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A B S T R A C T   

Astrocytes are a diverse and morphologically complex class of glial cells restricted to the central 
nervous system which have been implicated in the modulation of neuronal activity. The cere-
bellum is involved in planning movements and motor learning. Within the cerebellum three deep 
cerebellar nuclei (dentate, interposed and fastigial) provide the sole neuronal output. The fastigial 
nucleus participates in saccadic and vestibular function, and recent evidence disclosed neuronal 
projections to cognitive, affective, and motor areas. However, thus far there are no reliable de-
scriptions of the distribution and morphological classifications of astrocytes in this nucleus. This 
work aims to describe the characteristics of astrocytes of the fastigial nucleus based on the 
expression of GFP in a transgenic mouse model.   

1. Introduction 

The cerebellum is a structure of the hindbrain which coordinates voluntary movement, but it is also involved in cognitive and 
linguistic tasks and emotional and perceptual processing [1–3]. In the cerebellum, the grey matter is tightly folded forming the 
cerebellar cortex which in turn is divided into three layers: the molecular, the Purkinje, and the granular layer. The deep cerebellar 
nuclei (DCN) are embedded in the white matter beneath the cerebellar cortex at the roof of the fourth ventricle. The DCN are the 
dentate nucleus, the interposed nucleus, and the fastigial nucleus (FN). These nuclei form the only output pathway of the cerebellum 
[4]. 

The FN (also known as medial nucleus) receives GABAergic input from the cerebellar vermis and flocculus and glutamatergic input 
from the nucleus reticularis tegmenti pontis, the medial vestibular nucleus, the inferior olive and the medullary reticular formation. 
Neurons of the FN project to over sixty regions including the spinal cord, cerebellar cortex, thalamus, and medulla oblongata [5–7]. 
Besides its function in motor coordination, there is evidence of its role in non-somatic functions, such as cardiovascular, feeding, and 
respiratory activities [8–10]. Ablation of the FN attenuates the respiratory response to hypercapnia and hypoxia [11] and researchers 
have proposed the existence of respiratory-modulated neurons that do not show respiratory-related phasic activity until exposed to 
hypercapnia. Thus, like the ventrolateral medulla of the brainstem [12], the FN may be considered a central respiratory 
chemoreceptor. 
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Although much attention has been paid to the role of neurons as the principal respiratory chemoreceptors, glial cells are endowed 
with molecular components that respond upon changes in extracellular pH such as inwardly rectifying potassium channels [13]. 
Astrocytes are depolarized by acidification, which induces the release of ATP. ATP release promotes the propagation of calcium waves 
that can travel hundreds of microns over a time scale of seconds modulating the activity of brain circuits and behavior [14,15]. Thus, 
the physiology of the FN may be affected by modifications in astrocyte intercommunication. 

The FN presents a modular organization that consists of three regions (rostral, medial, and caudal) with a distinctive distribution of 
neuronal morphologies [16]. However, the distribution and morphology of astrocytes in the FN has not been documented and may be 
relevant to understanding FN in its role as a respiratory chemoreceptor and in its other functions. Here, we assess the distribution and 
morphological characteristics of astrocytes in the FN, and their relation to the vasculature. 

2. Materials and methods 

2.1. Animals 

Experimental manipulations and protocols were performed in male mice at postnatal day 30 (P30), from the transgenic strain 
GFAP-eGFP [17]. Animals were housed and maintained in a temperature-controlled environment on a 12-h light–dark cycle, with ad 
libitum food and water. All procedures were conducted in accordance with the animal protocol (INEU/SA/CB089) for animal care and 
handling approved by the Bioethics committee of the Institute of Neurobiology of the Universidad Nacional Autónoma de México, as 
well as with national (NOM-062-ZOO-1999) and international guidelines (National Institutes of Health, USA). 

2.2. Tissue processing 

GFAP-eGFP mice postnatal day (P30) were anesthetized with pentobarbital, then transcardially perfused with saline solution 
(0.9%), followed by 4% paraformaldehyde (PFA) at pH 7.4, dissolved in phosphate-buffered saline (PBS). The brains (N = 5) were 
isolated and cryoprotected in sucrose (10 to 30%). Brains were sliced (30–40 μm thick) with a cryostat, from Bregma − 6.84 mm to 
− 5.88 mm. Slices were mounted in Superfrost®Plus/Colorfrost by Daigger and stored until their use. The cell nuclei were labeled with 
4′,6-diamidino-2-phenylindole (DAPI, N = 4). For blood vessel labeling, Dil carbocyanine was used in GFAP-eGFP mice (N = 4), 
according to Li Y et al. (2008), [18]. The perfusion with this solution stained endothelial cells lining blood vessels. 

2.3. Epifluorescence and confocal microscopy 

Confocal and epifluorescence images were obtained with a Zeiss confocal microscope (LSM 780) and an Axio Scan.Z1 fluorescence 
microscope respectively. The resolution for each image was 1024 × 1024 pixels. Z-stack images and quantitative analysis were 
processed using ImageJ analysis software. The diode lasers used were Argon, excitation wavelength 488 nm and emission 517 nm, 
DPSS 561 nm to 618 nm and laser 405 nm with an emission of 465 nm. Emission filters were used to detect GFP-YFP/FG, FR/Alexa 594, 
and DAPI respectively. The objectives used were 10x/0.45, 20x/0.8, 40x/1.30 Oil DIC and 63x/1.40 Oil DIC. A Zeiss Axioscope 2 
epifluorescence microscope was used for low magnification images of the FN. 

2.4. Morphometric analysis 

In all images a resolution of 1024 × 1024 pixels with a size of 0.21 μm x pixel was obtained with an EC plan-Neofluar 40x/1.30 Oil 
DIC M27 objective, with a depth of 8 BIT. 30–40 μm brain slices (N = 4) were analyzed and astrocytes were randomly selected from the 
FN. 15 astrocytes per brain were analyzed. 

The following inclusion criteria were used for cell reconstructions: 1) The astrocytes should have presented a single, isolated 
nucleus and fully reconstructed in z-focal planes, 2) must had to have uninterrupted processes extending from the cell body and the 
majority of the processes intact. Several images taken at different focal depths (z-stack) were obtained and analyzed through individual 
stacks when it was necessary to distinguish between processes that overlapped in the maximum projection. Therefore, cells in which 
the processes could not be clearly observed in each focal plane were not included in this analysis. 

Z-stack projections of confocal sections were pre-processed using an automated macro in Fiji-ImageJ software. For each cell, 
maximum projection images were converted into binary images. Thresholds were set to label the cell body and processes, avoiding 
background pixels. To determine the number of intersections, length of processes and ramification index, the analysis was carried out 
using the Sholl Analysis plugin of ImageJ v.140 [19–21]. Sholl analysis was performed with concentric circles using 10 μm radius steps 
and the maximal ring was determined by the intersection of the rings with the longest processes. The complexity of astrocyte processes 
from different regions was assessed by determining the ramification index, using the ratio between critical value of the adjusted profile 
and the maximum intersection number of primary branches [20]. 

2.5. Fastigial nucleus vasculature 

VasoMetrics, a macro written in Fiji-ImageJ for spatiotemporal analysis of microvasculature [22], was used to determine the length 
and diameter of blood vessels. Image stacks of DiI-labeled vessels of GFAP-eGFP mice were selected from the three regions of the FN 
and reconstructed in VasoMetrics (n = 8 to 10 vessels per section, three sections for each region at P30). 
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2.6. Statistical analysis 

For statistical analysis, data sets were tested with Shapiro–Wilk or Kolmogorov–Smirnov for normality. The density of astrocytes in 
each fastigial region (rostral, medial, and caudal) was compared applying Kruskal–Wallis ANOVA followed by Dunn’s post hoc test. 
Data from cell’s soma area, diameter and Sholl analysis were analyzed by one-way ANOVA followed by Bonferroni’s comparison test. 
To determine the length of vasculature in each fastigial region data were analyzed applying Kruskal-Wallis ANOVA followed by Dunn’s 
post hoc test. For blood vessel diameters, one-way ANOVA was used followed by Bonferroni’s comparison test. All data are represented 
as mean ± SEM and data marked with asterisks are significantly different from the control as follows: ***p < 0.001, **p < 0.01, and *p 
< 0.05. 

3. Results 

3.1. Astrocyte density and morphology 

The characterization of diverse astrocyte populations in the three regions of the mouse FN was based on the analysis of optical 
sections (z-stack depth 40 μm) obtained by confocal microscopy (LSM 780 ZEISS, 40X) and divided into rostral, caudal, and medial 
regions as previously published [16,23]. 

The density of astrocytes present in each fastigial region was estimated by counting the number of astrocytes (GFAP-eGFP positive) 
in an area of 1 mm2 per coronal section; three sections for each region (n = 15). These showed differences in the density of astrocytes in 
each region, the caudal region had the highest density (281.47 astrocytes/mm2), followed by the medial region (211.76 astrocytes/ 
mm2), finally the rostral region had the lowest density (91.18 astrocytes/mm2). Sample low-magnification images are shown in 
Fig. 1A, D and G, where the scattered distribution of GFP + cells is observed in the rostral region compared to the medial and caudal 
regions. Fig. 1B, E and H show examples of high magnification (20x objective) of astrocytes in each region of the FN. In the rostral 
region many astrocytic processes project ventrally; however, this array was not found in the medial and caudal regions. For 
morphological analysis, images were converted into binary format to show the fine distal processes of the astrocytes. A collection of 
astrocytes from the three regions is shown in Fig. 1C, F and I, where at least two different morphologies were identified as described 
below. 

Sholl analysis of reconstructed astrocytes from the FN was performed with the Sholl plugin from Fiji-ImageJ software with 
concentric circles of 10 μm radius steps from the center of the soma (Fig. 2A–C). The maximal ring was determined by the intersection 
of the rings with the longest processes, where the average number of intersections was lower in the rostral region (5.22 ± 1.70, n = 15) 

Fig. 1. Astrocytes in the fastigial nucleus of the GFAP-eGFP transgenic mouse. The FN was sectioned in coronal sections and divided in three 
regions. Low magnification epifluorescence images of the rostral (A), medial (D) and caudal (G) regions showed a gradient of density from lower in 
the rostral section to the highest in the caudal. B, E, and H, high magnification confocal images showed the diversity of morphological charac-
teristics of astrocytes in the three regions. In the rostral region many processes project to the ventral area (scale bar 50 μm). C, F, and I show images 
of astrocytes sampled in different sections of the three regions. Scale bar in A, D, and G 100 μm. 
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compared with caudal (7.65 ± 2.63, n = 15, p = 0.71) and medial regions (7.5 ± 3.05, n = 15, p = 0.77), which did not show sig-
nificant differences (Fig. 2D–F). 

Quantitative analyses of area, diameter, maximum length process, average number of process intersections and ramification index 
were determined from the three regions. Area and diameter of the somas showed statistical differences between the rostral-caudal and 
rostral-medial regions (one-way ANOVA, Bonferroni’s post hoc test). Somas of the rostral region were the largest (area: 47.47 ± 2.35 

Fig. 2. Morphometric analysis of FN astrocytes. A-C. Representative Sholl analysis from the three regions of the FN, the data analyzed were from 
15 cells per region, in adult male mice GFAP-eGFP, postnatal day 30. D-F. Distance from soma in incremental spaces of 10 μm in astrocytes with the 
numbers of process intersections from each region. 

Fig. 3. Morphometric features. Summary of data analysis. A-B. Area and diameter from somas. C. Maximum length of processes. D. Ramification 
index. Error bars SEM, n = 15 cells per region, in male mice GFAP-GFP, P30. 

M.L. Martínez-Mendoza et al.                                                                                                                                                                                       



Heliyon 9 (2023) e18006

5

μm2, n = 15; diameter: 8.93 ± 0.30 μm, n = 15), while somas of the caudal (area: 27.64 ± 3.24 μm2, n = 15, p < 0.001; diameter: 5.54 
± 0.30 μm, n = 15, p < 0.001) and medial regions (area: 23.54 ± 1.39 μm2, n = 15, p < 0.001; diameter: 5.01 ± 0.28 μm, n = 15, p <
0.001) were similar (Fig. 3A–B). Thus, in the rostral region there were fewer astrocytes, but with larger somas. Astrocyte processes of 
the rostral region (57.34 ± 3.37 μm, n = 15) were larger than those of the caudal (36.92 ± 2.15 μm, n = 15, p = 0.0001) and the medial 
regions (37.40 ± 2.08 μm, n = 15, p = 0.0001) (Fig. 3C). The ramification index of astrocytes in the caudal region (1.67 + 0.29, n = 10, 
p = 0.26) seemed higher compared to the medial (1.03 + 0.07, n = 10, p = 0.39) and rostral (0.93 + 0.03, n = 10, p = 0.38) regions but 
did not show significant differences (Fig. 3D). These results showed that astrocytic processes from medial and caudal fastigial regions 
are more densely arranged with multiple processes distributed homogeneously around the soma, similar to velate astrocytes; in 
contrast to the processes of the rostral region, where astrocytes present less morphological complexity with longer and less branched 
processes. 

3.2. Blood vessels 

Astrocyte somas are usually well spaced from one another, and blood vessels often appear to have an influence on the organization 
of astrocytic processes and on overall astrocyte morphology [24]. Therefore, it is relevant to understand the organization of astrocytes 
in the context of vasculature. 

Sample images of DiI-labeled blood vessels in the three regions of the FN are shown in Fig. 4A, B and C. Visual inspection of the 
distribution and arrangement of the vasculature did not reveal marked differences between regions, which was confirmed quantita-
tively. First, the average vessel length did not exhibit significant differences in the caudal (106.05 ± 7.42 μm2, n = 3, p = 0.45), medial 
(88.93 ± 8.33 μm2, n = 3) and rostral (140.67 ± 14.92 μm2, n = 3) regions; second, the vessel diameter was similar in the three 
regions: caudal (6.00 ± 0.29 μm, n = 8, p = 0.95), medial (5.94 ± 0.28 μm, n = 8, p = 0.98) and rostral (5.95 ± 0.20 μm, n = 8, p =
0.99) (Fig. 4M). The number of blood vessel segments was similar in the three regions in an area of 1 mm2: rostral (85.7, n = 3), medial 
(72.9, n = 3), and caudal (95.3 n = 3). This finding was unexpected since astrocyte density in the rostral region is low, as shown in the 
previous section. Thus, differences in astrocytic density and morphological complexity between regions of the FN are not influenced by 
the arrangement of blood vessel segments or by the length or diameter of the vasculature from each region. Nonetheless, astrocytes 
make extensive contacts with the FN vasculature (Fig. 4J, K and L), similar to astrocytes from other brain areas. 

3.3. Relation with cerebrospinal fluid 

Finally, we inspected the interface between the fourth ventricle and the subventricular zone proximal to the FN to assess whether 

Fig. 4. Vasculature in the FN. A-C. DiI labeling of blood vessels did not reveal differences in distribution, diameter, and length. G, H, and I. Similar 
to other brain areas astrocytes make extensive contacts with the vasculature. J, K, and L High magnification images revealed astrocytes in intimate 
contact with blood vessels in the three regions of the FN (yellow arrows). M. Comparative analysis of blood vessel diameter and length in the three 
regions of the FN. N = 4 in GFAP-GFP male mice P30, blood vessels n = 10 per region. (A–I) scale bar 50 μm and J-L 10 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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GFP + cells in the area could contact the cerebrospinal fluid (CSF) and the FN (Fig. 5). This could provide evidence that astrocytes or 
other glial cells can gate biochemical signals from the CSF to the FN. We found intermingled between ependymal glial cells of the wall 
of the fourth ventricle a population of GFP + cells whose soma is in the subventricular zone with short processes that project to the 
lumen of the ventricle and a single long process with short ramifications that project to the FN. These cells were found only in the 
medial region of the FN and some examples are shown in Fig. 5A–D. Furthermore, some of these cells contacted both the CSF and blood 
vessels of the FN as shown in Fig. 5E–F. 

4. Discussion 

By employing a combination of transgenic mice and confocal microscopy we have identified the morphological characteristics of 
astrocytes in the mature FN of the mice cerebellum. Astrocytes are the most abundant glial cell in the brain, where they provide support 
to neurons and regulate synaptic transmission and plasticity. However, their morphological heterogeneity and how it is related to their 
multiple functional roles has not been revealed in the FN. Our findings show the morphological diversity of astrocytes and their 
distribution in three discrete regions of the FN. 

The GFAP-eGFP transgenic mouse line facilitated the identification of astrocytes in the FN and the inspection of their distribution 
and morphological characteristics. The morphology of astrocytes and its response to diverse stimuli have been assessed in this mouse 
strain [25–29]. Because GFP is widely distributed in this transgenic strain, the astrocyte morphology can be characterized on different 
levels: from the number of main branches to the array of their small processes. In contrast, GFAP immunolabeling is predominantly 
distributed in the main branches and perinuclear region of the astrocytes. However, a potential caveat in using the transgenic model is 
that it may not report all the astrocytes in several brain areas, but it is known that in the cerebellum GFP expression driven by the 
hGFAP promoter highly correlates with GFAP immunolabeling in the mouse strain used in our study which has an FVB genetic 
background [17,30]. 

We divided the FN into rostral, medial, and caudal regions according to previous reports [16,23]. Astrocytes exhibit a gradient of 

Fig. 5. Subventricular cells in contact with the CSF and FN. A and C. Along the wall of the fourth ventricle at the level of the medial region of 
the FN, some GFAP + cells (ependymal cells) show their soma in the subventricular zone and project a long process toward the FN (purple arrow) 
and multiple short processes to the light of the ventricle (white arrowheads). A protoplasmic astrocyte within the FN is indicated by a red arrow. Cell 
nuclei stained with DAPI. B and D. High magnification images of the grey box in A and C. The discontinuous lines indicate the edge of the fourth 
ventricle. Scale bar in A and C, 20 μm, B and D, 10 μm. In E and F, cell processes (white arrows) that are directed towards the blood vessels (yellow 
arrow) and the contact between them (blue arrow). GFAP-eGFP positive cells (blue arrowheads) with the processes towards the medial part of the 
FN (red arrowheads) and the soma very close to the blood vessel. Scale bar E (20 μm) and F (10 μm). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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density, which is lowest in the rostral region and highest in the caudal region. Previous studies have noted the anatomical division of 
the FN in terms of neuronal distribution. Voogd et al. (2013) [31], divided the FN into three regions according to the distribution of a 
retrograde neural tracer injected into the contralateral FN, whereas Beitz and Chan-Palay (1979) divided the FN into three regions 
according to neuron morphology revealed by silver impregnation [16]. We found that in coronal sections of the FN, astrocytes are also 
distributed in three discrete regions similar to those proposed by the latter authors. Furthermore, the astrocytes of the FN organize into 
modular domains in the three regions. Astrocyte processes residing within the caudal and medial regions appear to occupy overlapping 
spatial domains, where they are densely intermingled. In contrast, rostral astrocytes appear to occupy distinct spatial domains, 
establishing exclusive territories in the same way as astrocytes in the hippocampus and cortex [32–34]. 

Understanding the anatomical association between astrocytes and brain vasculature is central for deciphering the regulation of 
cerebral blood flow. We did not find literature on the organization of blood vessels in the FN and considered that studying this matter in 
the context of astrocyte diversity was important. We predicted that blood vessel distribution would be divided into separate regions 
such as neurons and astrocytes [16,31]; however, this was not the case. The average vessel length and diameter was similar in the three 
regions of the FN, and we did not find a relationship between the distribution of astrocyte morphologies and arrangement of blood 
vessel. 

The ependymal layer forms a semi-permeable barrier that modulates the exchange of biochemical signals between the CSF and 
brain parenchyma. In mice, astrocytes are interposed within the ependymal layer in neurogenic niches [35,36]. Strikingly, we noticed 
that the processes of many ependymal cells neighboring the FN medial region reach the lumen of the fourth ventricle and make contact 
with the CSF and blood vessels (Fig. 5). Whether these cells gate signals from the CSF to the FN or blood vessels will be further 
investigated. 
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