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Hippocampal neurogenesis is associated
with migratory behaviour in adult
but not juvenile sparrows (Zonotrichia
leucophrys ssp.)
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It has been hypothesized that individuals who have higher demands for spatially based behaviours should
show increases in hippocampal attributes. Some avian species have been shown to use a spatially based
representation of their environment during migration. Further, differences in hippocampal attributes
have been shown between migratory and non-migratory subspecies as well as between individuals with
and without migratory experience (juveniles versus adults). We tested whether migratory behaviour
might also be associated with increased hippocampal neurogenesis, and whether potential differences
track previously reported differences in hippocampal attributes between a migratory (Zonotrichia
leucophrys gambelir) and non-migratory subspecies (Z. I nurtalli) of white-crowned sparrows. We found
that non-migratory adults had relatively fewer numbers of immature hippocampal neurons than adult
migratory birds, while adult non-migrants had a lower density of new hippocampal neurons than adult
and juvenile migratory birds and juvenile non-migratory birds. Our results suggest that neurogenesis
decreases with age, as juveniles, regardless of migratory status, exhibit similar and higher levels of neuro-
genesis than non-migratory adults. However, our results also suggest that adult migrants may either
seasonally increase or maintain neurogenesis levels comparable to those found in juveniles. Our results
thus suggest that migratory behaviour in adults is associated with maintained or increased neurogenesis
and the differential production of new neurons may be the mechanism underpinning changes in the
hippocampal architecture between adult migratory and non-migratory birds.
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1. INTRODUCTION

Differential demands on learning and memory have been
shown to affect brain structures differently. This has been
well-documented in the hippocampus, the area of the
brain thought to be involved in spatial processing. Ani-
mals that have a greater reliance on spatial learning and
memory tend to have larger hippocampi, more hippocam-
pal neurons, and increased neurogenesis [1-6]. It has
been shown that adults of some avian species use a
learned representation of their spatial environment to
orient during navigation and this representation appears
to involve the hippocampus (e.g. [7]). For example,
some studies have suggested that long-distance adult
migratory birds use a learned spatial representation of
their environment rather than a purely innate mechanism
to navigate during migration (e.g. [8,9]). Consistent with
these findings, migratory birds have also been shown to
have better long-term memory [10], better spatial
memory [11,12], and increased hippocampal volume and
number of neurons than non-migratory birds [11-13].
This is presumed to be due to the need to learn and
remember the spatial information associated with the
migratory route and stopover sites (e.g. [10]). Thus, it
is likely that there is a relationship between migratory
behaviour, the need to learn and remember the spatial
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environment during migration, and the architecture of
the hippocampus.

However, the mechanism underlying the maintenance
of increased hippocampal volume and neuron numbers in
migratory birds is unresolved. One possibility is that the
increase in hippocampal volume and number of neurons
may be a result of the addition of new neurons. It is
now accepted that hippocampal neurons are continually
produced throughout life, although the rate of production
declines with age (e.g. [14—18]). These new neurons
appear to structurally integrate into the hippocampal
neural network, possess characteristics of functional neur-
ons, and appear to be important for spatial discrimination
[19-22]. Further, the use of spatial memory and learning
has been shown to affect hippocampal neurogenesis in
mammals and birds [6,23,24]. Consequently, a greater
production of new hippocampal neurons owing to
increased demands on learning and memory during
migration may underlie differences in hippocampal attri-
butes between migratory and non-migratory birds.

Because some migratory birds have been suggested to
use spatial memory and learning to a large extent during
migration (e.g. [10]), our study addresses whether
increased hippocampal neurogenesis is associated with
migration and if the addition of new neurons into the hip-
pocampus tracks the increase in hippocampal attributes
previously shown in migratory birds (e.g. [11-13]). We
tested whether adult migratory Gambel’s white-crowned
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sparrows  (Zonotrichia  leucophrys gambelit)  exhibit
increased neurogenesis compared with adult individuals
of a closely related non-migratory subspecies, Nuttall’s
white-crowned sparrows (Z. L nurtalll). The Gambel’s
subspecies of white-crowned sparrow is a long-distance
migrant that uses multiple stopover sites [25], and thus,
may be particularly dependent upon spatial memory
during migration. We predicted that adult migrants
should show increased levels of neurogenesis during
migration compared with adult non-migratory birds
during the same time period, possibly owing to increased
demands on spatial processing.

Further, we also address whether these potential
differences in neurogenesis between migratory and non-
migratory birds could be related to experience with the
migratory route and/or development by comparing
adults and juveniles of both the migratory and non-
migratory subspecies. Previous work indicates that
migratory juvenile Gambel’s white-crowned sparrows
use an innate directional programme during their first
migration, whereas adults seem to use experience ([9];
see also [8]). Because of this, we also predicted that
migratory adults should show increased neurogenesis com-
pared with migratory juveniles. Non-migratory juveniles
and non-migratory adults should exhibit similar levels of
neurogenesis. An alternative prediction, since neurogenesis
has been shown to be very high during ontogeny and
decline with age (e.g. [14—18]), is that juveniles of both
subspecies will have greater levels of neurogenesis than
their respective adult counterparts. However, migratory
adults may counteract the downregulation of neurogenesis
occurring during ageing with upregulation owing to spatial
processing during migration. If so, we would expect to see
the number of new neurons in adult migrants more similar
to juveniles than to adult non-migrants.

To visualize neurogenesis, we used the marker double-
cortin. Doublecortin only labels proteins specifically
expressed in immature neurons that were produced
within the past approximately 25 days [26—28] and thus
reflects hippocampal neurogenesis specifically during the
migration period in Gambel’s white-crowned sparrows
(approx. 29 days; [29]). Because doublecortin is an
endogenous marker, it appears to be a viable alternative
to the traditional BrdU method for detecting and quanti-
fying neurogenesis [28,30—32]. Using exogenous markers
such as BrdU would be extremely difficult in migratory
birds as the same individuals would need to be captured
twice, prior to and after the migration.

2. MATERIAL AND METHODS

The two subspecies used in this study, Z. L gambeli
and Z. [ nuralli, differ greatly in their migration habits.
Zonotrichia leucophrys gambelii migrate yearly from their
breeding grounds in Alaska and Canada to their wintering
grounds in California [25]. Conversely, adult and juvenile
non-migratory Z. [ nuttalli are sedentary and are found
year-round on the coast of California [25].

All subjects were collected as part of an earlier study
[12]. Briefly, 14 migratory Z. I gambelii were captured on 8
October 2004 during migration near Davis, CA, USA. Indi-
viduals were identified as adults (z = 7) or juveniles (n = 7)
based on plumage colour. Because they were caught during
fall migration, adult migratory subjects had completed at
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least 1.5 full migrations whereas juveniles had completed
only one-half of a full migration. Thus, at the time of capture,
juveniles had not probably engaged a learned, spatially based
navigational system and were considered inexperienced. All
migratory individuals were sacrificed on 9 October 2004.
Seven adult and seven juvenile non-migratory Z. [ nurtalli
were captured on 12 October 2004 near the coast in
Sonoma County and sacrificed on 14 October 2004.

All birds were perfused and their brains were removed,
processed and sectioned as previously described [12]. Briefly,
birds were anaesthetized with a lethal overdose of Nembutal
and transcardially perfused with 4 per cent paraformaldehyde
in 0.1 M phosphate buffer. Brains were extracted and post-
fixed in 4 per cent paraformaldehyde for one week before
cryoprotection. Brains were cryoprotected in 30 per cent
sucrose and flash-frozen on dry ice. Brains were stored at
—70°C until sectioning. Brains were sectioned on a cryostat
at —20°C in the coronal plane every 40 pm and every 12th
section was subjected to immunohistochemistry.

Sections were processed for doublecortin, an endogenous
marker of immature neurons [6,28,30—33]. In both birds
and mammals, only new neurons express doublecortin (e.g.
[26—28]), which eliminates the need for BrdU injections
and double labelling to establish neuronal identity. Changes
in neurogenesis measured with doublecortin in response to
behavioural experiences known to affect neurogenesis
mirror changes measured with BrdU labelling (32). Unlike
BrdU, doublecortin shows only transient expression, which
lasts approximately 25 days in passerine birds [28]. There-
fore, neurogenesis measured by using doublecortin only
labels neurons that were produced within 25 days of sacrifice.
Doublecortin is well suited to answer questions regarding the
birth of new neurons during migration of Z. [. gambelii, as this
subspecies has been noted to have a fairly long temporal
migration (approx. 29 days; [29]). Since doublecortin
only labels new neurons born within the past 25 days, our
data were collected on neurons that were born during
migration only.

To visualize doublecortin, sections were washed in Tris-
buffered saline (TBS), incubated in 30 per cent hydrogen
peroxide plus TBS (1:50) at room temperature for 30 min,
washed in TBS, incubated in blocking buffer (normal horse
serum (1:33.3), TX-100 (1:39.8) and TBS) at room temp-
erature for 30 min, and then incubated in anti-doublecortin
antibody plus blocking buffer (1:200; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA; SC-8066) overnight
(approx. 18 h) at 4°C. The following day, sections were
washed in TBS, incubated in biotinylated horse anti-goat
antibody in blocking buffer (1:200; Vector Laboratories,
Burlingame, CA, USA; BA-9500) at room temperature for
2 h, washed in TBS, incubated in ABC Elite kit (Vector Lab-
oratories; PK-6100) at room temperature for 1 h, washed in
TBS, reacted with DAB + nickle kit (Vector Laboratories;
SK-4100) at room temperature for 2 min, washed in
TBS, and mounted on slides. Slides were dried, lightly
Nissl-stained, and covered with a coverslip.

We also performed a negative control to account for non-
specific binding of the secondary antibody. To do so, we
used the same protocol as above, but replaced the anti-
doublecortin antibody with TBS during the overnight
incubation. We found that the elimination of the primary
antibody suppressed staining, indicating that our protocol
specifically stained cells that expressed doublecortin, rather
than staining non-specifically.
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The lateral hippocampal formation boundary was deter-
mined by the change in density of Nissl-stained cells at the
boundary, as per [1] and as in our previous study [6].
Doublecortin-labelled cells within the hippocampus were
easily identified, as they stained darkly compared with
surrounding Nissl-stained cells. They were also morphologi-
cally similar to doublecortin-labelled cells described by
Boseret er al. [34]—round multipolar cells and fusiform
cells, which are typical morphotypes of differentiating neurons
and migrating neurons, respectively. From a previous study
with these individuals, we had used stereological measurements
to estimate hippocampal volume using the Cavalieri method
(Stereolnvestigator software, Microbrightfield, Inc., Colchester,
VT, USA; microscope, Leica M4000B, Bannockburn, IL,
USA; values reported in and taken from Pravosudov ez al. [12]).

The number of doublecortin-positive cells was high, pre-
venting exhaustive counts throughout the entire hippocampal
formation. Consequently, we used the optical fractionator
method [35] to estimate the number of doublecortin-positive
cells, similar to previous studies [6,31,32]. Doublecortin
neuron counts were performed with an optimal grid size of
130 pm, counting frame of 70 x 70 wm, and dissector
height of 5 pm. The left and right hemispheres were both
measured for neurons expressing doublecortin and then
summed to produce the given values. There were no signifi-
cant differences between left and right hemispheres of the
hippocampus in terms of the number of neurons expressing
doublecortin (paired z-test: 7,7 =— 1.67, p = 0.105).

To ascertain if the effect of our groups was global (i.e.
occurring outside of the hippocampus), we also estimated
the number of doublecortin-positive cells and the density of
doublecortin-positive cells in another brain region, the
hyperpallium apicale (HA; formerly the hyperstriatum acces-
sorium), which is laterally adjacent to the hippocampus.
We followed the protocol of Barnea & Nottebohm [36] and
LaDage et al. [6], measuring the number of cells in the
HA, up to a distance of 3 mm from the midline. Again, the
doublecortin-positive cells were estimated in the left and
right hemispheres of the HA and summed. There were sig-
nificant differences between the right and left hemispheres
of the HA in number and density of doublecortin-positive
cells (paired r-test, number: 1,7 =— 2.907, p=0.007;
density: t,; =— 3.549, p = 0.001).

Differences among treatments in the number of neurons
expressing doublecortin were determined by general linear
model (GLM), followed by two-tailed Newman—Keuls pair-
wise comparisons when appropriate. The density of neurons
expressing doublecortin was calculated by dividing the
number of neurons expressing doublecortin by the total
volume of the hippocampus (data collected on hippocampal
volume from Pravosudov er al. [12]). Differences among
groups in the density of neurons expressing doublecortin
were also determined by GLM, followed by Newman—Keuls
pairwise comparisons when appropriate. We considered all
results to be statistically significant if p < 0.050.

3. RESULTS

There was a significant subspecies x age class interaction
in the number of neurons expressing doublecortin in the
hippocampal formation (F;,4=5.375, p=0.029).
Adult non-migratory sparrows had fewer neurons expres-
sing doublecortin than adult migratory sparrows (p =
0.030) and showed a trend towards decreased number
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Figure 1. Total number of hippocampal neurons expressing
doublecortin (mean + s.e.m.) in adult and juvenile migratory
(Z. . gambeli, filled circle) and non-migratory (Z. I nuttalli,
open circle) sparrows. n = 7 per group.

of neurons expressing doublecortin when compared
with juvenile non-migrants (p = 0.064) and to juvenile
migratory birds (p = 0.087). All other comparisons
were non-significant (adult versus juvenile migratory,
p=0.552; migratory versus non-migratory juveniles,
p=0.780; adult migratory versus juvenile non-
migratory, p = 0.450; figure 1). There was also an effect
of subspecies and of age class on the density of neurons
expressing doublecortin (subspecies: Fj 54 = 5.004, p =
0.035; age class: Fy 24 = 4.797, p = 0.038) but no statisti-
cally significant effect of the interaction (Fy 4= 2.372,
p=0.137). Adult non-migratory birds had lower
densities of neurons expressing doublecortin than adult
migratory birds (p = 0.035), juvenile migratory birds
(p = 0.022) and juvenile non-migratory birds (p = 0.015).
All other comparisons were non-significant (adult versus
juvenile migratory, p = 0.650; migratory versus non-
migratory juveniles, p= 0.875; adult migratory versus
juvenile non-migratory, p = 0.974; figure 2).

We also found that the number and density of double-
cortin-positive cells in the HA was not affected by
subspecies (number: Fi 4 = 0.047, p = 0.831; density:
Fy 5,=0.346, p=0.562) and there was no significant
interaction between subspecies and age class (number:
F1,24 = 0298, p= 0590, density: F1,24 = 0002, b=
0.966). However, there was a significant effect of age
class on the number and density of doublecortin-positive
cells in the HA (number: F; 54 = 22.506, p < 0.001; den-
sity: Fy 24 = 39.879, p < 0.001; migratory adults, number:
22.844 x 10> + 1.604, density: 10.796 x 10> + 0.749
(no. per mm?); migratory juveniles, number: 33.571 x
10% + 3.779, density: 16.042 x 10> + 1.160 (no. per
mm?’); non-migratory adults, number: 22.002 x 10> +
1.389, density: 10.268 x 10°> + 0.714 (no. per mm?);
non-migratory juveniles, number: 35.518 x 10° + 2.708,
density: 15.586 x 10° + 0.618 (no. per mm?>)).

4. DISCUSSION

We found that migratory adult white-crowned sparrows
had relatively more and a higher density of new hippo-
campal neurons than adult non-migratory white-
crowned sparrows. This difference does not appear to
be global, as the number and density of doublecortin-
positive cells in an adjacent region (HA) did not differ
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Figure 2. Density of hippocampal neurons (no. per mm?>)
expressing doublecortin (mean + s.e.m.) in adult and juven-
ile migratory (Z. I gambelii, filled circle) and non-migratory
(Z. . nuttalli, open circle) sparrows. n = 7 per group.

among subspecies. This is consistent with the results of
Pravosudov er al. [12] in that, in these same individuals,
migratory sparrows had more total hippocampal neurons
than non-migratory sparrows but with comparable absol-
ute hippocampal volumes. Thus, taken together, adult
migratory sparrows had a higher density of both new
and total number of neurons in the hippocampus com-
pared with adult non-migrants. Similarly, Cristol ez al
[11] found that migratory juncos had a higher density
of hippocampal neurons than non-migrants, although
they did not address the age of these neurons. Previous
studies have not documented the mechanism underpin-
ning these differences, but our results suggest that the
production of new hippocampal neurons may explain
the difference in the number of hippocampal neurons pre-
viously found between migratory and non-migratory
white-crowned sparrows [12]. To our knowledge, this is
the first study to document a relationship between
migratory behaviour and hippocampal neurogenesis.

Hippocampal neurogenesis has been suggested to be
regulated by spatial processing, in that individuals
having higher demands for spatially dependent beha-
viours show an increase in the number of new neurons
in the hippocampus [6,33,37—-39]. Many species of
migratory birds, including white-crowned sparrows, exhi-
bit behaviours that are consistent with increased demands
on spatial learning and memory, at least during migration.
For example, migratory individuals have been shown to
return to the same wintering grounds and stopover sites
each year (e.g. [40—43]), and orientation towards these
areas have been suggested to be learned. In addition,
migratory birds perform better on spatial memory tasks
[11,12] and have a better long-term memory [10] than
non-migratory birds.

Although migratory and non-migratory adults may
possess different numbers of new hippocampal neurons,
this effect may have been due to experience with spatially
based learning and memory during migration, rather
than a product of inherent subspecies differences. It
has been shown that first-time migrant white-crowed
sparrows, i.e. the juveniles in our study, use an innate
orientation programme during their first migration rather
than an adult-typical, learned form of navigation ([9];
see also [44]). Further, in some birds, acquisition of
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a spatial navigation system appears to occur during
development [45]. Thus, assuming juvenile migratory
sparrows were not using spatially based memory during
the first half of their first migration, and if the differences
we found between migratory and non-migratory sparrows
were a function of previous experience with migration, we
expected that juvenile migrants would have fewer num-
bers of new neurons than migratory adults. We found,
however, that migratory adults and juveniles had similar
numbers and densities of new hippocampal neurons.
Although we may conclude that these results indicated
intrinsic differences in neurogenesis between subspecies,
our data comparing adult and juvenile non-migrants
suggest an alternative explanation.

Our data also show that non-migratory juveniles have
more and a higher density of new neurons than non-
migratory adults, and the number and density of new
neurons are similar to those found in migratory juveniles
and adults. This may not be surprising, as previous
studies have shown that neurogenesis is very high during
development and declines with age (e.g. [14—18]). Thus,
juveniles of both subspecies may show similar levels of
neurogenesis owing to brain development in general,
rather than neurogenesis regulated by spatial learning
and memory per se. This may be supported by our data
showing that neurogenesis in the HA were different
between the age classes but not between subspecies,
thus suggesting the effect of age on neurogenesis may
not be specific to particular brain regions. It may be,
then, that hippocampal neurogenesis is downregulated
in non-migratory adult birds while, in migratory adults,
neurogenesis is stable or upregulated during migration.
An upregulation pattern in neurogenesis has been
shown in studies of ageing mice, in that individuals
housed in enriched environments showed an upregulation
of neurogenesis compared with littermates housed in
standard conditions (e.g. [46—48]). Although it would
be interesting, unfortunately, with our data, we cannot
decipher if migratory adults show variability in new
neuron numbers based on periods of migration or if
neurogenesis is stable between development and adult-
hood. Because of this, it may be that migratory birds have
been selected for higher neurogenesis in general, suggesting
that neurogenesis is not necessarily related to the migratory
period itself. To determine such, migratory birds would
have to be sampled throughout the year to determine
neurogenesis rates outside of the migration period.

There are also other possible interpretations of our
results. First, motor stimulation has been shown to have
dramatic effects on neurogenesis. Mice that engage in
voluntary physical activity exhibit increased neurogenesis
compared with conspecifics denied such an opportunity
(e.g. [49,50]). Migratory behaviour probably entails a
large increase in motor stimulation compared with birds
that do not migrate, which may potentially have caused
the differences found between adult migratory and non-
migratory sparrow subspecies in this study. However,
juvenile migrants probably engaged in similar amounts
of motor activity as adults during migration (at least
relative to non-migrants), but did not exhibit more or
more densely packed neurons compared with juvenile
non-migrants. Thus, if motor stimulation can explain
our results, it appears that it either differentially affects
neurogenesis in adult and juvenile sparrows, or there is



142 L. D. LaDage et al.

Neurogenesis and migration in sparrows

a ceiling to the additive effects (e.g. motor stimulation,
development, spatial processing) that contribute to
increased neurogenesis.

Also, it may be that non-migratory adults reflect the
mean value of neurogenesis in both subspecies. Some
aspect of migratory behaviour may select against individ-
uals that exhibit lower neurogenesis, whereby only
individuals with increased neurogenesis complete the
migratory route. Thus, our data may reflect only a
selected subset of all migratory individuals. To ascertain
such, data on neurogenesis in individuals before
migration would need to be gathered.

In conclusion, our study suggests that the population
of new hippocampal neurons was significantly affected
by migratory status. Non-migratory adults had less and
a lower density of new hippocampal neurons than
migratory adults. Further, neurogenesis was similar
between adult and juvenile migrants, while adult non-
migrants showed lower levels of neurogenesis compared
with juvenile non-migrants. Further work is needed to
investigate whether alternative factors such as exercise
and stress could contribute to the patterns we found in
neurogenesis between adults and juveniles of both sub-
species. Also, investigation into whether adult migrants
show variable numbers of new neurons, depending
upon the time of year, and whether the adult population
before migration shows a pattern consistent with this
study would contribute to a fuller picture of neurogenesis
patterns in this species. Similarly, it would be interesting
to know, if migratory adults do indeed initiate increases
in hippocampal neurogenesis during migration, what
initiates the increase in neurogenesis, if it is stable
throughout the migratory route, and whether neuro-
genesis rates are stable on the wintering grounds.

All procedures were approved by the Institutional Animal
Care and Use Committee at the University of California
Davis (10804).
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