed separately the difference between species 
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Fig. 2. A: a plot of hippocampal volume as a function of volume of 
the rest of the telencephalon (correlated with age) showing that in 
magpies but not in jackdaws there is an increase in relative hippoc- 
ampal volume after 25 days. Solid squares: 5- to 25-day-old jack- 
daws; open squares: >320-day-old jackdaws, solid circles: 5- to 
25-day-old magpies; open circles: > 320-day-old magpies. B: hippoc- 
anlpal volume relative to telencephalon volume in nestlings and 
adults. The values are deviations from the regression of a log-log 

plot. 
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was not significant in the former, although there was a 
trend for magpies to have a larger relative hippocam- 
pus (F2.2~ = 3.318, P =  0.083) and highly significant in 
the latter (F2.25 = 133.67, P =  0.0001) (Fig. 2B). 

Neuron density attd mtmber 
Fig. 3A,B shows the results of the estimates of den- 

sity and number of neurons. Neuron density declined 
with age (F~.2o = 7.24, P=0.014;  two-way ANOVA), 
did not differ overall between species (F~,2o = 1.29, 
P =  0.269) and showed a weak, non-significant trend 
towards a greater decline with age in jackdaws than in 
m a g p i e s  (Ft,2o = 2.036; P =  0.169) (Fig. 3A). When the 
two species were analysed separately, jackdaws showed 
a significant decline with age (Fl,tl = 7.845, P =  0.019), 
whilst magpies did not (F~,~ = 1.484, P =  0.251). Total 
cell number did not vary with age, but overall magpies 
had more cells than did jackdaws (Fig. 3B) (age: 
Fi.2o = 0.368, P = 0.551; species: FL.zo -- 11.732, 
P =  0.003; interaction: F~,2o = 0.171; P =  0.683). When 
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Fig. 3. A: cell density and (B) cell number in the hippocampal region 
of nestling (10-25 days) and adult (>  320 days) magpies and jack- 

daws. 
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adults and nestlings were analysed separately, there 
was no significant difference between nestlings 
(FI,I 1 = 3.039) but adult magpies had significantly more 
cells than did jackdaws (Fl,ll = 14.50, P = 0.003). 

DISCUSSION 

The main results of tiffs study are as follows: (i) The 
difference between adults of the non-storing jackdaw 
and the food-storing magpie in relative hippocampal 
volume and neuron number arises partly between 5 and 
25 days posthatching but largely as a result of diver- 
gence after ftedging (between 35 and 365 days); (ii)in 
jackdaws, but not magpies, neuron density declines with 
age; (iii)adult magpies have a larger total number of 
neurons in the hippocampal region than do jackdaws. 

Previous work has shown that differences between 
I 

species of passerine birds in relative volume of the hip- 
pocampal region is associated with food-storing behav- 
iour 9'~2'22. Here we show that, at least in one compari- 
son between a storer and a non-storer, the difference 
arises at a relatively late stage of development, after the 
birds are fully grown and have left the nest. This raises 
the possibility that development of the hippocampal 
region proceeds in parallel with behavioural develop- 
ment and the use of spatial memory in storing and re- 
trieving food. Although early workers pointed to pos- 
sible correlations between neuron number and learning 
ability in amphibians 25 and rats 3 (for review see ref. 27), 
these studies had many confounding variables. The 
most detailed more recent studies of correlations be- 
tween learning and changes in vohtme of brain nuclei 
and associated recruitment and loss of neurons are 
those of the passerine song control system. The male 
zebra finch learns its song in a sensitive phase between 
the ages of 20 (immediately postfledging) and 65 days. 
During this period, the volume of two song control 
nuclei, HVC and Area X, both of which are thought to 
play a role in memorisation and/or production of songs, 
increases rapidly in males but not in females ~6. This 
increase in volume is associated with a substantial in- 
crease in neuron number ~6, with relatively little change 
in neuron density. The change in neuron number is 
presumed to reflect neurogenesis, which in one study 
accounted for about 20~o of neurons in H V C  tT. In 
another song nucleus, LMAN, which from lesion stud- 
ies plays a particular role in early memorisation of 
songs, the number of neurons and the size of the nu- 
cleus decrease in males (but not in females) during the 
sensitive phase 4.t6. The decrease ofneurons in the male 
is due to cell death, perhaps, by analogy with other 
systems, under hormonal control t8. Thus memorisation 

and development of motor production of songs in the 
young male zebra finch is accompanied by both neu- 
rogenesis and by cell death. It is still not clear how these 
changes are causally related t 9 memorisation, although 
in the swamp sparrow, changes in volume and cell 
number of the song control)nuclei occur during the 
memorisation phase (20-60 days of age) and not in the 
motor production phase, which in this species does not 
start until the age of 275 days 19. A further complication 
is that neurogenesis also occurs in adult zebra finches 
of both sexes, well after the sensitive phase for learn- 
ing song for motor production, but perhaps associated 
with learning to recognise songs 2~ 

At the moment we do not have sufficiently detailed 
data on the dual ontogeny of food-storing behaviour 
and brain structure to make detailed comparisons with 
the findings on the passerine song system. However, in 
broad terms, our results suggest that the emergence of 
a structural difference between two species in the brain 
is related to the emergence of a behavioural difference. 
At the level of volumetric measurement, the difference 
between jackdaws and magpies is that the magpie hip- 
pocampus appears to grow relative to the rest of  the 
brain between 35 and 320 days, whilst the jackdaw 
hippocampus does not. This difference is not mirrored 
by a greater increase in neuron number in the magpie 
than in the jackdaw, but rather by a greater cell loss in 
the latter. Further experimental work, in which the op- 
portunity to store and retrieve food during development 
is manipulated, will be necessary to further evaluate the 
relationship between food storing memory and hippoc- 
ampal development. 
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