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Abstract
Mercury exposure can disrupt development of the cerebellum, part of the brain essential for coordination of movement
through a complex environment, including flight. In precocial birds, such as fowl, the cerebellum develops embryonically,
and the chick is capable of leaving the nest within hours of hatching. However, most birds, including all songbirds, are
altricial, and spend weeks in the nest between hatching and fledging. The objective of this study was to describe the normal
development of the cerebellum in a model altricial songbird so as to determine the effect of exposure to mercury on
cerebellar maturation. Adult zebra finch (Taeniopygia guttata) pairs were fed either a control diet, or a diet augmented with
one of four treatment-levels of methylmercury (0.3–2.4 μg/g wet weight), and their offspring, the subjects of this study, were
fed the same diet by parents. We documented, for the first time, the schedule of cerebellar development in an altricial bird,
and compared stages of development among methylmercury-exposed groups. For all treatments of methylmercury, the age
of completion of cellular migration was later than for control zebra finches, indicating a delay in cerebellar maturation.
Displaced (heterotopic) Purkinje neurons, a pathology typical of methylmercury exposure in developing vertebrate brains,
were more numerous in methylmercury-exposed birds, and persisted at least until the age of independence. Delays in
maturation of the cerebellum could delay fledging in altricial bird species, with potential serious implications for the fitness
of exposed individuals, as predation rates in the nest are often very high.
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Introduction

Anthropogenic emissions of mercury have resulted in ele-
vated levels of methylmercury (MeHg) in the diets and
tissues of wild birds, even in the remotest locations (Bond
and Robertson 2015), and including the most numerous
avian taxon, terrestrial songbirds (Cristol et al. 2008).

Songbirds populations have declined precipitously in the
last 50 years (Rosenberg et al. 2019), and pollutants such as
mercury may play a role through disruption of reproduction,
critical behaviors, or demanding life-cycle stages such as
migration (Seewagen 2020). Much is known of the effects
of MeHg on birds (reviewed in Whitney and Cristol 2017),
including that it can cause degeneration of neurons, but the
effect of early MeHg exposure on developing avian brains
is less well understood.

In mammals, which are better studied than birds in terms
of the effects of maternally ingested toxicants, MeHg can
generate deformities in offspring, particularly in the cere-
bellum, such as those documented in human fetal Minamata
disease (Matsumoto et al. 1965) and in numerous laboratory
studies (Castoldi et al. 2008). Within the human brain,
aberrant cellular migration has been documented after fetal
mercury exposure, notably in the cerebellum (Choi et al.
1978). Several studies of experimental MeHg exposure in
adult game birds have also reported lesions of the cerebellum
(Finley and Stendell 1978, Borg et al. 1970, Pass et al. 1975),

* Daniel A. Cristol
dacris@wm.edu

1 Department of Pathology and Anatomy, Eastern Virginia Medical
School, Norfolk, VA 23507, USA

2 Department of Biology, William & Mary, Williamsburg, VA
23185, USA

3 Present address: Biology Department, Colorado State University –

Pueblo, Pueblo, CO 81001, USA
4 Present address: University of Virginia School of Medicine,

Charlottesville, VA 22908, USA

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-020-02270-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-020-02270-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-020-02270-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-020-02270-9&domain=pdf
mailto:dacris@wm.edu


but little is known about the effect of MeHg on the cere-
bellum of songbirds, especially when exposure is during
development. A fully functioning cerebellum is essential for
movement through a complex environment, for example
much of the processing of visual inputs during flight occurs
in the cerebellum (Wylie et al. 2018). Because most of the
world’s bird species are altricial songbirds, and there is much
focus on the role of pollutants in their conservation, a better
understanding of the effects of mercury on the songbird
cerebellum is needed.

In adult birds’ brains, as well as in those of other ver-
tebrates, the cerebellum is organized into three histological
layers, the outer molecular layer (OML), the Purkinje layer
(P) and the inner granule cell layer (IGL). A section of the
cerebellum of a model songbird species, the zebra finch,
demonstrates these layers at 23 days after hatching, or
approximately the age of fledging from the nest (Fig. 1).

Developmentally, a superficial fourth layer, the external
granule cell layer (EGL, Fig. 2), is present. During
maturation, the cells of the EGL migrate through the other
layers to complete the IGL. Thus, the EGL is absent at
maturity. In the domestic chicken, a precocial bird in which
young are mobile upon hatching, the cells of the EGL
migrate from days 15–20 of incubation and the EGL has
disappeared by the time of hatching, indicating a maturely
organized cerebellum (Hanaway 1967) in advance of the
stage of mobility that precocial checks enter soon after
hatching. However, the schedule of cerebellar development
is unknown for altricial bird species, in which young are
helpless upon hatching and require an extended period of
parental care before fledging from the nest. In this study we
postulated that a cerebellum with mature cytoarchitecture
would not be present in a model altricial bird until the time
of fledging, when coordinated movement for flight and
other mobility would first be required.

Our objective was twofold: (1) to document for the first
time the normal maturation of the cerebellum in a hatchling

altricial bird (in contrast to that in precocial bird species,
which have already been well described); and (2) to deter-
mine whether experimental MeHg exposure, in ovo and
through the diet fed to them by their parents, delayed or
altered the development of the cerebellum in this model
songbird.

Materials and methods

Study species

Zebra finches have emerged as a model system for research
on birds, including toxicology and behavior. Research
involving live animals was conducted from June 2011 to
August 2013, and was approved by the Institutional Animal
Care and Use Committee at William & Mary. Five treatment
groups (36 pairs per treatment) were maintained on a pel-
letized finch food (Fruit Blend for Very Small Birds,
Zupreem, Shawnee, KS) and randomly assigned to one of
five dietary concentrations of MeHg (0.0, 0.3, 0.6, 1.2,
2.4 μg/g wet weight, equivalent to dry weight concentrations

Fig. 1 Typical histological
organization of a zebra finch
cerebellum, at a ×40
magnification, scale bar=
100 μm and b ×200
magnification, scale bar= 40 μm

Fig. 2 Yellow arrow indicates the fissure between two folia with rows
of external granule cells at the outer margin of the molecular layer, in a
normal 14-day-old zebra finch cerebellum. Scale bar= 40 μm
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of 0.0, 0.35, 0.70, 1.39, 2.79 μg/g). The lower treatments of
dietary mercury (0.3, 0.6, 1.2 μg/g) were selected to repre-
sent concentrations found in invertebrate prey items from
MeHg-contaminated habitats, such as the South River
watershed in Virginia, USA (Varian-Ramos et al. 2014). The
highest level of exposure (2.4 μg/g) represented a worst-case
scenario that has rarely been documented (but see spider
data in Abeysinghe et al. 2017). All birds were maintained in
standardized cages with ad libitum access to appropriate
MeHg-treated or control food, vitamin-enriched water
(Vitasol, Islandia, NY), oyster shell grit, cuttlefish calcium
supplement, two dowel perches, a nest box, and long-day
photoperiod (14:10 light:dark) to encourage breeding.

Each treatment group started as sexually mature control
birds ~150–200 days old that had been exposed to mercury
in single-sex cages for 10 weeks until blood mercury levels
had plateaued. These individuals (Padult-exposed parental
generation) became the parents of half of the subjects of this
study (F1A subject generation) when they were paired at
random within treatment, avoiding any inbreeding between
known relatives (i.e., siblings or first cousins). To produce
the other half of the subjects for this study (F1B subject
generation), we raised all offspring not used for the F1A
generation (i.e., siblings of the F1A subjects) and kept them
on the same treatments of MeHg until after sexual maturity
(~150 days), at which point these siblings became the Plifetime

parental generation. These were paired with non-relatives
and bred to produce the second half of the subjects (P1B
subject generation) of this study. Thus, approximately half
of the mercury-exposed subjects (F1A) had parents who had
been exposed to mercury only as adults (Padult-exposed), while
the other subjects (F1B) had parents who had been exposed
to mercury for their entire lives (Plifetime). To reiterate, all
mercury-exposed subjects were exposed to MeHg in ovo
and throughout the nestling stage until the time at which we
collected their brains, however some birds in each treatment
group had parents with lifetime exposure, while the others
had parents with MeHg-exposure only during adult life.
Subjects on the 0.0 MeHg treatment (controls) were never
exposed to mercury and nor were their parents or other
progenitors.

Food preparation

Mercury-treated diets were prepared by homogenizing
aqueous MeHg cysteine into pelletized finch food. Selenium
concentrations in the prepared finch food were negligible.
Each batch of each diet was tested for total mercury content
on a DMA-80 (Direct Mercury Analyzer, Milestone Sci-
entific, Shelton, CT) to ensure that it was within 7.5% of the
nominal treatment, while average mercury content in the
control diet was 0.004 ± 0.002 μg/g. Mercury-treated diets
contained between 99.3 and 102.1% of desired values with

a mean concentration of 100.8% of the calculated wet
weight mercury concentration.

Mercury analysis

In birds, total mercury concentration is a strong proxy for
MeHg concentrations. Specifically, more than 95% of the
total mercury in avian eggs and blood consists of MeHg
(Wada et al. 2009). We monitored the parents of all birds in
this study daily for any adverse health effects, which we did
not observe. Notably, all of the MeHg treatments were
intentionally sub-lethal and did not influence adult survival.
Blood samples of ~20–30 μL were collected in 70 μL
heparinized capillary tubes at the time of sacrifice, and
frozen at −20 °C until analysis (n= 11–20 nestlings per
treatment due to difficulty sampling adequate quantities of
blood from the small blood vessels of some individuals).
All samples were analyzed for total mercury, without dry-
ing, using previously described methods (Varian-Ramos
et al. 2014). Briefly, the DMA-80 was calibrated every two
months, or as needed, throughout the study. Quality assur-
ance measures were maintained using two certified refer-
ence materials (DORM-3 and DOLT-4, National Research
Council, Ottawa, ON, Canada). Each batch of samples was
preceded and followed by empty system blanks (2×), an
empty receptacle method blank, DORM-3, DOLT-4, dis-
tilled water, and more system blanks (3×).

Recoveries for certified reference materials were within
acceptable limits and averaged 103.5 ± 0.4% (n= 1489) for
DORM-3 and 100.3 ± 0.2% (n= 1461) for DOLT-4. Matrix
spikes with bird blood were performed regularly, and
recoveries averaged 101.2 ± 3.6% (n= 62). The average
calculated minimum detection limit was 0.008 ± 0.001 μg/g
during the period of study. The relative percent difference
for duplicate samples from the period that the samples in
this study were analyzed was calculated separately for the
earlier (2.6% for 639 pairs of duplicates) and later (7.5% for
45 pairs of duplicates) portions of the study.

Cerebellar development

Hatchling subjects from each diet treatment were assigned
haphazardly, based on age and availability, to be euthanized
by rapid decapitation on days 0 through 35 after hatching,
with the stipulation that siblings were never collected for the
same treatment-date sample. Thus, any effects of brood or
parentage were spread across the treatment groups and
pseudoreplication was avoided. The brains were removed
immediately after rapid sacrifice and collected in 10% for-
malin. Transfer of tissue to the Eastern Virginia Medical
School was approved by its Animal Care and Use Com-
mittee. The cerebellum was hemisected and immersed in
30% sucrose formalin for a minimum of 3 days and
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embedded in a cryoprotectant medium (Tissue Tek, Sakura-
Finetek, Torrance, CA). Mid-sagittal and para-sagittal sec-
tions (25 μm) were cut on a cryostat (Leica CM1900, Hei-
delburg, Germany), and serial sections were collected and
mounted on glass slides. Sections were stained with cresyl
violet and microscopically examined.

Cerebellar maturation was described with observations
taken at a standardized location within the cerebellar cortex
since development was not synchronous throughout the
folia, nor from mid-sagittal to more lateral tissue sections.
Assessments were made near the depth of the fissure
between folia IV and V, after the nomenclature of Larsell
(1948, 1967), who reported that flight capability correlated
with folia IV, V and VI (a finding that has been corrobo-
rated more recently by Necker 2001). In this study, the
method for determining developmental stages utilized the
techniques and descriptions standardized from decades of
cerebellar development research (reviewed by Hatten and
Heintz 1995). We examined birds from each treatment level
to determine the day finches reached definitive stages of
cerebellar development.

Photomicrographs were made for each subject with a
Digital Imaging System (Olympus DP71, Center Valley, PA,
USA). Cells of the EGL for days 19–25 were counted with
the Adobe Photoshop CC (2018) manual counting tool and
compared across treatment groups (3 subjects for each of days
19–25= 21 subjects for each treatment). Cells were counted
along a 200 μm length of cerebellar surface (at a standardized
location). Based on the descriptive data, there are ~40 cells
when counted in a single row. We defined depletion of the
EGL as when fewer than ten scattered cells remained at the
surface. EGL cells, those external to the neuropil of the outer
molecular layer, were differentiated from capillary endothelial
cells by shape, i.e., globular versus squamous, and by the
usual linear pattern of vascular elements. For Purkinje neuron
counts, those adjacent to the IGL, within 15mm and having a
visible nucleolus were classified as normal. Heterotopic Pur-
kinje neurons were those within the molecular layer separated
from the IGL by, at least, the width of a Purkinje soma,
15–20mm, also often exhibiting signs of cellular pathology
including dysplasia and eccentric nuclei.

The presence and quantity of heterotopic Purkinje neu-
rons in young birds was determined from 20 nestlings in
each treatment group (ages 19–35 days after hatching), by
counts from ten non-adjacent tissue sections from mid-
sagittal to 600 μm laterally. Every second section was
counted unless tissue folds obscured a portion of the field to
be counted. Sections were not otherwise rejected for
counting. Purkinje neurons without a visible nucleus were
excluded to reduce the risk of double counting.

To examine whether any effects of mercury persisted to the
age of independence, we also quantified the number of het-
erotopic Purkinje cells in the brains of eight additional

fledglings collected from only the highest mercury treatment
(where effects would be most likely to be observed) at
~50 days post hatching (range: 45–55 days), and we com-
pared these to eight additional nestlings of equal age that we
collected from the control treatment. Following extraction, the
brains of these older fledglings were prepared for cryo-
sectioning as above. Brains were cut in the sagittal plane
(18 μm sections) and stained with cresyl violet. For this por-
tion of the study, Purkinje neurons were counted from every
fourth section on all cerebellar sections. The slides from these
older finches were imaged using an Olympus BX60 scope
and QCapture Pro 7 software and the total number of Purkinje
neurons was counted using Image J software.

Statistical analysis

Before making quantitative comparisons of the mercury
treatments, we found it necessary to thoroughly describe the
stages of cerebellar maturation, as this has not been done
previously, to our knowledge, for any altricial bird. To
compare rates of cerebellar maturation we provide a range of
days on which subjects in each treatment reached each stage
of maturation, as well as the proportion of individuals
examined that had reached maturation on each of days 20–25.

For three subjects from each treatment on days 19–25 we
compared the number of cells remaining in the EGL (n= 21
nestlings per treatment), using a generalized linear model
with treatment as a fixed effect and age as a covariate, as
well as their interaction. To compare the number of het-
erotopic Purkinje cells in birds that had matured to the stage
of depleted EGL (19–25 days after hatching) across the five
treatments (n= 20 nestlings per treatment), we used a
generalized linear model with a Poisson distribution and log
link, with treatment as a fixed effect. We used a post hoc
Bonferroni adjustment to compare the treatments. To
determine the proportion of heterotopic Purkinje cells in
older birds (fledglings that had reached the age of inde-
pendence), we used a generalized linear model with a
binomial distribution and logit link to compare the controls
to the highest MeHg-exposure treatment (n= 8 nestlings
per treatment, aged 45–55 days after hatching). The statis-
tical tests used to compare MeHg treatment groups were
performed using SPSS 19 (IBM), with a statistical sig-
nificance criterion of < 0.05.

Results

Developmental stages in the cerebellum of an
altricial bird

Research on central nervous system development has
established anatomical stages of cell migration and maturity
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in the cerebella of mammals and chickens (reviewed in
Hatten and Heintz 1995). These visually identifiable stages
have been corroborated as discrete using molecular markers
(Kuhar et al. 1993). Although the timeline is different, the
development of the cerebellum in the zebra finch follows
qualitatively that of other vertebrates including mice, rats
and embryonic chicken and quail. That sequence of devel-
opment, common to all vertebrates, is represented in graphic
form first presented by Altman (1982) and is used below to
compare the timeline in control and mercury-exposed birds
(Figs 3, 4)

In Stage 1a (Fig. 3), granule cells first appeared as a
displaced germinal layer; i.e., the EGL was observed as a
compact, superficial strata. For the control zebra finch on
day 0 (hatch day), 3–4 compact rows of darkly stained
external granule cells were visible adjacent to the pial sur-
face (i.e., the boundary of the pia mater). Immediately
inferior to these cells, barely visible Purkinje neuron cell
bodies could be seen embedded within an otherwise
homogenous group of lightly stained neurons. On day 1, a
row of Purkinje cells was more apparent, i.e., more dis-
tinctly stained, in the folia adjacent to the brainstem (folia
I–II and IX–X) thus defining what would become the border
between developing layers of the outer molecular and inner
granule cell layers. In folia further distal to the brainstem, a
less structured, more homogenous, appearance was evident.
On days 4–5 (Stage 1b, Fig. 4) the EGL grew to its greatest
depth, as described for other species (Hallonet et al. 1990).

In Stage 2 (Fig. 4), two or more cell rows of the EGL
separated from the compact superficial zone and appeared in
the forming molecular layer, just inferior to the top zone,
known as the pre-migratory zone (Altman 1972). During
this stage, horizontal processes (dendrites) grew in the
perpendicular plane. Ultimately, these processes would
form the outer molecular layer, collectively with the pro-
cesses of the Purkinje neurons, with which they synapse. In
the control zebra finches this took place during days
5 and 6.

Stage 3 (Fig. 4) is defined as migration of the external
granule cells. After the horizontal processes had grown on
the first cells in Stage 1b, a portion of the molecular layer
appeared as a widening space occupied by cellular pro-
cesses. Migration of the EGL was observed in control zebra
finches starting on day 7. These cells appeared spindle-
shaped and were seen in the molecular layer oriented per-
pendicular to the cerebellar surface. Simultaneously and
thereafter, the rows of EGLs were depleted.

Stage 4 (Fig. 4) is defined as completion of cellular
migration. The EGL disappeared between days 20 and 22 in
control zebra finches. Spindle shaped cells typical of those
migrating through the molecular layer were often present
for an additional day. Functionally, at this time, the pro-
cesses of granule cells are involved in synaptogenesis with
the Purkinje neurons and afferent processes of mossy fibers
ascending from the brain stem.

For purposes of comparison, we defined cerebellar
maturity as the disappearance of the last row of cells in the
EGL between folia IV and V. However, scattered cells,
possibly external granule cells, were occasionally visible
after this time in control zebra finches. Additionally, the
cerebellum appeared to add volume through day 35,
although this was an anecdotal observation and systematic
measurements were not made. This expansion has been
explained by others as the addition of white matter (Hatten
and Heintz 1995).

Variation in development of the cerebellum in
control finches

As in other vertebrates, the avian cerebellum develops as an
expansion of the brainstem’s rhombic lip (Hatten and
Heintz 1995). At maturity, the avian cerebellum has ten
folia which can be subdivided or abbreviated according to
the established classifications (Larsell 1948, Iwaniuk et al.
2006). Upon hatching (day 0), the control zebra finches
exhibited a range of foliar maturity among subjects. In one
specimen, the cerebellum was represented by three folia
present at midline while lateral portions were more devel-
oped with nine poorly defined folia. Other zebra finch
specimens had more complete foliation at midline on day 0.
This could be accounted for by individual variation, or, in

Fig. 3 The 4-layered cerebellum, including a transient external granule
cell layer, is present in hatchling zebra finches and is similar to cere-
bellar structure of other vertebrates during development (after Altman
1982)
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this rapidly expanding organ, even a few additional hours of
development between hatching and sampling could have
been responsible for the increase in foliation.

By day 2, all specimens had ten folia. Surprisingly, at
every age, even these untreated, control finches often
showed variation in mid-sagittal foliation. A range of spe-
cimens collected on day 5 depicts this variation (Fig. 5).
While folia I is undivided in each specimen, folia II and III
are variously subdivided (black oval enclosure; Fig. 5).
Folium IX exhibited multiple variations of subdivisions (in
green square with folium X; Fig. 5). The red oval (Fig. 5)
surrounds the fissure between folia IV and V, the standar-
dized location from which measurements were made in
experimental subjects of all ages. More mature specimens
taken from finches of post-fledging ages showed similar
variation, as well, differing from that shown in the adult
zebra finch brain atlas (Nixdorf-Bergweiler and Bischof
2007). In the atlas figure, folia I, II, and III are undivided. In
older specimens from our study, specimens are nearly
equally represented by those with subdivisions in folia II

and III, or undivided. Folia IX in mature specimens was
about equally subdivided into 2 or 3 folia of various sizes.

Effect of mercury on rate of development

Dietary exposure to 0.0, 0.3, 0.6, 1.2 and 2.4 μg/g MeHg
resulted in a wide range of nestling blood total mercury
concentrations of ~0, 1.5, 3, 6 and 11 μg/g, respectively,

Fig. 4 The progression of cerebellar development in normal zebra finch unexposed to contaminants follows the discrete stages identified in other
vertebrate models (Hatten and Heintz 1995)

Fig. 5 Range of variation
exhibited in three representative
mid-sagittal sections of
cerebellum from control zebra
finches on day 5. Folia I, II and
III are indicated by black oval.
Red oval surrounds the fissure
between folia IV and V. Folia IX
and X are indicated by
green square

Table 1 Blood mercury concentrations (mean, standard deviation and
sample size; μg/g ww) in nestling zebra finches (averaged across all
sampled embryos in a treatment group, 0–35 days after hatching)
exposed to MeHg at indicated treatments (μg/g ww) by maternal
deposition in ovo and parental feeding after hatching

MeHg treatment (μg/g)

Group 0.0 0.3 0.6 1.2 2.4

Mean 0.003 1.445 3.100 6.094 10.989

SD 0.004 0.396 0.736 1.462 2.365

n 18 20 18 17 11
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with relatively low variance (Table 1). Thus, our experi-
mental exposure resulted in blood levels ~5× the con-
centration in parent and offspring food, and treatment
groups were non-overlapping. It should be noted that we
averaged all nestlings within a treatment group, despite the
fact that their blood was sampled at various ages up to
35 days, so this study does not provide information suffi-
cient to predict blood total mercury at any particular age.

To determine whether birds exposed to MeHg reached
various stages of development at the same time as controls,
we recorded the developmental day when each experimental
group demonstrated each stage depicted in Fig. 4. The day
in which the number of rows of cells was greatest appeared
to be delayed in all mercury-exposed groups (Table 2).
Compared to controls, in which depth of EGL was maximal
on days 4–5, MeHg-exposed groups reached this stage
1–3 days later. During Stage 2, in which cells were seen
below the superficial compact zone of the EGL (pre-
migratory), a delay of 1–4 days was observed (Table 2).
Stage 3, the beginning of migration, was seen on day 7 in
the controls as well as in some of the 0.3 and 0.6 μg/g
MeHg-exposed birds, but was uniformly delayed in the two
highest treatment groups (1.2 and 2.4 μg/g) by 1–3 days
(Table 2). Stage 4, the elimination of the EGL, occurred on
days 20–22 in controls and on days 21–25 in exposed
groups (Tables 2, 3). Birds in MeHg treatments had sig-
nificantly more unmigrated cells in the EGL between days
19 and 25 (generalized linear model: df= 4, F= 5.055,
P= 0.001; Fig. 6).

As an alternative way of examining the same phenom-
enon, we visually present the proportion of birds in each
treatment that exhibited a depleted EGL row (mature) on
each day from 20 to 25 (Table 3). During this most easily
quantifiable phase of EGL depletion, it was visually
apparent that more birds from the control and lower mer-
cury treatments had reached maturity on earlier days than in
the higher mercury treatments (Table 3).

Effect of MeHg on migration of Purkinje neurons

In vertebrates, Purkinje neurons form a regularly spaced,
unicellular layer defining the division between the molecular
and granule cell layers (as seen in Fig. 1). Nieuwenhuys

(1967) described them as “invariably arranged in a single
row”, while we found numerous heterotopic Purkinje cells
(as illustrated in Fig. 7) in all of the MeHg-exposed finches.
Control finches that had matured to the point of EGL
depletion (19 days or older) averaged fewer than one het-
erotopic Purkinje cell per ten histological sections, while all
but the lowest-exposed groups showed a significantly higher
frequency of occurrence (generalized linear model: df= 4,
Chi-squared likelihood ratio= 2134.84, P < 0.001); Fig. 8).

To determine whether heterotopic Purkinje cells per-
sisted in zebra finches that had reached the age of inde-
pendence from their parents, we compared 45–55 day-old
control fledglings with those in the 2.4 ug/g exposure group
only. There were more than twice the frequency of het-
erotopic Purkinje cells in the cerebellum of mercury-
exposed finches (generalized linear model: df= 1, Chi-
squared likelihood ratio= 206.17, P < 0.001).

Discussion

In precocial birds such as fowl, which can run soon after
hatching, a maturely organized cerebellum is already present
around the date of hatching (Hanaway 1967, Stamatakis
et al. 2004). In humans, a species with extended parental
dependence, the disappearance of the EGL is around the
11th month of life, when children begin to toddle (Abraham

Table 2 The range of days (after hatching) in which each treatment
group of zebra finches reached stages of cerebellar development

MeHg treatment (μg/g)

Stage 0.0 0.3 0.6 1.2 2.4

1b 4–5 6 7 8 8

2 5–6 7 8–9 8 8

3 7 7–8 7–9 8–9 9–10

4 20–22 22–23 21–24 23–24 24–25

Table 3 Proportion of zebra finches with completed migration of the
external granule cell layer on days 20–25 post hatching (white= 0/3,
light gray= 1/3, dark gray= 2/3, black= 3/3) by mercury dosing
group (μg/g ww in diet). Darker color indicates more birds having
cerebella with complete migration, i.e., the mature state
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et al. 2001). While the sequence of development that we
observed in the normal zebra finch cerebellum is consistent
with all known reports on precocial birds, as well as
mammalian species, the schedule of that development dif-
fered from previously described birds in terms of age rela-
tive to hatching. In altricial birds such as these songbirds,
which are not capable of extensive movement at the time of
hatching, we observed a more slowly developing cere-
bellum. Our control-treatment zebra finch specimens did not
possess a mature cerebellum upon hatching. As in other
vertebrates, external granule cells developed and migrated
tangentially in a lateral to medial plane (Hatten and Heintz
1995, Komuro et al. 2001). Foliation is triggered by
anchoring centers appearing in the EGL, which matures
laterally (Sudarov and Joyner 2007). In chickens, the dif-
ference between lateral and medial maturity is reported to
be about 24 h (Hanaway 1967). Upon hatching (day 0) all of
our finch specimens had an external granule cell layer, but
the remainder of the cerebellum showed a lack of stratifi-
cation, and cellular homogeneity. Our results indicate that
the altricial zebra finches developed a 4-layered cerebellum

shortly after hatching, which matured to a three-layered
structure 20–22 days after hatching.

Cerebellar maturation occurred later in MeHg-exposed
birds, although there was no appearance of dose-depen-
dence, with the delaying effect of 0.3 μg/g MeHg (lowest
treatment) appearing similar to that of other treatments.
Experimental studies with captive zebra finches indicate
that in this species the timing of fledging is under the
control of the nestling rather than the parent (Trillmich et al.
2016). Thus, we hypothesize that delayed cerebellar
maturation will lead to delayed fledging. While a 1–3 day
delay in the occurrence of fledging may not seem biologi-
cally significant, it could have large fitness implications for
a small songbird. Altricial birds have evolved to leave the
nest as early as possible, before they can fly or feed them-
selves, because this reduces the chance of predation. In wild
zebra finches, nest predation rates are ~60% (Zann 1996),
meaning that each additional day in the nest bears a sub-
stantial risk of mortality. To put a fledging delay into per-
spective, a 1-day delay in fledging is the same as that caused
by placing nestling songbirds on a restricted diet of 60% of
normal calories (Searcy et al. 2004). A 2-day delay occurs
when the male parent is experimentally removed and the
female must raise the brood on her own (Björnstad and
Lifjeld 1996). Thus, if the impact of delayed cerebellar
maturation is a 1–3 day delay in leaving the nest, it would
be biologically significant and equivalent to a major
environmental disruption.

Purkinje neurons formed a single row of cells positioned
between the OML and the IGL in control zebra finch
nestlings. In addition to the delayed EGL migration
described above, we observed displaced (heterotopic) cer-
ebellar Purkinje neurons more frequently in the MeHg-
exposed fledglings. Such heterotopic Purkinje cells are a
feature in humans exposed to MeHg while fetuses, as in
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Fig. 7 A representative zebra finch from the 0.6 μg/g treatment (400×,
scale bar= 50 μm) exhibiting heterotopic Purkinje neurons (indicated
by arrows) typical of those found in all MeHg-exposed groups
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Minamata disease (Matsumoto et al. 1965, Choi et al. 1978)
and were reported in a newly fledged wild sparrow, likely
exposed to MeHg in ovo (Scoville and Lane 2013). To
determine whether the Purkinje cells in MeHg-exposed
birds remained heterotopic, we examined a subset of nest-
lings exposed to the highest level of MeHg (2.4 μg/g MeHg)
at the age when their wild counterparts would disperse from
their natal territory. Even in these older juveniles, hetero-
topic Purkinje cells were significantly more frequent in
mercury-exposed finches than they were in controls, sug-
gesting the possibility of lifelong effects of early MeHg
exposure on the avian brain. MeHg affects multiple orga-
nelles and is known to disrupt microtubule assembly,
important for cellular guidance during development (Abe
et al. 1975). Purkinje neurons are a key component of the
neural circuitry of the cerebellum. Output from the cere-
bellum is exclusively from the Purkinje neurons, and these
neurons are entirely inhibitory. As an organ, the cerebellum
compares intended movement with actual movement
(Steward 2000). In humans, toxic injury to the cerebellum
results in ataxias (i.e., disordered movements, Manto 2012;
Louis et al. 2018). Disruption in Purkinje neurons in birds
has been under-studied (but see Armién et al. 2013) and
may translate to reduced motor coordination, including the
ability to fly. Interestingly, exposure to dietary MeHg is
associated with reduced flight performance in European
starlings (Carlson et al. 2014). Further research should be
undertaken to determine if MeHg exposure delays or inhi-
bits fledging in nestling songbirds.

The age of cerebellar maturity, as we have defined it, is
remarkably parallel to the fledging times in zebra finches.
The question remains whether these measurements indeed
reflect an underlying mechanism necessary for the coordi-
nated movement of initial flight outside of the nest. It is
important to note that maturity was not uniform in other
folia (folia VII and VIII were observed to mature later),
which were not investigated comprehensively for this study.
Stamatakis et al. (2004) found evidence in quail that some
external granule cells, in some portions of the cerebellum,
persisted until day 20 post-hatching, despite the earlier
migration of a majority of these cells in this precocial
species. For most birds, complete maturation, both physical
and behavioral, is not achieved for additional weeks or
months after fledging. In zebra finches, for example, sexual
maturity is not reached for more than 50 days after inde-
pendence (Zann 1996). The comparative investigation of
other species along the precocial-altricial continuum could
help elucidate the question of whether cerebellar maturation
is necessary for mobility outside of the nest, or whether the
temporal alignment that we have discovered in altricial
birds is coincidental. Additionally, the locomotor activities
important for chicken and quail are different from those of

songbirds, in which fledging is soon followed by flight, and
thus different cerebellar folia may be involved.
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