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ABSTRACT: Chronic stress and corresponding
chronic elevations of glucocorticoid hormones have been
widely assumed to have deleterious effects on brain
anatomy and functions such as learning and memory. In
particular, it has been suggested that chronic elevations
of glucocorticoid hormones result in death of hippocam-
pal neurons and in reduced rates of hippocampal neu-
rogenesis. It is not clear, however, if any increase in
glucocorticoid levels has negative effects on hippocam-
pal anatomy as many animals regularly maintain mod-
erately elevated levels of glucocrticoids over long periods
of time under natural energetically demanding condi-
tions. We used unbiased stereological methods to inves-
tigate whether mountain chickadees (Poecile gambeli)
implanted for 49 days with continuous time-release cor-
ticosterone pellets, designed to approximately double the
baseline corticosterone levels, differed from placebo-
implanted chickadees in their hippocampal anatomy

and cell proliferation rates. We found no significant
differences between corticosterone and placebo-
implanted birds in either telencephalon volume, volume
of the hippocampal formation, or the total number of
hippocampal neurons. Cell proliferation rates, mea-
sured as the total number of BrdU-labeled cells in the
ventricular zone adjacent either to the hippocampus or
to the mesopallium, were also not significantly different
between corticosterone and placebo-implanted chicka-
dees. Our results suggest that prolonged moderate ele-
vation of corticosterone might not provide the suggested
deleterious effects on hippocampal anatomy and neuro-
genesis in food-caching birds and, as we have shown
previously, it actually enhances spatial memory. © 2004
Wiley Periodicals, Inc. J Neurobiol 62: 82-91, 2005
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INTRODUCTION

It has been generally assumed that chronic stress and
associated prolonged chronic elevation of glucocorti-
coid hormones have negative effects on cognitive
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abilities of animals such as learning and memory by
causing neuronal death and reducing neurogenesis
(Sapolsky, 1992, 1996; McEwen and Sapolsky, 1995;
McEwen, 2000). Most research on the effects of pro-
longed stress and prolonged elevation of glucocorti-
coid hormones on memory and the brain has been
done on mammals and focused specifically on the
hippocampus, the structure thought to be responsible
for memory processing (McEwen and Sapolsky,
1995; Sousa et al., 1998; Gould and Tanapat, 1999;
Leverenz et al., 1999; Ohl et al., 1999; Lucassen et al.,
2001). It has been suggested that prolonged chronic



elevation of glucorticoid hormones should result in
structural differences in the hippocampus such as
reduced volume, fewer hippocampal neurons and re-
duced neurogenesis (McEwen and Sapolsky, 1995;
Ohl et al., 1999; Gould and Tanapat, 1999). Recently,
however, the concept that long-term elevation of glu-
cocorticoids should always result in hippocampal
damage has been challenged (Sousa et al., 1998; Le-
verenz et al., 1999).

In birds, the hippocampal formation has also been
proposed to be responsible for spatial memory pro-
cessing (Krebs et al., 1989, 1996), yet little is known
about the effects of prolonged chronic stress on the
avian hippocampus. Birds respond to unpredictable
changes in their social and physical environments by
elevating corticosterone levels above baseline (Wing-
field et al., 1997, 1998; Silverin, 1998). Whereas
short-term elevations (generally hours or days) have
been consistently regarded as beneficial for learning
and memory, prolonged elevations of glucocorticoid
hormones (generally weeks or months) are thought to
be deleterious for both birds and mammals (McEwen
and Sapolsky, 1995; Wingfield et al., 1997, 1998).

Most studies describing negative effects of pro-
longed elevation in glucocorticoid hormones have
used fairly large, stress-induced levels of such hor-
mones; however, little is known about moderate ele-
vations, which exceed baseline by only two- or three-
fold (Pravosudov, 2003). Such moderate elevations
are considerably lower than stress-induced levels,
which could exceed baseline by more than 600%
(e.g., Pravosudov et al., 2001, 2003). For example,
free-ranging willow tits (Parus montanus), small
food-caching birds, seem to experience seasonal vari-
ation in baseline corticosterone levels with the highest
levels maintained over several winter months when
foraging conditions are most demanding (Silverin,
1998). These winter baseline corticosterone levels,
however, appeared only moderately (two-threefold)
higher than baseline levels during the rest of the year,
and they were much lower than acute stress-induced
levels (Silverin, 1998). Food-caching birds hide thou-
sands of food items throughout their home range and
then retrieve them during energetically challenging
times during winter (Pravosudov and Grubb, 1997).
They rely, at least in part, on spatial memory to
retrieve their caches, and thus spatial memory is an
important fitness component for these birds because
successful cache retrieval could be crucial for survival
(Krebs et al., 1996). Because cache retrieval is most
critical during the winter when baseline corticosterone
levels are likely to be moderately elevated due to the
unpredictable environment (Silverin, 1998; Pravosu-
dov et al., 2001), it is important to understand the
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effect of these elevated glucocorticoids on spatial
memory and the hippocampus in food-caching birds.

Previously, Pravosudov et al. (2001) demonstrated
that a long-term unpredictable food supply resulted in
moderate (approximately twofold, compared to 600%
or greater elevations in response to acute stress, Pra-
vosudov et al., 2001, 2003) but significant elevation
of baseline corticosterone levels in mountain chicka-
dees (Poecile gambeli) in the laboratory, and that
these birds also demonstrated enhanced spatial mem-
ory (Pravosudov and Clayton, 2001). In a first, behav-
ioral part of this study, Pravosudov (2003) implanted
mountain chickadees with corticosterone and demon-
strated that moderate elevation of corticosterone (ap-
proximately 140% above baseline) for 49 days indeed
enhances spatial memory. Thus, it appears that in
food-caching birds, which reside permanently on ter-
ritories throughout the year, even prolonged moderate
elevation of corticosterone in response to unpredict-
able environmental conditions may serve as an adap-
tation by enhancing spatial memory that is crucial for
retrieving cached food (Pravosudov, 2003). An im-
portant question, however, remains about the effect of
prolonged moderate elevation of corticosterone on the
hippocampus, the brain structure responsible for spa-
tial memory processing. Whereas it is widely assumed
that any chronic elevation in glucocorticoids should
have deleterious effects on memory and the brain, our
previous results suggest that prolonged moderate el-
evation of corticosterone may not have a negative
impact on the hippocampal formation of food-caching
mountain chickadees as their spatial memory was
enhanced by such treatment (Pravosudov, 2003).

In this part of the study, we investigated the brains
of the mountain chickadees used in a previous behav-
ioral experiment in which they were implanted with
continuous release corticosterone pellets for 49 days
and showed enhanced spatial memory performance
compared to placebo-implanted birds (Pravosudov,
2003). Mammalian studies declaring effects of pro-
longed chronic stress on memory and the brain used
different amount of time to quantify chronic stress,
with most studies considering period of 21-56 days
long enough (Bartolomucci et al., 2002; Bowman et
al., 2003; Coburn et al., 2003; Conrad et al., 2003).
Some studies, on the other hand, used much longer
periods of time to quantify the effects of long-term
stress (Laverenz et al., 1999; Sousa et al., 1998). The
time period used in our study (49 days) falls within
the accepted range for prolonged chronic effects, and
it also seems to reflect rather long-term effects for a
small bird like the mountain chickadee with a rela-
tively short life expectancy (1.5-2 years). Using un-
biased stereological methods, we specifically tested
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whether prolonged moderate elevation of corticoste-
rone had an effect on (a) hippocampal volume, (b)
total number of hippocampal neurons, and (c) hip-
pocampal cell proliferation rates.

METHODS

Twenty-eight mountain chickadees were caught around
Sage Hen, Tahoe National Forest, CA, between October
13-16, 2002, using mist nets near baited feeders. All birds
were transported to the laboratory at the University of
California in Davis, placed individually in wire-mesh cages
(60 X 42 X 60 cm) and maintained on a 9:15-h light:dark
cycle at a constant 20°C for the duration of the experiment.
Birds were fed with a mixture of pine nuts, shelled and
unshelled sunflower seeds, crushed peanuts, and meal-
worms, and given water with vitamins ad libitum.

First, corticosterone implants were calibrated in a subset
of four mountain chickadees, which consequently were not
used in the behavioral experiments (Pravosudov, 2003).
Birds received implants of different size (0.01, 0.025, 0.05,
and 0.1 mg of corticosterone) on November 1, 2002, and
within 2 weeks baseline plasma corticosterone increased
from 21% (0.01 mg implant) to 186% (0.1 mg implant) over
preimplant baseline (Pravosudov, 2003). There was a highly
significant positive correlation between the implant size and
the amount of corticosterone elevation (R* = 0.99; Pravosu-
dov, 2003).

On December 5, 2002, 12 mountain chickadees (eight
males and four females, determined after birds were sacri-
ficed for brain analyses) were implanted with commercially
available biodegradable 90-day continuous time release pel-
lets (Innovative Research of America) containing 0.075 mg
of corticosterone (which are reported to release approxi-
mately 833 ng of corticosterone per day over 90 days) and
12 chickadees (seven males and five females) were im-
planted with matched placebo pellets. All pellets were 1.5
mm in diameter; they were placed subcutaneously in the
flank. For the experiment, we chose implants containing
0.075 mg of corticosterone because based on our calibration
they should result in approximately a 140% increase in
baseline corticosterone levels (Pravosudov, 2003), which
imitates the natural elevations (Silverin, 1998) and eleva-
tions resulting from unpredictable food supplies found in
Pravosudov et al. (2001). This is a moderate increase, as
mountain chickadees typically show >600% increases
above baseline during a standardized response to acute
stress (Pravosudov et al., 2001, 2002, 2003).

Starting at the 15th day after implantation, birds were
tested individually in a cache recovery task and subse-
quently in two versions of a one-trial associative learning
task between December 12, 2002 and January 22, 2003
(Pravosudov, 2003). The last behavioral test ended on the
48th day after implantation. After behavioral testing, all
birds were injected with a 75 mg/kg 5-bromo-2’'-deoxyuri-
dine (BrdU) solution into the breast muscle once on January
22 and the second time on January 23, and then sacrificed

for the brain analyses 1 day later. All birds spent 49 days
with corticosterone implants before the BrdU injections.

Birds were anesthetized (0.03 mL per bird of 50 mg/mL
Nembutal-sodium solution) and perfused transcardially
with 100 mL of phosphate buffer (0.1 M PO,) followed by
100 mL of 4% paraformaldehyde in phosphate buffer. After
perfusion, birds were decapitated and their brain (within the
skull) was placed in 4% paraformaldehyde for 1 week. We
then removed the brains from the skull and postfixed them
in 4% paraformaldehyde for an additional week, after which
all brains were cryoprotected in a 30% sucrose solution,
frozen, and kept at —20° until processing. We cut coronal
sections at 40 wm on a sliding, freezing microtome, and
collected every section in phosphate-buffered saline (PBS,
0.1 M, pH 7.4). Every fourth section was mounted onto
gelatin-coated slides, Nissl-stained with thionin, and cover-
slipped with Permount for measurements of the hippocam-
pal formation volume and the total number of hippocampal
neurons. Sections for BrdU immunohistochemistry (also
every fourth section) were stored at —20° in a cryopro-
tectant solution until processing.

Volumetric Measurements and Neuron
Counts

We used Stereolnvestigator software (version 3.15a, Micro-
brightfield, Colchester, VT) for all stereological measure-
ments. To measure the volume of the hippocampal forma-
tion and the telencephalon on Nissl-stained slides, we used
the Cavalieri principle (Gundersen and Jensen, 1987; West
and Gundersen, 1990), employed successfully before with
chickadees (Pravosudov and Clayton, 2002; Pravosudov et
al., 2002). We determined the boundaries of the hippocam-
pal formation as described in Krebs et al. (1989), and we
used a total of 13 to 18 sections per bird for hippocampal
measurements (480 wm apart, 1 in 12 sections). The first
section was chosen randomly from the first four sections
containing the hippocampus, according to the Cavalieri
principle (Gundersen and Jensen, 1987; West and Gun-
dersen, 1990), and we used a 200-wm grid size. This sam-
pling method has proven to be most efficient in chickadees
by providing a low variance of individual estimates (Pra-
vosudov and Clayton, 2002; Pravosudov et al., 2002). We
used a total of 15 to 18 sections (640 um apart, 1 in 16
sections), with the first section chosen randomly from the
first four sections and a 1142.86-um grid size to measure
the volume of the telencephalon. All sections were coded
prior to the analyses, so all measurements were performed
blind with respect to bird identity and experimental design.

To calculate the total number of hippocampal neurons
we used the optical fractionator method (West et al., 1991),
which combines the fractionator (multistage sampling
scheme) with the optical dissector to allow for unbiased
counting of neurons (Sousa et al., 1998), on the same
Nissl-stained sections that were used for the volumetric
measurements. This method allows estimation of the abso-
lute number of neurons independently from the estimates
for the hippocampal volume (West et al., 1991). In our



analyses, we used a 900 wm? frame area and 62,500 wm?
step area. We used a X100 Neofluar oil objective on a
Nikon Optiphot microscope linked to the PC-based Stereo-
Investigator system. We used the right half of the hippocam-
pal formation to estimate the number of neurons and then
doubled that number to get the total number of hippocampal
neurons because there were no significant size differences
between the right and left sides of the hippocampal forma-
tion (Sign test, z = 0.20, p = 0.84).

To evaluate the precision of our sampling scheme, we
calculated coefficients of error for both volumetric and
neuron count measurements. We calculated the relative
variance of individual estimates, which allows evaluating
the robustness of our sampling scheme (CE; Gundersen and
Jensen, 1987; West et al., 1996). The variance of estimates
was low for telencephalon volume (mean CE = 0.01, range
0.01-0.02), hippocampal volume (mean CE = 0.02, range
0.01-0.03), and neuron counts (mean CE = 0.06, range
0.04-0.08), which supports the reliability of our measure-
ments and our sampling scheme.

BrdU Labeling

We followed the procedure described in Lavenex et al.
(2000) and in Pravosudov and Omanska (2004). We used
free-floating sections at room temperature. We first rinsed
the sections in 0.1 M PBS (4 X 10 min), then incubated in
2 N HCI for 1 h, rinsed in 0.1 M borate buffer (pH 8.5) for
15 min, then in PBS (2 X 10 min), and finally incubated in
1 pg/mL proteinase K in PBS for 30 min. All sections were
then washed in PBS (3 X 5 min), placed in 0.5% hydrogen
peroxide in PBS for 30 min, washed again in PBS (3 X 5
min), and incubated in a blocking solution of 0.1 M PBS
with 1 mg/mL bovine serum albumin (BSA), IgG (second-
ary antibody, Vectastain ABC Kit, Vector Laboratories),
and 0.3% Triton X-100 for 1 h. We then incubated all
sections overnight in primary anti-BrdU antibody (Beckton
Dickinson; 1:500 in PBS/BSA/Triton), rinsed them in PBS
(3 X 5 min), and incubated them in antimouse biotinylated
secondary antibody (Vectastain ABC kit) in 0.1 M PBS/
BSA/Triton. All sections were then washed in PBS (3 X 5
min), incubated in ABC reagent (Vectastain ABC kit) in
PBS/BSA/Triton, rinsed in PBS (3 X 5 min), and treated for
10 min in 0.5mg/mL 3,3’-diaminobenzidine mixed in 0.05
M Tris buffer, pH 7.4 with 0.01% H,O,. Finally, all sections
were washed in PBS (3 X 5 min), Nissl stained in thionin
for 1.5 min, mounted on gelatin-coated slides, and cover-
slipped with Permount.

We counted BrdU-labeled cells in the ventricular zone
(VZ) adjacent to the hippocampus (HP) and mesopallium
(M, formerly hyperstriatum ventrale) following Patel et al.
(1997). All labeled cells were counted on both sides of the
hippocampus throughout the entire thickness of the section
on every 12th section (480 wm apart) using a X100
Neofluar oil objective on a Nikon Optiphot microscope
linked to the PC-based Stereolnvestigator system. The num-
ber of BrdU-labeled cells counted in the selected sections
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was multiplied by 12 (inverse of the sampling fraction) to
get the total number of BrdU-labeled cells.

Statistical Analyses

We used analyses of variance and covariance for all brain
data. All data (raw or log-transformed) met the assumptions
for parametric statistical procedures. For analyses of relative
hippocampal volume, total number of hippocampal neurons,
and number of BrdU-labeled cells, we used as a covariate
the volume of the telencephalon without the hippocampal
formation. We used a power analysis to calculate the power
of nonsignificant tests to detect differences that could be
expected based on previously published reports using sim-
ilar time scale (Barnea and Nottebohm, 1994; Smulders et
al., 1995, 2000; Pravosudov and Omanska, 2004). For ex-
ample, Smulders et al. (1995, 2000) reported that hippocam-
pal volume in fully grown food-caching black-capped
chickadees (Poecile attricapillus) changed by ca. 30% over
a 2-month period, and the number of hippocampal neurons
increased by ca. 45% from June to October and then de-
creased by ca. 26% from October to December. Barnea and
Nottebohm (1994) reported a 49% increase in neuronal
incorporation rates in adult black-capped chickadees from
August to October and then a 72% reduction from October
to February. Barnea and Nottebohm (1994) measured only
neuron incorporation rates, and thus the changes in cell
proliferation rates may or may not follow the same trend as
neuron incorporation consists of cell proliferation and neu-
ron survival. Previously, we have also found around 40%
reduction in cell proliferation rates in subordinate chicka-
dees after 57 days of social interactions (Pravosudov and
Omanska, 2004). Thus, we feel it is reasonable to expect a
ca. 30% change in hippocampal volume and neuron num-
bers and a ca. 50% change in cell proliferation rates as a
result of our 49-day hormone manipulations, assuming that
such manipulations indeed have a significant effect on the
hippocampus. Because of the limited number of studies,
however, which were able to detect significant differences
in the avian hippocampus in adult birds, we also presented
statistical power to detect smaller changes and 95% confi-
dence intervals.

RESULTS

There were no significant differences between corti-
costerone and placebo-implanted chickadees in either
wing length, #22) = 0.12, p = 0.91, or body mass,
1(22) = —0.74, p = 0.46, at the time the birds were
sacrificed (Table 1, Pravosudov, 2003).

There were no significant differences between
males and females in any of the measured brain pa-
rameters [telencephalon volume, F(1, 20) = 1.73, p
= 0.20; relative hippocampal volume, F(1, 19)
= 0.12, p = 0.73; the total number of hippocampal
neurons, F(1, 19) = 0.14, p = 0.71; number of
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Table 1 Body Size and Measured Brain Parameters in Corticosterone (CORT) and Placebo-Implanted

Mountain Chickadees

Parameter

Cort Placebo

Body mass, g

Wing length, mm

Telencephalon volume, mm?

Hippocampus volume, mm?

Total number of neurons

Total number of BrdU-labeled cells in hippocampus
(HP) ventricular zone

Total number of BrdU-labeled cells in mesopallium
(M) ventricular zone

1,908,705 =+ 63,241 (12)

12.1 + 0.3 (12)
70.7 + 0.7 (12)
367.5 + 39.1 (12)
16.7 + 1.8 (12)

12.2 + 0.4 (12)
70.6 + 0.7 (12)
383.7 + 43.5(12)

16.8 + 2.3 (12)
1,924,559 + 88,129 (12)

2,074 = 547 (7) 2,641 £ 538 (8)

2,988 £ 920 (7) 4,009 = 1150 (8)

Presented are means, SE and sample size (in parentheses).

BrdU-labeled cells in the ventricular zone adjacent to
the hippocamapus, F(1, 10) = 2.55, p = 0.18; number
of BrdU-labeled cells in the ventricular zone adjacent
to the mesopallium, F(1, 10) = 2.59, p = 0.14], so we
dropped sex from all further analyses.
Corticosterone-implanted birds did not differ from
placebo-implanted birds in the volume of telenceph-
alon minus the hippocampal formation (Table 1), F(1,
22) = 0.92, p = 35, or in the absolute volume of the
hippocampal formation (Table 1, Fig. 1), F(1, 22)
= 0.02, p = 0.90. Relative volume of the hippocam-
pal formation (controlled for the volume of the rest of
the telencephalon) was also not significantly different
between corticosterone and placebo-implanted chick-
adees, F(1,21) = 0.01, p = 0.97. Statistical power to
detect a 30% difference between the groups in the
hippocampal volume was 0.99 and statistical power to

18.5

18.0

17.5

17.0

16.5

16.0

HIPPOCAMPAL VOLUME, mm®

15.5

CORT PLACEBO

15.0

Figure 1 Hippocampal volume of corticosterone-im-
planted (CORT) and placebo-implanted mountain chicka-
dees. Bars represent S.E. and whiskers represent 95% con-
fidence interval.

detect 10% hippocampal volume reduction in im-
planted birds was 0.64.

There were no significant differences in the total
number of the hippocampal neurons between cortico-
sterone and placebo-implanted birds (Table 1, Fig. 2)
F(1,21) = 0.12, p = 0.73; statistical power to detect
a 30% difference between the groups was 0.99. Sta-
tistical power to detect a 20% reduction in neuron
numbers was 0.96, and a 10% reduction—0.53. Sim-
ilarly, corticosterone-implanted birds did not differ
significantly from placebo-implanted birds in the total
number of BrdU-labeled cells in the ventricular zone
adjacent either to the hippocampus (Table 1, Fig. 3),
F(1, 12) = 0.37, p = 0.55, or to the mesopallium
(Table 1, Fig. 3), F(1, 12) = 0.30, p = 0.59. Statistical
power to detect a 50% difference between the groups
in cell proliferation rates was 0.40, and statistical
power to detect a 30% decrease in hippocampal cell

19.0

18.5

18.0

TOTAL NUMBER OF NEURONS/100000

17.5

CORT PLACEBO

17.0

Figure 2 Total number of hippocampal neurons in cortic-
soterone-implanted (CORT) and placebo-implanted moun-
tain chickadees. Bars represent S.E. and whiskers represent
95% confidence interval.
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cebo-implanted (hatched bars) mountain chickadees. Bars
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proliferation rates in corticosterone-implanted birds
was 0.25.

We also analyzed cell proliferation rates, hip-
pocampal volume, and the total number of neurons in
relation to individual birds memory performance pre-
sented in Pravosudov (2003) across both groups.
There was no significant relationship between spatial
memory performance on a cache-retrieval task (mea-
sured as the number of sites inspected to find previ-
ously made caches) or on a one-trial associative learn-
ing task (measured as the number of sites inspected to
find the site that contained food) and either cell pro-
liferation rates in the ventricular zone adjacent to the
hippocampus [linear regression, #(10) = 1.49, p
= 0.16, for cache-retrieval performance; #(10) = 0.31,
p = 0.76, for one-trial task performance], hippocam-
pal volume [linear regression, #17) = —0091, p
= 0.38, for cache-retrieval performance; #(19)
= —0.28, p = 0.78, for one-trial task performance] or
the total number of hippocampal neurons [linear re-
gression, #(17) = —0.25, p = 0.80, for cache-retrieval
performance; #(19) = 0.77, p = 0.45, for one-trial task
performance].

DISCUSSION

Our study demonstrated that prolonged moderate el-
evation of corticosterone did not result in significant
changes in (a) hippocampal volume, (b) total number
of hippocampal neurons, or (c) cell proliferation rates
in the ventricular zone adjacent to either the hip-
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pocampus or mesopallium. First, it is important to
know whether corticosterone implants indeed worked
in experimental birds. There is no doubt, in our opin-
ion, that implants were working as expected because
of several reasons: (1) we have demonstrated that
these implants elevate corticosterone levels in a subset
of mountain chickadees used for implant calibration
(Pravosudov, 2003), and most importantly (2) corti-
costerone-implanted birds used in this experiment
showed significant differences in food consumption
rates and in the amount of fat accumulation, which are
mediated by corticosterone (Wingfield et al., 1997,
1998; McEwen, 2002; Kitaysky et al., 2003) as well
as in food caching rates and in all performed spatial
memory tests (Pravosudov, 2003) compared to placebo-
implanted birds. Thus, we feel confident that our results
demonstrated effects of elevated corticosterone, and
such effects were clearly indicated by large behavioral
differences between corticosterone and placebo-im-
planted chickadees.

Our data contradict the hypothesis that prolonged
exposure to elevated levels of glucocorticoids should
result in reduced hippocampal volume with fewer
neurons, and support our previous indirect studies,
which showed that long-term unpredictable food sup-
ply causes spatial memory enhancement and moderate
elevation of corticosterone, but no changes in hip-
pocampal volume or neuron numbers (Pravosudov
and Clayton, 2001; Pravosudov et al., 2001, 2002).
Low variance of our estimates combined with reason-
able statistical power confirms the robustness of our
results, minimizing the possibility that we did not
have sufficient sample sizes. Such results were ex-
pected, however, based on our behavioral results
showing that prolonged moderately elevated cortico-
sterone enhances spatial memory in mountain chick-
adees (Pravosudov, 2003), and they were also in line
with some mammalian studies showing no effect of
elevated glucocorticoids on the number of neurons in
adult animals (Leverenz et al., 1999; Sousa et al.,
1998). Sousa et al. (1998) found that long-term (180
days) chronic elevation of corticosterone in neonatal
rates results in significant reduction of neuron num-
bers, but 30- and 90-day chronic corticosterone ele-
vation in adult rats had no significant effect on neuron
numbers in the hippocampus. At the same time, Sousa
et al. (1998) reported that 30-day corticosterone ele-
vation in adult rats resulted in small volume reduction
in some hippocampus layers (hilus of the dentate
gyrus and stratum radiatum of the CA3 hippocampal
field), and 90-day long corticosterone elevation re-
sulted in larger volumetric reduction of more layers
(molecular layer and hilus of the dentate gyrus, strata
oriens, and radiatum of the CA3 hippocampal field).
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Leverenz et al. (1999), on the other hand, reported
that 12-month cortisol elevation in pigtail macaques
(Macaca nemestrina) did not affect hippocampal vol-
ume and neuron numbers. Leverentz et al. (1999)
concluded that chronically elevation of cortisol with-
out stress does not have deleterious effects on the
mammalian hippocampus. Our study showed that pro-
longed moderate elevation of glucocorticoids (49
days) has no significant effect on hippocampal anat-
omy while providing important benefits of enhanced
spatial memory (e.g., Pravosudov, 2003). It remains
possible that larger glucocorticoids elevations and/or
longer exposure to such elevations could have a del-
eterious impact on hippocampal structure.

It is possible that the moderate elevations simu-
lated in our study have other yet unknown negative
effects on the hippocampus. Whether or not such
effects exist, they did not adversely affect spatial
memory as corticosterone-implanted birds actually
demonstrated enhanced memory performance (Pra-
vosudov, 2003). Because birds do not always main-
tain moderately elevated corticosterone levels despite
its benefits for spatial memory, it is likely that pro-
longed elevation of corticosterone has other costs.
Suppressed immune response may be one of these
costs (Wingfield et al., 1997, 1998).

Mammalian studies have demonstrated repeatedly
that stress has a negative effect on hippocampal neu-
rogenesis, including both cell proliferation and neuron
survival (Gould and Tanapat, 1999; Fuch et al., 2001;
Tanapat et al., 2001; Czeh et al., 2002). For example,
Tanapat et al. (2001) showed that a simple exposure
to a predator’s odor caused a reduction in neurogen-
esis rates in rats. Stress in animals is usually associ-
ated with elevated levels of glucocorticoid hormones,
and it is assumed that elevated glucocorticoids di-
rectly impact neurogenesis (Gould and Tanapat, 1999;
Tanapat et al., 2001). Our results show that prolonged
but moderate elevation of corticosterone has no sig-
nificant impact on cell proliferation rates in mountain
chickadees, although the statistical power of our tests
was fairly low. It remains possible that neuron sur-
vival rates could still be affected by our treatment,
which would support most of mammalian studies.

We used only two low-dose (75 mg/kg) BrdU
injections in our study although Gould and Cross
(2002) suggested that such low doses might label only
a fraction of the dividing cells, and that higher doses
are necessary to label all dividing cells. On the other
hand, Rakic (2002) suggested that high and multiple
doses of BrdU might produce numerous artifacts and
result in overestimation of proliferating cell numbers.
There are also some indications that high BrdU doses
could be detrimental to the animals’ health (Drapeau

et al., 2003). Even if our study underestimated the
total number of proliferating cells, we used the same
low BrdU dose for both groups of birds, and thus our
results should provide a relative comparison between
them. It remains possible that elevated corticosterone
affected the rate of BrdU uptake (Gould and Gross,
2002), which could also bias our results. Gould and
Gross (2002) argued that many factors including
stress and hormone manipulations could change the
blood flow or blood—brain barrier permeability, and
thus could affect BrdU uptake.

Our study provides further confirmation that vari-
ation in spatial memory does not have to be associated
with changes in hippocampal anatomy or cell prolif-
eration rates (Pravosudov et al., 2002). Birds im-
planted with corticosterone demonstrated enhanced
spatial memory compared to placebo-implanted birds
(Pravosudov, 2003), yet these two groups did not
differ either in hippocampal volume, total neuron
numbers, or cell proliferation rates. Individual differ-
ences in spatial memory performance were also un-
related to individual differences in hippocampal vol-
ume, total number of neurons, or cell proliferation
rates in the ventricular zone.

Whereas larger hippocampal volumes with more
neurons have been linked with better spatial memory
across different species or populations (Krebs et al.,
1996; Pravosudov and Clayton, 2002), there is no
evidence that temporary, short-term changes in mem-
ory are also accompanied by such changes in the
hippocampus on the individual level. There is only
one study suggesting that hippocampal volume and
neuron numbers change within the same individuals
on a short-term basis seasonally (Smulders et al.,
1995, 2000). However, these authors had no data on
whether memory also changed seasonally, and thus
could not demonstrate that changes in memory were
accompanied by changes in hippocampal volume or
neuron numbers. In contrast, at least two other studies
performed on the same species, the black-capped
chickadee (Poecile attricapillus), as in Smulders et al.
(1995, 2000) studies, failed to support the notion that
hippocampal volume and neuron numbers indeed
change seasonally (Barnea and Nottebohm, 1994;
Hoshooley and Sherry, 2004).

Neurogenesis rates, on the other hand, including
both cell proliferation rates and neuron survival rates,
have been shown to correlate with changes in spatial
memory performance within the same individuals
(Gould et al., 1999; Drapeau et al., 2003; Pravosudov
and Omanska, 2004), and neurogenesis has been sug-
gested to play a role in memory function (Barnea and
Nottebohm, 1994; Gould et al., 1999; Kempermann,
2002; Nottebohm, 2002). Neurogenesis consists of



both cell proliferation and neuron survival (Prickaerts
et al., 2004), and it is often not clear which of these
processes contribute to the differences reported.
Higher rates of neuron incorporation demonstrated by
Barnea and Nottebohm (2002), for instance, could
have resulted from either higher cell proliferation
rates or higher neuron survival rates or both. In our
study, we only considered cell proliferation rates. We
demonstrated that spatial memory performance might
change without changes in cell proliferation rates,
suggesting that other mechanisms play a role in me-
diating corticosterone-induced variation in memory.
Whereas statistical power to detect differences in cell
proliferation rates between corticosterone and place-
bo-implanted birds was rather low, we also found no
relationship between individual levels of cell prolif-
eration rates and spatial memory performance. This
finding reinforces our conclusion that detected
changes in spatial memory were not related to
changes in cell proliferation rates. In addition, cell
proliferation rates in corticosterone-implanted birds
tended to be lower in comparison to placebo-im-
planted chickadees, yet they performed better on spa-
tial memory tests (Pravosudov, 2003). It still remains
possible, however, that, unlike cell proliferation rates,
neuron survival rates were related to variation in
spatial memory in our experiment. Interestingly, Bar-
tolomucci et al. (2002) demonstrated that tree shrews
(Tupaia belangeri) exposed to chronic psychosocial
stress had significantly reduced hippocampal cell pro-
liferation rates yet they showed enhanced spatial
memory performance. Such results also suggest that
higher cell proliferation rates are not always associ-
ated with enhanced spatial memory. Bartolomicci et
al. (2002) measured only cell proliferation rates, and
thus the reported results do not necessarily contradict
the hypothesis that reduced neurogenesis should result
in impaired memory performance as neuron survival
rates remains unknown.

Diamond et al. (1992) found that moderately ele-
vated corticosterone levels increase the firing rate of
hippocampal neurons in rats, which could subserve
memory enhancement. Thus, moderately elevated
corticosterone could increase the efficiency of exist-
ing neurons without affecting the hippocampal struc-
ture or neurogenesis in experimental birds. It remains
possible that longer exposure to elevated corticoste-
rone would have eventually resulted in neuronal dam-
age and death. However, 49 days do not seem to be
long enough to trigger such deleterious effects in
mountain chickadees.

In conclusion, our study contradicts the hypothesis
that prolonged elevation of glucocorticoid hormones
should have deleterious effects on hippocampal anat-
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omy and cell proliferation rates in the ventricular
zone. The results indicate that prolonged but moderate
elevations in corticosterone commonly experienced
by animals under natural conditions do not have a
significant impact on hippocampal volume, total num-
ber of hippocampal neurons, or hippocampal cell pro-
liferation rates, and that they actually enhance spatial
memory in a food-caching bird. It remains to be
established whether elevated corticosterone levels
over longer periods might have deleterious effects,
and whether there are other costs associated with
maintaining elevated levels of glucocorticoids over
long periods of time.
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