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Abstract
Semipalmated sandpiper (Calidris pusilla) migration to the Southern Hemisphere in-
cludes a 5-day non-stop flight over the Atlantic Ocean, whereas semipalmated plover 
(Charadrius semipalmatus) migration, to the same area, is largely over land, with 
stopovers for feeding and rest. We compared the number and 3D morphology of hip-
pocampal astrocytes of Ch. semipalmatus before and after autumnal migration with 
those of C. pusilla to test the hypothesis that the contrasting migratory flights of these 
species could differentially shape hippocampal astrocyte number and morphology. 
We captured individuals from both species in the Bay of Fundy (Canada) and in the 
coastal region of Bragança (Brazil) and processed their brains for selective GFAP 
immunolabeling of astrocytes. Hierarchical cluster analysis of astrocyte morphologi-
cal features distinguished two families of morphological phenotypes, named type I 
and type II, which were differentially affected after migratory flights. Stereological 
counts of hippocampal astrocytes demonstrated that the number of astrocytes de-
creased significantly in C. pusilla, but did not change in Ch. semipalmatus. In addi-
tion, C. pusilla and Ch. semipalmatus hippocampal astrocyte morphological features 
were differentially affected after autumnal migration. We evaluated whether astrocyte 
morphometric variables were influenced by phylogenetic differences between C. pu-
silla and Ch. semipalmatus, using phylogenetically independent contrast approach, 
and phylogenetic trees generated by nuclear and mitochondrial markers. Our findings 
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1 |  INTRODUCTION

Bird migration from high latitudes to the tropics is one of 
the greatest seasonal events on the planet (Louchart, 2008). 
Evidence-based animation of autumn and spring migratory 
flights between Southern Hemisphere wintering sites and 
Northern Hemisphere breeding sites illustrates this epic jour-
ney (https://www.youtu be.com/watch ?v=mDz3w 3PwVtg).

About 40 species in the families Charadriidae and 
Scolopacidae that reproduce in the Northern Hemisphere 
migrate into the Southern Hemisphere during the winter 
(Campos, Naiff, & Araujo, 2008). During the breeding sea-
son, these birds migrate northwards to the arctic and sub-
arctic regions of North America. During this period, these 
shorebirds reproduce in areas between Alaska and Nova 
Scotia (Sick, 1997). Northern Brazil and the northeast of Pará 
State are important wintering sites for many of these birds 
due to the great availability of food in these areas. On these 
sites, they accumulate energy to be spent during the migra-
tion back to the Arctic and find a suitable climate for molting 
(Campos et al., 2008). The coast of Bragança, in particular, 
is chosen by a variety of species of migratory shorebirds in-
cluding the semipalmated plover Ch. semipalmatus and the 
semipalmated sandpiper C. pusilla.

The migratory process requires a hierarchical set of cog-
nitive abilities for which the contribution of the hippocam-
pus, as an integrating center, is essential (Mouritsen, Heyers, 

& Gunturkun, 2016). Indeed, there is evidence for hippocam-
pal involvement in the spatial and navigational components 
of migration and homing (Bingman & Able, 2002; Cristol 
et al., 2003; Healy & Krebs, 1996; Pravosudov, Kitaysky, & 
Omanska, 2006). Morphophysiological changes in neurons 
and glia seem to be essential for bird navigation (Herold, 
Coppola, & Bingman,  2015; Kahn & Bingman,  2009; 
Sherry & Vaccarino,  1989). Previous research on the hip-
pocampus of birds concentrated on neurons. The present re-
port was designed to investigate glial cells. Because recent 
evidence has emerged that in mammals microglial cells and 
astrocytes under homeostatic conditions are essential for the 
regulation of hippocampal synaptic activity (Allen,  2014; 
Rose et al., 2017), and because astrocytes have a diversity 
of functions, we focused our attention on morphological 
changes in astrocytes associated with the migratory pro-
cess. It has been demonstrated that astrocytes contribute 
to structural, metabolic, neurovascular, and synaptic sup-
port, regulating cerebral homeostasis, synaptic potentia-
tion, and depression associated with memory consolidation 
(Adamsky & Goshen,  2018; Allen,  2014; Iadecola,  2017; 
Liu, Teschemacher, & Kasparov,  2017; Magistretti & 
Allaman, 2018).

Astrocytes represent 20%–40% of the cellular popula-
tion of the brain. They are more numerous than neurons in 
the cortex and less numerous than neurons in the cerebel-
lum (Herculano-Houzel,  2014). In addition to this variable 
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density, astrocytes also show significant diversity in both 
morphology (Diniz, de Oliveira, et al., 2016; Oberheim, 
Wang, Goldman, & Nedergaard, 2006) and function within 
the CNS (Khakh & Sofroniew, 2015).

In a previous study (Diniz, Magalhaes, et al., 2016), 
two sandpiper species with contrasting navigation strate-
gies during migration were investigated after their arrival 
on the Bragança coastline in the northeast of Pará State 
(Brazil). One species, Actitis macularia, relies more on re-
membering visual cues during overland migration and has 
a larger hippocampus and more microglial cells than the 
other species, C. pusilla, which migrates via a long-distance 
non-stop flight over the Atlantic Ocean (Diniz, Magalhaes, 
et al., 2016). Because this study was limited to microglia 
and did not compare microglia morphology before and after 
migration, the influence of the migratory process was not 
assessed.

Recently, we have demonstrated that the hippocampal 
astrocytes of C. pusilla captured on the Bragança coastline 
in Brazil were less numerous and exhibited shrunken arbors 
compared to those of individuals captured in Bay of Fundy in 
Canada (Carvalho-Paulo et al., 2018). Here, we hypothesized 
that wintering Ch.  semipalmatus, which migrate overland 
with stopovers for feeding and rest, would show higher mor-
phological complexity and astrocyte numbers after autumnal 
migration compared to C. pusilla which makes a 5-day non-
stop flight over the Atlantic Ocean.

2 |  MATERIALS AND METHODS

Five migrating Ch.  semipalmatus and five C. pusilla were 
collected in August 2012 at a stopover site in the Bay of 
Fundy, Canada (45°50′19.3″N and 64°31′5.39″W), and 
another five individuals of each species were captured in 
the wintering period, between September and March, on 
Isla Canela, in the tropical coastal zone of northern Brazil 
(00º47′09.07″S and 46º43′11.29″W). Ch. semipalmatus and 
C. pusilla reach the coastal zone of northern Brazil in August 
and September and begin their migration to the arctic be-
tween May and July.

Birds were captured under license Nº 44551-2 from the 
Chico Mendes Institute for the conservation of Biodiversity 
(ICMBio) and Scientific Capture permit ST2783 from the 
Canadian Wildlife Service. All procedures were carried out 
in accordance with the Association for the Study of Animal 
Behavior/Animal Behavior Society Guidelines for the Use of 
Animals in Research and with approval of the Animal Users 
Subcommittee of the University of Western Ontario. All ef-
forts were made to minimize the number of animals used, 
stress, and discomfort.

2.1 | Histological procedures, 
stereology, and morphometric analysis

Histological procedures and morphometry used in the present 
report were previously described in detail in Carvalho-Paulo 
et al. (2018). Here, only essential information is presented.

2.2 | Perfusion, histology, and 
immunolabeling

Birds were perfused transcardially with 0.1  M phosphate-
buffered saline (PBS) followed by aldehyde fixative, under 
deep isoflurane anesthesia. Vibratome serial sections were 
made in the coronal plane (60- or 80-µm-thick sections). 
Selective GFAP-immunolabeled series of sections were 
obtained using anti-GFAP antibody (SC-6170, Santa Cruz 
Biotechnology) to identify astrocytes. Free-floating sections 
were subjected to antigenic retrieval and non-specific block-
ing and incubated for 3 days at 4°C with the anti-GFAP anti-
body with gentle and continuous agitation. After washing in 
PBST, the sections were incubated overnight with horse anti-
goat secondary antibody (BA—9500, Vector Laboratories, 
Inc.) in 0.3% hydrogen peroxide to inactivate endogenous 
peroxidase, washed in PBST, and then incubated in avidin–
biotin–peroxidase complex solution (Vector Laboratories). 
After a 2-min wash in PBS, the glucose-oxidase-DAB-nickel 
method (Shu, Ju, & Fan, 1988) was used to visualize GFAP-
immunolabeled astrocytes. The reaction was stopped after 
fine astrocytic branches were detected under the microscope. 
The sections were air-dried at room temperature, dehydrated, 
and cleared using an alcohol and xylene series, and embed-
ded and cover slipped with Entellan. Five migrating and five 
wintering animals from each of the two species with com-
plete GFAP immunohistochemistry slide series were used for 
the 3D reconstruction and morphometric analyses. We con-
firmed the specificity of the immunohistochemical pattern 
using a negative control reaction that omitted the primary 
antibody (Saper & Sawchenko, 2003). This negative control 
showed no astrocyte immunolabeling.

2.3 | Three-dimensional astrocyte 
reconstruction and quantitative morphology

Brain sections were analyzed with a NIKON Eclipse 80i 
microscope (Nikon) equipped with a motorized stage 
(MAC6000, Ludl Electronic Products). The astrocytes were 
imaged with a high-resolution, 100× oil immersion plan 
fluoride objective (Nikon, NA 1.3, DF = 0.19 µm). Images 
were acquired and analyzed with Neurolucida Neuron 
Tracing Software (Neurolucida 11.03; MBF Bioscience). 
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As previously described (Carvalho-Paulo et  al.,  2018), 
we corrected for shrinkage in the z-axis based on previous 
evidence of 75% shrinkage (Carlo & Stevens, 2011). Only, 
cells with arbors unequivocally complete were included in 
the 3D analysis. Detailed discussion of the influence of me-
chanical factors associated with vibratome sectioning and the 
dehydration procedure on microscopic 3D reconstructions 
can be found in (Carlo & Stevens,  2011; Carvalho-Paulo 
et  al.,  2018; Hosseini-Sharifabad & Nyengaard,  2007; de 
Sousa et al., 2015). Measurements were blind to treatment, 
and two different researchers counted and made 3D astrocyte 
reconstructions at different times.

2.4 | Morphometric analysis and statistics

The morphometric analysis was performed on 10 birds 
of each species (five migrating and five wintering). We 
performed digital 3D reconstruction on a total of 1,043 
astrocytes (489 from C. pusilla and 544 from Ch. semipal-
matus) that were selected using a systematic random unbi-
ased sampling approach (Glaser & Wilson, 1998; Glaser & 
Glaser, 2000) (Figure 1). Raw data from our previous paper 
on C. pusilla (Carvalho-Paulo et al., 2018) are in the present 
report, statistically reanalyzed to permit comparisons with 
Ch. semipalmatus.

The hippocampal formation was defined as compris-
ing the hippocampus proper and the parahippocampal area 

based on previous descriptions (Atoji & Wild, 2006; Diniz, 
Magalhaes, et al., 2016). We used systematic random sam-
pling to ensure that all regions of the hippocampal formation 
would contribute to the sample with the same probability. 
Random and systematic samples of coronal sections were 
taken from a series of sections of the whole hippocampal 
formation. Each box in the outlined hippocampal formation 
(Figure 1b,c) indicates a site from which we selected a single 
astrocyte for 3D reconstruction. Figure 1 (d–g) illustrates the 
object of interest (stellate astrocyte) and its relative position 
in the hippocampal formation at different magnifications.

To compare morphological features of astrocytes in 
migrating and wintering birds, we used multivariate clus-
ter analysis that has been previously used to classify neu-
ronal types in the nucleus of the solitary tract (Schweitzer 
& Renehan,  1997), astrocytes of dentate gyrus (Diniz, de 
Oliveira, et al., 2016), and microglia of hypoglossal nucleus 
(Yamada & Jinno,  2013). The identification of cell types 
using this methodology has helped to classify cells in the 
nuclei and areas of the central nervous system where cell 
morphologies are not readily distinguishable (Schweitzer & 
Renehan,  1997). As previously recommended (Schweitzer 
& Renehan,  1997), we used morphometric features with 
multimodality indices (MMIs) higher than 0.55 (Ward’s 
hierarchical clustering method). We estimated the MMI 
based on the skewness and kurtosis of our sample for each 
morphometric variable as MMI = [M32 + 1]/[M4 + 3 (n − 
1)2/(n – 2) (n – 3)], where M3 is skewness, M4 is kurtosis, 

F I G U R E  1  The hippocampal formation of Charadrius semipalmatus from sections immunolabeled with anti-GFAP antibody to define 
the limits of the area of interest and the sampling strategy. (a) The hippocampal formation comprises the hippocampus proper (Hp) and 
the parahippocampal area (PHA). (b) A low-power reconstruction of hippocampal formation boundaries is shown in blue. Intense GFAP 
immunostaining clearly shows the V region of the hippocampus proper (a and c). The white grid in (b) establishes the intervals between the 
square green boxes and illustrates the systematic random sampling approach. (c) The number of boxes in each section was proportional to the 
area covered by the hippocampal formation. (d–g) Low- and high-power photomicrographs of hippocampal GFAP immunolabeled sections to 
illustrate the object of interest. A single GFAP-immunolabeled astrocyte located inside every box was selected for 3D reconstruction. Scale bars 
(a–c) = 250 μm; d and e = 250 μm; f = 125 μm; g = 25 μm
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and n is the sample size (Kolb et  al.,  1994; Schweitzer & 
Renehan, 1997). Multimodal data sets are essential for dis-
crimination of cell types in large samples (Kolb et al., 1994; 
Schweitzer & Renehan, 1997). Thus, we used cluster analysis 
only for morphological features that fulfilled this criterion 
(Kolb et  al.,  1994; Schweitzer & Renehan,  1997). Similar 
to previous analysis applied to C.  pusilla (Carvalho-Paulo 
et al., 2018), the multimodal index of each variable was esti-
mated based on the measurements of all morphometric fea-
tures of astrocyte branches.

Multimodality index <0.55 was exhibited by a few mor-
phological features, indicating that the distributions of these 
features were at least bi-modal and might be multimodal. 
We used Ward’s method with standardized variables and a 
tree diagram (dendrogram) to illustrate the morphological 
classification.

Discriminant function analysis was used to investigate 
which variables contributed most to cluster formation. The 
purpose of this procedure was to determine whether the 
clusters of cell morphologies differ in the mean value of 
a variable, and then to use that variable to predict group 
membership. We used STATISTICA data analysis soft-
ware system, version 12. StatSoft, Inc. (2014) to perform 
comparisons between the matrices of total variances and 
co-variances. These matrices were compared using multi-
variate F tests to determine whether there were any sig-
nificant between-group differences (for all variables with 
MMI  >  0.55). We used this procedure to identify the 
morphometric variables that provided the best separation 
between the astroglial classes suggested by the cluster 
analysis. In addition, we calculated the arithmetic means 
and standard deviations for the variables chosen as the 
best predictors for the astroglial groups. Parametric sta-
tistical analyses using t tests and two-way ANOVA were 
used to compare clusters of astrocytes to detect possible 
morphological differences between the average values of 
morphometric features of our sample of astrocytes from 
the hippocampal formation of migrating versus wintering 
birds.

For the choice of the representative cell of each group 
(“average cell”), which illustrates the two hippocampal cell 
types (type I and type II) of C. pusilla and Ch. semipalmatus 
migrating individuals captured in the Bay of Fundy (Canada) 
and wintering birds captured in Canela Island (Brazil), the 
distance matrix was used to obtain the sum of the distances of 
each cell relative to all others. It is postulated that the cell that 
best represents a group has the smallest sum of distances. The 
matrices were constructed with the combination of all cells 
of a given group taken pairwise, followed by the weighted 
calculation of a scalar Euclidean distance between cells using 
all morphometric variables.

To test whether the data followed the normal distri-
bution, we used the Shapiro–Wilk test, and for the size 

effect evaluation, we estimated its value for parametric data 
(Aoki, 2020) and non-parametric data considering the value 
of P(X > Y) (Acion, Peterson, Temple, & Arndt, 2006).

2.5 | Phylogenetic analysis

To evaluate whether astrocyte morphometric variables were 
influenced by phylogenetic differences between C.  pusilla 
and Ch.  semipalmatus, we applied the phylogenetically in-
dependent contrast (PIC) approach (Felsenstein, 1985), with 
phylogenetic trees generated by nuclear and mitochondrial 
markers. DNA sequences of intron 7 of beta-fibrinogen 
(fib 7) gene, recombination activating gene 1(RAG1), cy-
tochrome oxidase c subunit 1 (COI) gene, and cytochrome b 
(cyt b) gene were obtained from GenBank (accession code in 
Table S11) for C. pusilla and Ch. semipalmatus, and for two 
species for which we had unpublished astrocyte morphomet-
ric data, the spotted sandpiper (Actitis macularius) and the 
collared plover (Charadrius collaris). Sequences of the four 
markers for Columba livia were included for phylogeny root-
ing (Table S11) as this species is external to the studied group 
according to previous phylogenetic analysis (Baker, Pereira, 
and Paton (2007).

Additionally, genomic DNA was extracted from 25 sam-
ples (five of each species) collected in Otelina Island and 
amplified for COI and cyt b according to previous protocols 
(Sorenson, Ast, Dimcheff, Yuri, and Mindell 1999; Barth, 
Matschiner, & Robertson,  2013; Gibson & Baker,  2012) 
(Table S11). Sequences were aligned using ClustalW 
(Thompson, Higgins, & Gibson, 1994) implemented in 
BioEdit 7.2.5 (Hall, 1999) and concatenated using the pro-
gram SequenceMatrix 1.8 (Vaidya, Lohman, & Meier, 2011). 
The software PartitionFinder (Lanfear, Frandsen, Wright, 
Senfeld, & Calcott, 2016) was used to choose the best evo-
lution model for phylogenetic analysis according to the 
Bayesian information criterion. Bayesian Evolutionary 
Analysis Sampling Trees (BEAST) (Heled, 2010) was imple-
mented in Beast v1.7.5 (©2020 BEAST Developers) software 
and was used to estimate species trees with two independent 
runs of 5 × 108 MCMC. Sampling occurred at every 50,000 
generations. Log files and trees were combined using the 
LogCombiner 1.7.5 application (Drummond, Xie, & Heled, 
2012), while the Maximum Clade Credibility tree was ob-
tained from TreeAnnotator 1.7 (Drummond et al., 2012) by 
applying a burn-in value of 10% of the total trees (1,000).

To achieve the values of PIC, we used the PDAP module 
(Garland, Harvey, & Ives, 1992) inside Mesquite Software 
Version 3.6 (Maddison, 2011). This procedure allowed us 
to combine phylogenetic trees with 20 variables of astro-
cyte morphology for all four shorebird species. Variables 
with significant p-values in PIC analysis were excluded from 
all posterior statistical analysis to classify astrocytes using 
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hierarchical cluster and discriminant analysis. Thus, we ex-
cluded planar angle and total vertex c which we found to be 
influenced by phylogenetic relatedness.

2.6 | Stereology

To compare the number of hippocampal astrocytes of 
semipalmated plovers (Ch. semipalmatus) before and after 
autumnal migration, we used the optical fractionator. The 
optical fractionator is an unbiased method based on stereo-
logical procedures (West, 2002). All stereological analysis 
requires a correct identification of the region of interest. 
To that end, we delineated at all levels in the histological 
sections of the hippocampal formation, digitizing directly 
from sections using a low-power 4× objective on a NIKON 
Eclipse 80i microscope (Nikon), equipped with a motor-
ized stage (MAC6000, Ludl Electronic Products). This sys-
tem was coupled to a computer running StereoInvestigator 
software MicroBrightField) used to store and analyze x, y, 
and z coordinates of digitized points. Figure 1 shows the 
systematic and random distribution of counting blocks in 
coronal sections of the hippocampus.

To detect and count unambiguously the objects of interest 
in the dissector probe, low-power objective was replaced by a 
100× plan fluoride objective (Nikon, NA 1.3, DF = 0.19 µm) 
to count GFAP astrocytes. Thus, all stereological estimates 
started with the delimitation of the region of interest in coro-
nal sections where the limits of hippocampal formation were 
unambiguously identified and outlined. At each counting 
site, the thickness of the section was carefully assessed using 
the high-power objective and the fine focus of the microscope 
to define the immediate defocus at the top and bottom of sec-
tion. Because both the thickness and the distribution of cells 
in the section were uneven, we estimated the total number 
of objects of interest based on the number weighted section 
thickness. We used the selective GFAP marker of astrocytes 
in serial sections to unambiguously distinguish all objects of 
interest. All sampled objects that came into focus inside the 
counting frame were counted and added to the total sample, 
provided they were entirely within the counting frame or in-
tersected the acceptance lines without touching the rejection 
lines (Gundersen & Jensen,  1987). Tables S1-S6 show ex-
perimental parameters and average counting results from the 
optical fractionator for GFAP-immunolabeled astrocytes of 
migrating and wintering Ch. semipalmatus. These grid sizes 
were adopted to achieve an acceptable coefficient of error 
(CE).

The calculation of the CE for the total cell counts of each 
subject in the present study adopted the one-stage systematic 
sampling procedure (Scheaffer CE) that has been used previ-
ously and validated elsewhere (Glaser & Wilson, 1998). The 
level of acceptable errors of the stereological estimations was 

defined by the ratio between the intrinsic error introduced by 
the methodology and the coefficient of the variation (Glaser & 
Wilson, 1998; Slomianka & West, 2005). The CE expresses the 
accuracy of the cell number estimates. A value of CE ≤ 0.05 
was deemed appropriate for the present study because variance 
introduced by the estimation procedure contributes little to the 
observed group variance (Slomianka & West, 2005). The ex-
perimental parameters (grid size and box counting dimensions) 
associated with CE  ≤  0.05 were established in pilot experi-
ments and then uniformly applied to all animals.

3 |  RESULTS

3.1 | Overview

Typical morphologies of astrocytes (Liebner et  al.,  2018) 
were found in the hippocampal formation of C.  pusilla 
(Carvalho-Paulo et al., 2018) and Ch. semipalmatus: (a) stel-
late astrocytes connected to the astrocyte network and less 
connected with blood vessels, (b) vascular astrocytes associ-
ated with the blood–brain barrier (BBB) inside the neurovas-
cular unit, and (c) radial astrocytes. In the present study, our 
samples included stellate and vascular but not radial astro-
cytes. Radial astrocytes, involved in adult neurogenesis and 
astrogenesis, have been previously investigated in the same 
species, and the influence of contrasting migratory flights 
on their morphology has been described and published else-
where (Lima, 2019).

As previously mentioned (see Methods), we used hierar-
chical cluster analysis followed by discriminant analysis to 
search for morphological families of astrocytes (Schweitzer 
& Renehan,  1997). Using this approach, two distinct mor-
phological phenotypes of astrocytes previously designated 
type I and type II were found in the hippocampal formation 
of C. pusilla by Carvalho-Paulo et al. (2018) and in Ch. semi-
palmatus in the present study (see Supplementary Material). 
The morphologies of these cells were affected differentially 
after the autumn migration. In comparison with Ch. semipal-
matus, hippocampal astrocytes of C. pusilla in the wintering 
period exhibited greater shrinkage-like effects of their trees, 
and this effect seemed more intense in type I than in type 
II astrocytes. Stereological counts of hippocampal astro-
cytes in wintering C. pusilla showed a significant decrease 
in the number of astrocytes compared to Ch. semipalmatus 
in which the number of astrocytes did not change. Finally, 
we evaluated whether the morphometric variables of astro-
cytes were influenced by phylogenetic relatedness between 
C. pusilla and Ch. semipalmatus, using the Felsenstein PIC 
method (Felsenstein, 1985). Taken together, the results show 
that phylogeny does not explain the results and that contrast-
ing long-distance migratory flights differentially affect the 
plasticity of type I and type II hippocampal astrocytes.
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3.2 | Astrocyte morphological phenotypes 
in the hippocampal formation of C. pusilla and 
Ch. semipalmatus

The results of cluster analysis of the morphometric features of 
hippocampal astrocytes of migrating and wintering Ch. semi-
palmatus are illustrated in Figures 2 and 3, respectively. They 

showed two main morphological phenotypes: type I and 
type II (Figures  2a and 3a). Discriminant analysis graphic 
representations revealed that the morphometric variable 
that contributed most to cluster formation was morphologi-
cal complexity, in both migrating (Figure 2) and wintering 
(Figure 3) birds. Graphic representations of mean values and 
corresponding standard errors of complexity and convex hull 

F I G U R E  2  Cluster analysis of morphological phenotypes of astrocytes in the hippocampal formation of migrating Charadrius semipalmatus. 
Hierarchical cluster and discriminant analysis (Ward’s method) were performed after 3D reconstructions of astrocytes from five birds. (a) 
Dendrogram groupings of 267 astrocytes identified two main morphological phenotypes, type I (blue) and type II (yellow). (b,c) Graphic 
representations of mean values, corresponding standard deviation and standard errors of morphological complexity, and convex hull volume 
(* indicates significant difference between type I and type II astrocytes). (d) Graphic representation of discriminant analysis. Type I astrocytes 
(blue filled squares) showed higher x–y dispersion than type II astrocytes (yellow filled squares). (e) Discriminant statistical analysis results. 
The variables that contributed most to cluster formation were complexity (p = .000000) and convex hull volume (p = .042253). Astrocytes were 
reconstructed from the rostral to the caudal regions of the hippocampal formation; cluster analysis was based on multimodal or at least bi-modal 
morphometric features of the astrocytes (MMI > 0.55). P(X > Y) (size effect) for morphological complexity = 1.0; convex hull volume = 0.53
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volume (Figure 2) and complexity (Figure 3) show the main 
differences between type I and type II astrocytes in migrating 
and wintering birds, respectively.

Similarly, astrocyte morphologies from C.  pusilla were 
previously classified as type I and type II based on their 
morphological complexities (Carvalho-Paulo et  al.,  2018), 
see Figure S1 for details. Type I astrocytes correspond to the 
group of cells with higher complexity mean values than those 
of the type II group.

Tables S7-S10 show descriptive statistics with corre-
sponding mean values, standard deviations, and standard 
errors, along with U, Z, and p-values for Mann–Whitney 
U tests. Significant differences are shown (in red) between 
multimodal morphometric features of type I and type II 
hippocampal astrocytes of migrating and wintering birds 
of C.  pusilla and Ch.  semipalmatus. Tables S7 and S8 
show, respectively, descriptive statistics of morphometric 
features of type I and type II astrocytes of the hippocam-
pal formation of Charadrius semipalmatus and Calidris 

pusilla migrating and wintering birds. Tables S9 and S10 
show, respectively, intra-specific significant differences 
between type I and type II astrocytes and between migrat-
ing and wintering birds. Data illustrate differential signif-
icant effects on average segment length, morphological 
complexity, surface area, tortuosity, convex hull volume, 
and branch volume of migrating and wintering birds of 
Ch. semipalmatus and C. pusilla.

3.3 | Differential effects of contrasting long-
distance migratory flights on hippocampal 
astrocytes morphologies

The autumnal migration of C.  pusilla includes an uninter-
rupted 5-day long-distance transatlantic flight, while the mi-
gration of Ch.  semipalmatus to the same migratory targets 
occurs mainly over land with multiple stops for feeding and 
resting.

FIGURE 3 Cluster analysis of morphological phenotypes of astrocytes in the hippocampal formation of wintering Charadrius semipalmatus. 
Hierarchical cluster analysis (Ward’s method) was performed after three-dimensional reconstruction of astrocytes from five birds. (a) Dendrogram 
groupings of 301 astrocytes identified two main morphological phenotypes, type I (blue) and type II (yellow). (b) Graphic representation of mean 
values, corresponding standard deviation, and standard errors of morphological complexity (* indicates significant difference between type I and 
type II astrocytes). (c) Graphic representation of discriminant analysis, type I astrocytes (blue filled squares) showed higher x–y dispersion than 
type II astrocytes (yellow filled squares). (d) Discriminant statistical analysis results. The variable that contributed the most to cluster formation 
was complexity (p = 1.67E-30). Astrocytes were reconstructed from the rostral to the caudal regions of the hippocampal formation; cluster analysis 
was based on multimodal or at least bi-modal morphometric features of the astrocytes (MMI > 0.55). P(X > Y) (size effect) for morphological 
complexity = 1.0
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Figure  4 shows mean values and standard errors for 
morphometric features of type I and type II astrocytes for 
Ch.  semipalmatus and C.  pusilla, reconstructed from mi-
grating (Canada, A–F) and wintering (Brazil, G–L) birds. 
Figure 4 shows significant differences between morpholog-
ical features of type I and type II astrocytes, which were not 
influenced by phylogenetic differences. Determination of the 
influence of phylogenetic differences is described in more 
detail below. Note that compared to type II astrocytes, type 
I astrocytes exhibit significantly higher mean values of mor-
phological complexity for both species and both time win-
dows (B and H). In contrast, average segment length, surface 
area, tortuosity, convex hull volume, and branch volume were 
differentially affected in each species and time window.

Figure  5 illustrates the influence of time window (mi-
grating vs. wintering) on morphometric feature mean values 
and standard errors of type I (A–F) and type II (G–L) astro-
cytes from Ch. semipalmatus and C. pusilla (Carvalho-Paulo 
et al., 2018). Although to different extent note that morpho-
logical complexity of type I and type II astrocytes was signifi-
cantly reduced after autumn migration in both C. pusilla and 
Ch. semipalmatus and that this effect is significantly greater 
in C. pusilla than in Ch. semipalmatus. In contrast, convex 
hull volumes and branch volumes of type I and type II astro-
cytes after autumn migration increased in Ch. semipalmatus 
and decreased in C.  pusilla, and these effects were greater 
in type I than in type II astrocytes. While type I astrocytes 
did not change their tortuosity after autumn migration nei-
ther in C. pusilla nor in Ch. semipalmatus, type II astrocytes 
became less tortuous in Ch. semipalmatus and more tortuous 
in C. pusilla. Although to a different extent, the mean value 
of the surface areas of type II astrocyte branches increased 
significantly in C semipalmatus and C. pusilla. In contrast, 
those of type I astrocytes increased significantly in Ch. semi-
palmatus but did not change in C. pusilla. Thus, we suggest 
that the contrasting long-distance migratory flights of C. pu-
silla and Ch. semipalmatus associated with autumn migration 
differentially affected the morphometric features of hippo-
campal astrocytes. Because morphological complexity was 
the common morphometric multimodal variable identified 
by discriminant analysis both in C. pusilla (Carvalho-Paulo 
et al., 2018) and Ch. semipalmatus, we selected this variable 
to illustrate the contrasting effects of the migratory process 
on hippocampal type I and type II astrocyte morphologies.

Figure  6 shows 3D reconstructions and correspond-
ing dendrograms that illustrate type I and type II astrocyte 
morphologies of migrating and wintering Ch. semipalmatus 
and C.  pusilla. Representative cells illustrate the effects of 
long-distance migratory flight on type I and type II Ch. semi-
palmatus and C. pusilla hippocampal astrocytes correspond-
ing to the “average cell.” 3D cells that illustrate the two 
astrocyte types of both sample windows were selected from 
the distance matrix used to obtain the sum of the distances of 

each cell relative to all others. The cell that best represents a 
group has the smallest sum of distances. Note that C. pusilla 
astrocytes exhibit greater shrinkage-like effects in winter, 
after autumnal migration, and this effect appears to be greater 
in type I than in type II astrocytes.

3.4 | The number of astrocytes in the 
hippocampal formation is differentially 
affected in C. pusilla and Ch. semipalmatus 
after autumn migration

Figure 7 shows the results of stereological estimates of the 
number of astrocytes before and after autumn migration of 
C. pusilla and Ch. semipalmatus. Data from C. pusilla were 
extracted from Carvalho-Paulo et  al.  (2018). Tables S1-S5 
show the stereological parameters, statistical analysis, and 
the total number of GFAP-positive stellate astrocytes in the 
hippocampal formation of wintering and migrating Ch. semi-
palmatus related to Figure  7. Table S6 shows volumes for 
the hippocampal formation and telencephalon for the same 
birds. Hippocampal formation volumes of migrating and 
wintering birds of C. pusilla and Ch. semipalmatus did not 
show any significant differences. In contrast, we found dif-
ferential effects of migration on the number of astrocytes of 
hippocampal formation. Indeed, C.  pusilla showed signifi-
cant reduction in the number of astrocytes in wintering birds, 
whereas Ch. semipalmatus did not change astrocytes number.

Tables S7-S10 show descriptive statistics with corre-
sponding mean values, standard deviations, and standard 
errors, along with U, Z, and p-values for Mann–Whitney U 
tests. significant differences are shown (in red) between mul-
timodal morphometric features of type I and type II hippo-
campal astrocytes of migrating and wintering C. pusilla and 
Ch.  semipalmatus. Tables S9 and S10 indicate statistically 
significant differences between type I versus type II (Table 
S9) and between migrating versus wintering birds (Table 
S10)

3.5 | Phylogenetic differences 
between C. pusilla and Ch. semipalmatus 
do not explain the contrasting astrocytes 
morphometric results after autumn migration

Table S11 shows molecular markers used to estimate PIC 
values. S12 shows the median values of morphometric fea-
tures used to perform the PICs and corresponding p-values 
after two-tailed t tests to detect significant influence of PIC 
analysis. We tested 20 morphometric variables and found that 
phylogenetic effects influenced only Planar Angle and Total 
Vertex C. The dated molecular phylogeny tree was produced 
from a database containing a total of 3,318 bp (Cytb = 328 bp; 
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F I G U R E  4  Morphometry of astrocytes three dimensionally reconstructed from the hippocampal formation of five Charadrius semipalmatus 
and five Calidris pusilla migrating birds (red), and five Ch. semipalmatus and five C. pusilla wintering birds (green). Graphic representations show 
the mean values, standard deviation, and standard errors for six morphological variables of type I and type II astrocytes among migrating (a–f) and 
wintering (f–l) birds. * indicates a significant difference between type I and type II astrocytes
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F I G U R E  5  Morphometry of astrocytes three dimensionally reconstructed from the hippocampal formation of five Calidris pusilla and five 
Charadrius semipalmatus migrating birds (red), and five Ch. semipalmatus and five C. pusilla wintering birds (green). Graphic representations 
show the mean values, standard deviation, and standard errors for six morphological variables of type I (a–f) and type II (g–l) astrocytes. * indicates 
a significant difference between type I and type II astrocytes
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COI = 648 bp; BFG7 = 843 bp; RAG1 = 920 bp), with four 
partitions (one per molecular marker) where the best-suited 
models were TrN for RAG1 and HKY for the other three 

partitions. The topology showed, with good posterior prob-
ability values, a monophyletic relationship between C.  pu-
silla and A. macularius (pp = 0.9998) and another between 
Ch. semipalmatus and C. collaris (pp = 1.0). The time esti-
mation revealed that C. pusilla and A. macularius diverged 
~5.5  Mya, whereas Ch.  semipalmatus and C.  collaris di-
verged ~6.16 Mya.

Tables S13-S15 compile all statistical size effects after 
parametric or non-parametric analysis applied to raw data 
of Ch. semipalmatus and C. pusilla migrating and wintering 
birds.

4 |  DISCUSSION

No previous report have compared the changes in hippocam-
pal astrocytes in shorebirds after contrasting migratory 
journeys, nor has the selection of astrocytes for 3D recon-
structions used stereological sampling in comparative analy-
sis (Carvalho-Paulo et al., 2018). What is not clear, however, 
is why hippocampal astrocyte morphology might differ be-
tween the wintering and migrating periods in birds with con-
trasting migratory flight strategy.

Based on the hierarchical cluster analysis (Ward’s 
method) of astrocyte morphological features, we categorized 
the astrocytes of the hippocampal formation of C. pusilla and 
Ch. semipalmatus into two groups designated type I and type 

F I G U R E  7  Number of astrocytes of the hippocampal formation 
of migrating (red) and wintering (green) birds of Charadrius 
semipalmatus and Calidris pusilla species. Note that a significant 
reduction in the number of astrocytes is observed after uninterrupted 
transatlantic migratory flight of C. pusilla. In contrast, no significant 
changes were observed in the number of astrocytes after the mostly 
overland migration of Ch. semipalmatus

F I G U R E  6  Three-dimensional reconstructions and corresponding dendrograms of type I and type II hippocampal astrocytes of 
Ch. semipalmatus and Calidris pusilla migrating and wintering birds. Branches of the same parental (primary branch) trunk are shown in one color. 
The three-dimensional drawings were taken from hippocampal astrocytes with morphometric features closest to that of the representative “average” 
cell of each group. 3D cells to illustrate the average astrocyte types from migrating and wintering birds’ hippocampal formations were selected 
from the distance matrix used to obtain the sum of the distances of each cell relative to all others. The cell that best represents a group has the 
smallest sum of distances. Scale bars are the same for all cells. Cell 360 visualization is available as a Video S1
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II. Morphological complexity was the feature that best distin-
guished these two groups in both species. Type I astrocytes 
were more affected than type II astrocytes by the transatlantic 
flight, suggesting that these populations of cells may have 
distinct physiological roles. Because most type II astrocytes 
were physically closer to cerebral blood vessels than type I 
astrocytes (Carvalho-Paulo et al., 2018), we suggest that type 
II astrocytes may be more involved functionally with the neu-
rovascular unit (Brown, 2014).

In addition, comparisons of type I and type II stellate as-
trocytes between individuals captured in the Bay of Fundy, 
Canada, and those captured on Isle Canela, Bragança, Brazil, 
showed differential effects of migration and overwintering on 
astrocyte morphology. To different extents, Ch. semipalma-
tus and C.  pusilla tended to show quite marked decreases 
in astrocyte morphological complexity in wintering birds. 
Convex hull volume and branch volume showed reversed ten-
dencies in C. pusilla and Ch. semipalmatus. Because these 
morphometric features were not influenced by phylogenetic 
differences (see below), we suggest that these distinct effects 
on astrocyte morphology are based on the contrasting migra-
tory patterns of the two species.

Comparative analyses use data on that species that are not 
statistically independent, because of species shared ancestry 
(Felsenstein, 1985). The species used in this report are from 
the same order of birds. Even though they are not so closely 
related, we investigated whether the astrocyte morphological 
features we measured exhibit any significant relation with 
phylogeny (See Table S12). Of 20 morphological variables, 
only two were affected by phylogenetic relatedness between 
species. This means that 18 variables are not under significant 
phylogenetic influence, and thus, changes in these variables 
are probably the result of differences between the species in 
migratory behavior. In Figure S2, we used the Euclidian dis-
tances between cells to illustrate morphological changes by 
(cell type, migration period, and species). We can recognize 
a clear pattern in the morphological changes, indicating that 
migratory behavior may be the determinant for cell position 
in the Euclidian space.

4.1 | Contrasting long-distance migratory 
flights and astrocyte morphology

The glial morphologies of birds collected in August in the 
Bay of Fundy and September to March on Isla Canela are 
clearly different, both in C.  pusilla and Ch.  semipalmatus. 
Our interpretation is that these differences are due to the 
contrasting migratory routes used by these birds between 
August and September. Because these birds had spent at least 
one month (August to September) and perhaps as many as 
7 months (August to March) in Brazil, there are other pos-
sibilities, however, that may explain the differences that 

were found in glial morphology. As discussed previously 
(Carvalho-Paulo et  al., 2018), the transatlantic flight was a 
long time in the past for some birds, and differences in the en-
vironments of the Bay of Fundy and Isle Canela could cause 
change in birds’ brains during this period. However, because 
the two species have similar diets in winter, similar pre- and 
post-breeding physiological conditions in the Bay of Fundy 
and Brazil, and similar day lengths both in the arctic summer 
and at the equator, it is not likely these influences could cause 
contrasting morphological changes in the astrocyte arbors of 
these species.

Thus, the evidence suggests that it is a reasonable hypoth-
esis to associate differences in change in astrocyte morphol-
ogy with overland versus transatlantic long-distance flights. 
Indeed, because cognitive activity, environmental enrich-
ment, and metabolic stress are known to affect astrocyte 
morphophysiology in mammals (Diniz, Foro, Bento-Torres, 
Vasconcelos, & Cristovam Wanderley, 2012; Diniz et  al., 
2010; Diniz, de Oliveira, et al., 2016; Rodriguez et al., 2014; 
Salois & Smith, 2016; Sampedro-Piquero et al., 2014; Soffie, 
Hahn, Terao, & Eclancher, 1999; Tsai, Chen, Calkins, Wu, 
& Kuo,  2016; Verkhratsky, Matteoli, Parpura, Mothet, & 
Zorec, 2016; Viola et al., 2009; Yeh et al., 2015), and C. pu-
silla and Ch. semipalmatus were exposed to these variables 
at very different intensities, it is reasonable to suggest they 
may have significantly contributed to the differential astro-
cyte morphological changes that were observed. In addition, 
differences in food intake and glucocorticoid effects between 
overland and transatlantic flight may differentially affect mi-
grating and wintering birds’ metabolic pathways, with signif-
icant influences on astrocyte morphologies. Because a greater 
percentage of type II astrocytes (72.5%) interacted with blood 
vessels compared to type I astrocytes (27.5%), both in migrat-
ing and in wintering birds, and because this interaction may 
reflect their relative contribution to the neurovascular unit, 
as hypothesized previously (Carvalho-Paulo et al., 2018), we 
regard type II astrocytes as more involved in the BBB than 
type I astrocytes. The BBB forms a physical and metabolic 
barrier between the blood and the brain and helps determine 
the polarity of astrocyte control of blood flow over arterioles 
in response to bioenergetic demands (Gordon, Choi, Rungta, 
Ellis-Davies, & MacVicar, 2008). If Ch.  semipalmatus fol-
lows C.  pusilla morphofunctional astrocytic organization, 
type II astrocyte integrity may be essential to the integrity 
of the BBB and therefore exhibits less morphological plas-
ticity. C. pusilla must fast for 6 days during the long flight 
(Brown, 2014), and when glucose is in short supply, the brain 
increases ketone body metabolism (Achanta, Rowlands, 
Thomas, Housley, & Rae, 2017). In contrast, stopover flight 
for feeding and rest does not subject Ch. semipalmatus to this 
extreme condition. Ch.  semipalmatus can refuel astrocytes 
with glycogen at each stopover site avoiding longer fast peri-
ods. Taken together, these findings support the idea that these 



14 |   HENRIQUE Et al.

distinct astrocyte metabolic pathways may be differentially 
activated in type I versus type II astrocytes, inducing different 
levels of oxidative stress on each species.

Another possible explanation of the species differences 
we observed is that because the breeding ranges of the two 
species are extensive, birds captured in Canada may not be 
from the same population as the birds captured in Brazil. 
Finally, it is possible that the contrasting intensity of exer-
cise and multisensorial stimuli associated with the overland 
and transatlantic flights may affect astrocyte morphologies in 
different ways.

Morphological analysis of three selective astroglial mark-
ers (GFAP, glutamine synthetase, and S-100ß) suggests that 
“astrocytes” comprise a heterogeneous population even 
within a given brain region (Rodriguez et  al.,  2014). Our 
findings with GFAP-immunolabeled astrocytes may show 
only some of the morphological changes in astrocytes of the 
hippocampal formation of C. pusilla and Ch. semipalmatus 
associated with migration.

Because we have no information about the potential influ-
ence of sex and age on hippocampal astrocyte morphology in 
long-distance migratory birds, and because we did not deter-
mine the age of individuals in our sample for technical reasons, 
it is difficult to discuss these potential influences in detail. 
However, experience and sex are important variables that 
have been previously demonstrated to influence hippocam-
pal-dependent tasks in birds (Astie, Scardamaglia, Muzio, & 
Reboreda, 2015; Bingman & MacDougall-Shackleton, 2017; 
Guigueno, MacDougall-Shackleton, & Sherry, 2016; Rensel, 
Ellis, Harvey, & Schlinger, 2015), and migratory behavior is 
accompanied by changes in hippocampal volume and neuro-
genesis (Barkan, Roll, Yom-Tov, Wassenaar, & Barnea, 2016; 
Barkan, Yom-Tov, & Barnea,  2017; de Morais Magalhaes 
et al., 2017). Thus, these variables should be considered in 
future studies of hippocampal astrocyte morphologies in 
long-distance migratory birds.

We examined differences in astrocyte morphologies in 
the hippocampus because multisensory integration of ce-
lestial and magnetic field information used for navigation is 
thought to occur in the hippocampus (Mouritsen et al., 2016). 
However, as stated in our previous report (Carvalho-Paulo 
et  al.,  2018) our general conclusions could be different if 
other brain areas not involved in migration exhibited similar 
astrocyte differences. Examining other brain areas would be 
one way to test our present conclusions.

4.2 | Enriched environment and exercise 
during autumn migration

The environment through which C. pusilla and Ch. semipal-
matus fly during fall migration changes dramatically during 
the flight, and birds probably integrate global cues, learned 

local gradient maps, and local landmark information to suc-
cessfully complete migration (Bingman & Cheng,  2005; 
Mouritsen et al., 2016). Trans-oceanic and trans-continental 
overland long-distance navigation makes use of celestial and 
geomagnetic information (Frost & Mouritsen, 2006; Thorup 
& Holland, 2009), whereas learned gradient maps and local 
landmarks in various sensory modalities are associated with 
short-distance overland migratory behavior (Biro, Meade, & 
Guilford, 2004; Frost & Mouritsen, 2006). However, short-
distance movement guided by visual features in the long-
distance migrants, C. pusilla and Ch. semipalmatus, requires 
further investigation. Thus, as discussed previously in the 
context of contrasting migratory flights (Carvalho-Paulo 
et al., 2018), we suggest that overland trans-continental flight 
with stopovers may be considered as a kind of environmental 
enrichment that could increase astrocyte complexity, whereas 
5-day transatlantic non-stop flight includes strenuous exer-
cise that may reduce astrocytes morphological complexity. 
However, in opposition to this view we found a reduction in 
morphological complexities in both species after autumnal 
migration. Indeed, it has been demonstrated in mammals that 
intense exercise may cause excessive apoptosis and synap-
tic plasticity damage through Ca+⁺ overload and the endo-
plasmic reticulum stress-induced apoptosis pathway (Ding, 
Chang, Xie, Chen, & Ai, 2014). Ding et al. (2014) also found 
astrocyte activation after intense exercise that would explain 
the astrocyte shrinkage we found in wintering C.  pusilla. 
Although these mechanisms need to be confirmed in birds, 
it is reasonable to propose that intense exercise during the 
long-distance transatlantic non-stop flight could contribute 
to reduced morphological complexity. As previously pointed 
out (Carvalho-Paulo et al., 2018), because type I astrocytes 
of migrating C. pusilla were affected to a greater extent than 
type II, we suggest that in this population, the beneficial ef-
fects of environmental enrichment during the initial migra-
tory route toward the Bay of Fundy may not compensate for 
the negative influences induced by the intense exercise of 
the non-stop flight to South America. This is consistent with 
our findings of Ch. semipalmatus showing a reversed effect 
in some astrocyte morphometric features such as number of 
segments, tree surface, convex hull surface, and convex hull 
volume.

Another relevant issue is that the relative use of navigation 
systems and memory, and their influence on the hippocampal 
circuits may be very different in C. pusilla and Ch. semipal-
matus during autumn migration. A variety of navigational 
systems are combined with visuospatial learning and mem-
ory in migratory birds to maintain orientation during flight 
(Mouritsen et al., 2016; Wiltschko, Dehe, Gehring, Thalau, 
& Wiltschko, 2013). For example, birds can use the Earth's 
geomagnetic field as a compass to keep their course during 
their migratory flight using cryptochrome magnetoreception 
(Fusani, Bertolucci, Frigato, & Foà, 2014; Lau, Rodgers, & 
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Hore, 2012) and the hippocampus has been proposed as an 
integrative center for all environmental navigational infor-
mation (Mouritsen et al., 2016). Although we do not know 
how these navigation systems are used during the C. pusilla 
transatlantic flight and the over land flight of Ch. semipalma-
tus, it is reasonable to assume that navigation over the ocean 
depends less on visuospatial cues than that over land. Thus, 
it may be important in future research on the neurobiology 
of migration to investigate potential effects induced by the 
activation of such navigation systems on the hippocampal 
circuits and the contribution of astrocytes to their functioning 
(Frost & Mouritsen, 2006).
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