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Distribution and morphological features of astrocytes and Purkinje cells in the human cerebellum
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Distribution and morphological features of astrocytes and Purkinje cells in the human cerebellum
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Introduction: The cerebellar cortex is now recognized as a functionally heterogeneous brain region involved not only in traditional motor functioning but also in higher-level emotional and cognitive processing. Similarly, cerebellar astrocytes also display a high degree of morphological and functional diversity based on their location. Yet, the morphological features and distribution of cerebellar astrocytes have yet to be quantified in the human brain.

Methods: To address this, we performed a comprehensive postmortem examination of cerebellar astrocytes in the healthy human brain using microscopy-based techniques. Purkinje cells (PCs) were also quantified due to their close relationship with Bergmann glia (BG). Using canonical astrocyte markers glial fibrillary acidic protein (GFAP) and aldehyde dehydrogenase-1 family member L1 (ALDH1L1), we first mapped astrocytes within a complete cerebellar hemisphere.

Results: Astrocytes were observed to be differentially distributed across cerebellar layers with their processes displaying known morphological features unique to humans. Stereological quantifications in three functionally distinct lobules demonstrated that the vermis lobule VIIA, folium displayed the lowest densities of ALDH1L1+ astrocytes compared with lobule III and crus I. Assessing cerebellar layers showed that the PC layer had the highest ALDH1L1+ densities while GFAP+ densities and astrocytes colocalizing (ALDH1L1+ GFAP+) were highest in the granule cell layer yet displayed the smallest GFAP-defined territories. PC parameters revealed subtle differences across lobules, with vermis folium VIIA having the lowest PC densities while a trend for the highest BG:PC ratio was observed in the cognitive lobule crus I. Lastly, to determine if these features differ from those of cerebellar astrocytes and PCs in species used to model human illnesses, we performed comparative analyses in mice and macaques showing both divergence and commonalities across species.

Discussion: The present study highlights the heterogeneity of astrocytes in the human cerebellum and serves as a valuable resource on cerebellar astrocyte and PC properties in the healthy human brain.
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1 Introduction

During evolution, the size and functional heterogeneity of the human cerebellum has expanded in parallel with the neocortex (Barton and Venditti, 2014; Sereno et al., 2020). Imaging studies have largely contributed to the current sophisticated understanding of cerebellar functioning, demonstrating that approximately half of the cerebellar cortex is associated with higher-level cognitive and affective functions (Buckner et al., 2011; Schmahmann et al., 2019; Kawabata et al., 2022). A fundamental three lobe framework indicates that the anterior lobe, containing lobules I–V, are connected to sensorimotor areas of the cerebral cortex and thus associate with traditional cerebellar functions such as motor functioning, gait, posture; the posterior lobe, represented by lobules VI–IX, are involved in cognitive and social behavior tasks associating with prefrontal, parietal association cortices and limbic regions; and the flocculonodular lobe, comprising lobule X and the flocculus and paraflocculus lobules, is phylogenetically the oldest region of the cerebellum responsible for equilibrium, eye movements and adjusting reflexes (Schmahmann et al., 2019). However, recent imaging studies have built upon this framework demonstrating increased complexity of cerebellar functional topography with double and triple representations of sensorimotor, cognitive, and affective functions across multiple lobules and lobes (Xue et al., 2021; Kawabata et al., 2022).

Astrocytes are a highly heterogeneous glial cell population involved in a variety of roles essential for multiple biological functions such as regulating the blood brain barrier through perivascular astrocytic endfeet (Alvarez et al., 2013; Díaz-Castro et al., 2023), modulating synapses and synaptic plasticity through perisynaptic astrocyte processes (Chung et al., 2015; Verkhratsky et al., 2021; Stogsdill et al., 2023), and mediating the transcellular exchange of ions and small metabolites through gap junctions (Mayorquin et al., 2018). Transcriptomics studies have further magnified the diverse signatures of astrocyte subtypes both within and between brain regions (Batiuk et al., 2020; Bayraktar et al., 2020; Endo et al., 2022; Karpf et al., 2022). Within the cerebellum, astrocytes display a high degree of diversity based on the layer they reside in, which likely contributes to their functional range (Cerrato et al., 2018; Matias et al., 2019). For example, velate astrocytes are localized in the granule cell layer (GCL), enwrapping their processes around granule cells and cerebellar glomeruli (Hoogland and Kuhn, 2010). This positioning suggests that velate astrocytes may regulate tissue homeostasis and cerebellar circuit function (Cerrato, 2020). Spanning the Purkinje cell layer (PCL) and molecular layer (ML), Bergmann glia (BG) are specialized astrocytes derived from radial glia with processes in close association with Purkinje cell (PC) dendritic trees and somas. These astrocytes are involved in cerebellar development, PC synaptogenesis, and regulating synaptic activity (Buffo and Rossi, 2013). Scattered non-uniformly throughout the PCL and to varying degrees in the ML, Fañanas cells are little studied and poorly understood cerebellar astrocytes (Goertzen and Veh, 2018). Finally, traditional fibrous astrocytes located in the white matter (WM) align with axons where they are thought to offer structural and metabolic support (Cerrato, 2020). While astrocytes have been elegantly characterized in the cerebral cortex (Colombo and Reisin, 2004; Oberheim et al., 2006; Falcone et al., 2019, 2022; O’Leary et al., 2020; Forrest et al., 2023) few have explored cerebellar astrocytes (Muñoz et al., 2021), with these cells being uncharted in the human cerebellum.

Therefore, this study aimed to understand the morphological diversity and distribution of cerebellar astrocytes and PCs in the healthy human brain. Our results show that glial fibrillary acidic protein (GFAP) immunoreactive (IR) and aldehyde dehydrogenase-1 family member L1 (ALDH1L1)-IR astrocytes are differentially distributed across cerebellar layers with ALDH1L1 being a suitable marker for BG cell bodies and GFAP a robust marker for BG processes and cerebellar fibrous astrocytes in the human cerebellum. Astrocyte processes displayed varicosities and knotted-blebbings with the former being known morphological features unique to the human neocortex. Unbiased stereological quantifications in three functionally distinct lobules demonstrated that the vermis lobule VIIA, folium displayed the lowest densities of ALDH1L1+ astrocytes compared with lobule III and crus I. Examining cerebellar layers showed that ALDH1L1+ densities were highest in the PCL while GFAP+ densities and astrocytes colocalizing (ALDH1L1+ GFAP +) were highest in the GCL. GFAP-defined astrocyte territories were among the largest in the ML and WM while astrocytes in the GCL displayed the smallest territories in the human cerebellum. Quantifying PC parameters revealed that vermis lobule VIIA, folium had the lowest PC densities while a trend for the highest BG:PC ratio was observed in the cognitive lobule crus I. Lastly, to understand if these features differed from those of cerebellar astrocytes and PCs in species used to model human illnesses, we examined these cells in non-human primate macaques and mice showing both structural divergence as well as commonalities across species.



2 Materials and methods


2.1 Human donors

Postmortem formalin-fixed human cerebella samples from four adults (two males and two females) were obtained from the Douglas-Bell Canada Brain Bank1 with no prior history of inflammatory, psychiatric, or neurological disorders prior to death. Following area fraction analysis, vermis lobule VIIA, folium was missing in one subject therefore a replacement subject was used for stereology analysis (Table 1).


TABLE 1 Individual demographic information.


	Donor
	Cause of death
	Age (years)
	PMI (h)
	pH
	Analysis





	Male 1
	Accidental
	54
	54.5
	6.3
	SI



	Male 2
	Accidental
	36
	49.0
	6.3
	AF and SI



	Male 3
	Natural
	45
	97.5
	6.4
	AF



	Female 1
	Natural
	54
	85.3
	6.2
	AF and SI



	Female 2
	Natural
	38
	43.0
	5.9
	AF and SI






AF, area fraction; SI, stereology.






2.2 Tissue processing


2.2.1 Qualitative and % area coverage assessments

Notably, 2” × 3” human sagittal cerebellar slabs comprising the complete right hemisphere were dissected at three anatomical levels: lateral, deep cerebellar nuclei (DCN), and vermis (Figure 1A), following the atlas of Schmahmann et al. (2000). Slabs were suspended in a 30% sucrose solution until equilibrium was reached followed by flash freezing in −35°C isopentane. At each anatomical level, cerebellar hemispheres were sectioned at 30 μm in the sagittal plane, mounted on 2” × 3” glass slides, dried overnight at room temperature (RT) followed by immediate immunolabeling.


[image: Figure 1]
FIGURE 1
Representative sagittal slabs that were dissected and immunolabeled from the human cerebellum. (A,B) Top panel represents lateral position, X = 26, middle panel illustrates the DCN at the level of the dentate nucleus X = 20, bottom panel displays the vermis X = 6. (A) The lateral surface is shown in top and middle panels, and the medial surface is shown in the bottom panel to display the entire vermis. Black arrows point to great horizontal fissure. Asterisk labels dentate nucleus. (B) Left image displays Nissl stained section for histological reference. Right image displays immunolabeling for GFAP astrocytes in magenta and ALDH1L1 astrocytes in cyan. Lobules and layers were annotated and outlined using QuPath with red outlining lobules, cyan outlines ML, green denotes PCL, yellow GCL, and blue outlines WM. MRI Atlas of the human cerebellum. Schmahmann et al. (2000) acted to guide lateral (X = 26), DCN (X = 20), and vermis (X = 6). Scale bar 5 mm. (C) Threshold representations of % area coverages in the human cerebellum for ALDH1L1 (left image) and GFAP (right image) immunoreactive astrocytes. Red overlay indicates pixels included in the analysis which were based on identifying the mean intensity and standard deviation of our signals of interest. Right hemisphere is shown. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter.




2.2.2 Quantitative stereology

Notably, 1 cm3 tissue dissections from formalin fixed sagittal slabs were taken at the level of the dentate nuclei (lobule III and crus I, X = 20, Schmahmann et al., 2000) and in the vermis (folium VIIA, X = 6, Schmahmann et al., 2000) and prepared as above. These lobules were chosen as each represents a unique functional domain: the vermis associating with emotional regulation, crus I with cognition, and lobule III with traditional cerebellar motor functions (Buckner et al., 2011; Schmahmann, 2019). Notably, 1 cm3 human tissue blocks were then systematically and exhaustively sectioned into 30 μm-thick sagittal sections, mounted on Superfrost glass slides, and stored at −80°C until immunostaining. An equally spaced series of sections per lobule of interest were immunolabeled (4–7 sections/subject/anatomical position). Section sampling followed systematic and random sampling principles of stereology (Mouton, 2002; Kreutz and Barger, 2018).




2.3 Immunolabeling

Sections were air-dried and heated in a 60°C oven for 30 min to aid in section adherence to the glass slides. Sections were then cooled for 5 min at RT followed by rinsing in phosphate-buffered saline (PBS) for 5 min. Antigen retrieval was performed using proteinase K (1:1,000) for 15 min followed by PBS washes. Sections were blocked in 10% normal donkey serum (NDS, Jackson ImmunoResearch Labs, Cat# 017-000-121, RRID:AB_2337258) and PBS for 1 h at RT. Human cerebellar sections were incubated overnight at 4°C in chicken polyclonal anti-GFAP (1:1,000, Abcam, Cat# ab4674, RRID:AB_304558) and mouse monoclonal anti-ALDH1L1 (1:250, Millipore, Cat# MABN495, RRID:AB_2687399) in blocking solution. Following primary antibody incubations, sections were rinsed in PBS followed by application of secondary antibodies, Alexa Fluor® 488-conjugated donkey anti-chicken (1:500, Jackson ImmunoResearch Labs, Cat# 703-545-155, RRID:AB_2340375) and Alexa Fluor® 647-conjugated donkey anti-mouse (1:500, Jackson ImmunoResearch Labs, Cat# 715-605-151, RRID:AB_2340863) for 1 h at RT. Following PBS washes, sections were quenched for autofluorescence using TrueBlack® (Biotium, 23007) for 75 s, rinsed and coverslipped with Vectashield Vibrance with DAPI mounting medium (Vector, H-1800).



2.4 Image analysis


2.4.1 Qualitative and % area coverage assessments

Three sections containing the complete right cerebellar hemisphere were sampled representative of each anatomical position: lateral, DCN level, and vermis level. An additional three sections, adjacent to the immunofluorescent sections, were stained for cresyl violet (Nissl stain) and acted as a histological guide. Slides were scanned on an Evident Scientific VS120 slide scanner at 20×. Exposure times remained constant for all sections. Cerebellar layers, ML, PCL, GCL, and WM, in all cerebellar lobules were outlined and annotated using QuPath (Bankhead et al., 2017, version 0.3.2, RRID:SCR_018257) guided closely by a reference atlas (Schmahmann et al., 2000). One complete folia per lobule was chosen for annotations in order to maximize efficiency (Figure 1B). Percent area coverage for GFAP-IR and ALDH1L1-IR astrocytes in each layer of each lobule were obtained using a threshold approach based on the mean intensity and standard deviation of our signal of interest. Pixels at and above the threshold value were considered positive while pixels below the threshold were reflected as background (Figure 1C).



2.4.2 Quantitative stereology assessments

Unbiased stereology was performed using the software Stereo Investigator (MicroBrightfield, Inc., RRID:SCR_004314, United States, Stereo Investigator, RRID:SCR_002526). Image stacks were acquired every 2 μm throughout our mounted tissue thickness using a Zeiss ApoTome2 Axio Imager.M2 microscope system at 63× (N.A 1.4) in each lobule and layer of interest. Tissue thickness was measured at every sampling site to account for wavy tissue and to ensure optimal image quality. The optical fractionator Probe was applied to the image stacks using a 9 μm dissector height with 1 μm guard zones. Unbiased estimates of ALDH1L1+ and GFAP+ astrocytes were quantified in the PCL, GCL, and WM. In the PCL, the nucleator probe (isotropic sampling, four rays) was applied to the image stacks where for each donor, 60 PC body and nucleus sizes were measured in each lobule of interest. PCs were counted directly using the optical fractionator probe in the PCL to minimize imaging times. Unbiased volume estimates were generated by applying the Cavalieri probe on the same contours used for counting in each layer. Coefficients of error (Gunderson m = 1) ≤ 0.1 were achieved to ensure accurate sampling of our stereological estimates (Supplementary Table 1).




2.5 Animal samples

Cerebella were acquired from two adult male cynomolgus macaques (generous gift from Dr. Michael Petrides) and from two adult male Aldh1L1-Cre/ERT2; Rosa26-TdTomato transgenic mice induced with tamoxifen. Aldh1L1-Cre/ERT2; Rosa26-TdTomato transgenic mice induced with tamoxifen were needed because ALDH1L1 immunolabeling is particularly challenging in mouse brain tissue (unpublished observations; O’Leary et al., 2020). Transgenic mice were generated by crossing Aldh1L1-Cre/ERT2 mice (JAX stock no. 031008) with Ai9 Rosa26-TdTomato reporter line mice (JAX stock no. 007909) (Madisen et al., 2010; Srinivasan et al., 2016). This specific transgenic Cre reporter line, has previously been reported to show about an 85% overlap with astrocytes immunolabeled with S100β in the cerebellum (Winchenbach et al., 2016). The tamoxifen solution for in vivo activation of Cre recombinase was prepared by dissolving tamoxifen (Sigma) in 100% EtOH at 200 mg/ml by gentle heating. Once the tamoxifen was in solution, it was diluted in corn oil (1:10; Sigma). The resulting 20 mg/ml solution was delivered through intraperitoneal (IP) injections of adult mice (5 weeks+; 1 injection per day for 5 days). Breeding and animal procedures were carried out with the approval of the McGill Animal Care Committee in accordance with the Canadian Council on Animal Care guidelines. Mice and macaques were perfused intracardially with ice-cold PBS followed by 4% formaldehyde in 0.1 M phosphate buffer. Brains were rapidly removed and postfixed in 10% neutral buffered formalin followed by separation of the cerebella from the cerebrums. Cerebella were suspended in a 30% sucrose solution until equilibrium was reached followed by rapid freezing in −35°C isopentane. Cerebellar hemispheres were systematically sectioned into 30 μm-thick sagittal sections, mounted on Superfrost glass slides, and stored at −80°C until immunostaining. For quantitative stereology, three series of sections were sampled based on anatomical position, one containing lobule III, one encompassing crus I, and a final series was taken throughout the vermis, guided by corresponding atlases (Allen Institute, 2004; Madigan and Carpenter, 1971). A total of 3–7 sections/animal/region of interest were immunolabeled. Immunolabeling protocols were optimized in each species to ensure that the antibodies stained the appropriate pattern of cellular morphology as previously demonstrated (O’Leary et al., 2020). Sections were air-dried and heated in a 60°C oven for 15 min, cooled for 5 min at RT followed by rinsing in PBS for 5 min. Antigen retrieval was performed using proteinase K (1:1,000) for 15 min followed by PBS washes. Sections were blocked in 10% NDS (Jackson ImmunoResearch Labs, Cat# 017-000-121, RRID:AB2337258) and PBS+ 0.2% Triton-X for 1 h at RT. Mouse sections were incubated overnight at 4°C in chicken polyclonal anti-GFAP (1:250, Abcam, Cat# ab4674, RRID:AB_304558) and blocking solution. Macaque sections were incubated for 48 h at 4°C in chicken polyclonal anti-GFAP (1:250, Abcam, Cat# ab4674, RRID:AB_304558) and mouse monoclonal anti-ALDH1L1 (1:50, Millipore, Cat# MABN495, RRID:AB_2687399) in blocking solution. Following primary antibody incubations, sections were rinsed in PBS followed by application of secondary antibodies, Alexa Fluor® 488-conjugated donkey anti-chicken (1:500, Jackson ImmunoResearch Labs, Cat# 703-545-155, RRID:AB_2340375, mouse and macaque sections) and Alexa Fluor® 647-conjugated donkey anti-mouse (1:500, Jackson ImmunoResearch Labs, Cat# 715-605-151, RRID:AB_2340863, macaque sections) for 1 h at RT. Following PBS washes, sections were quenched for autofluorescence using TrueBlack® (Biotium, 23007) for 75 s, rinsed and coverslipped with Vectashield Vibrance with DAPI mounting medium (Vector, H-1800). Qualitative, % area coverage, and stereology assessments were performed as described above in human samples with reference atlases for mice (Allen P56 Mouse Brain Atlas, sagittal) and macaques (Madigan and Carpenter, 1971) acting as guides (Figure 2; see Supplementary Table 2 for stereological parameters).
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FIGURE 2
Representative sagittal images at three anatomical positions in mouse and macaque cerebella. (A,B) Top panel represents lateral position, middle panel illustrates the DCN at the level of the dentate nucleus, bottom panel displays the vermis. Nissl-stained sections (left image) acted as a histological reference. Right image displays immunolabeling for GFAP-IR astrocytes in magenta and ALDH1L1-IR astrocytes in cyan. Lobules and layers were annotated and outlined using QuPath. Allen P56 Mouse Brain Atlas, sagittal images were used to guide lateral (reference image 3), DCN (reference image 7), and vermis (reference image 17) mice sections. Cerebellum of the rhesus monkey: atlas of lobules, laminae, and folia, in sections, Madigan and Carpenter (1971) was used to guide lateral (figures 37–38), DCN (figures 27–28), and vermis (figures 15–16) macaque sections. Scale bar 500 μm. (C) Threshold representations of % area coverages for ALDH1L1-IR (top images) and GFAP-IR (bottom images) astrocytes in mouse and macaque cerebella. Red overlay indicates pixels included in the analysis which were based on identifying the mean intensity and standard deviation of our signals of interest. Note: tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; IR, immunoreactive; ML, molecular layer; PCL, Purkinje cell layer.


To better understand the presence and absence of astrocytes observed in the mouse DCN, sections containing the fastigial nucleus were subsequently immunolabeled for qualitative purposes with primary antibodies rabbit monoclonal anti-sox9 (1:1,000, Abcam, Cat# ab185966, RRID:AB_2728660), mouse monoclonal anti-100β (1:1,000, Sigma-Aldrich, Cat# S2532, RRID:AB_477499), and mouse monoclonal anti-glutamine synthetase (1:500, Millipore, Cat# MAB302, RRID:AB_2110656) following the above protocol.



2.6 Statistical analysis

Statistical analyses and graphical representations were performed using SAS JMP Pro 18 (SAS Institute, Cary, NC, USA, RRID:SCR_022199) and applied to the human cerebellar datasets only. Distributions were assessed with Shapiro–Wilk tests and by examining normal quantile plots. Spearman correlations assessed the relationship between dependent variables and covariates [age, postmortem interval (PMI), and pH] and were included as covariates for the significant relationships. ALDH1L1-IR and GFAP-IR % area coverages were analyzed using mixed-effects models with layer and either anatomical position, lobule or lobe as fixed factors, followed by Tukey’s honestly significant difference test. To test if there were differences between astrocyte markers by cerebellar layers, a mixed-effects model was used with astrocyte marker and cerebellar layers as fixed factors followed by Tukey’s honestly significant difference test. The DCN was treated as a separate region where one-way analysis of variance (ANOVA) models were constructed for ALDH1L1-IR and GFAP-IR % area coverages with anatomical position as a fixed factor. A one-way ANOVA was used to compare % area coverage by astrocyte marker in the DCN. Astrocyte densities were analyzed using mixed-effects models with layer and lobule as fixed factors, followed by Tukey’s honestly significant difference test. PC parameters were analyzed using one-way ANOVAs, followed by Tukey’s honestly significant difference test. The significance threshold was set at 0.05 and all data presented are mean ± SEM.




3 Results


3.1 Differential immunoreactivity of canonical astrocyte markers GFAP and ALDH1L1 across cerebellar layers

We used two canonical astrocyte markers, ALDH1L1 and GFAP, since each marker labels different subsets of astrocytes, to visualize astrocytes in the cerebellar cortex and DCN. We found that the ML of the cerebellum was largely comprised of GFAP-IR processes with few astrocytic cell bodies (Figures 3A–C). While we did observe several ALDHL1+ GFAP-cells in the lower half of the ML, it was difficult to state whether these were Fañanas cells or simply displaced BG cells (Figure 4B). Further labeling with Kv2.2 potassium channel and calsenilin could help disentangle these astrocyte classes (Goertzen and Veh, 2018). ML processes were complex, displaying a high degree of branched and horizontal processes (Figures 3A–C). In the upper limit of the ML, GFAP-IR bulbous endfeet were difficult to visualize appearing sparse (Figure 3D). Varicosity-like protrusions, an astrocytic feature unique to the neocortex of human and non-human primates, were also observed along ML processes in some of the human cerebellar samples (Figures 3E, F). Additionally, knotted blebbing’s along these ML processes were also visible (Figure 3G). The PCL contained mainly ALDH1L1-IR cell bodies with these astrocytes being in close proximity to PCs (Figures 4A–C). Despite the density of granule cells, velate astrocytes were highly visible in the GCL. A dense cell body labeling was observed with ALDH1L1 and GFAP, with GFAP extending further along astrocyte processes (Figures 4D–F). Characteristic fibrous astrocytes were observed in the WM with GFAP-IR being particularly intense in these cells (Figures 4G–I). Aligning with a previous report in the cerebral cortex (O’Leary et al., 2020), we also noted astrocytes in close proximity, possibly indicative of twin cell, in human cerebellar WM (Figures 4M–O). We also examined astrocytes within the DCN and found it difficult to distinguish cell bodies from processes (Figures 4J–L).


[image: Figure 3]
FIGURE 3
Human cerebellar astrocytes in the molecular layer. ALDH1L1-IR and GFAP-IR processes (B,C, respectively) displayed complex horizontal branching with lateral appendages highly visible. Bulbous astrocytic end feet (yellow arrow) appeared sparse in humans (D). Along GFAP-IR processes, varicosity like protrusions (E,F, white arrows) and knotted-blebbings (E,G, yellow arrows) were observed. Panels (A–D) were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 40×. Panels (E–G) were acquired on an Evident Scientific FV1200 confocal microscope system, 60×. Scale bar 10 μm. ALDH1L1, aldehyde dehydrogenase-1 family member L1; GFAP, glial fibrillary acidic protein; IR, immunoreactive.



[image: Figure 4]
FIGURE 4
Astrocytes in the human cerebellum. ALDH1L1 strongly labeled Bergmann glia in the PCL (A–C). Labeling of Fañanas cells, or possibly displaced Bergmann glia were also observed (B, yellow arrow). Yellow solid line outlines Purkinje cell layer and yellow asterisks labels Purkinje cells (C). In the GCL (D–F) astrocyte cell bodies showed robust ALDH1L1-IR labeling (E) while GFAP was highly visible in astrocytic processes (F). Typical fibrous astrocytes were highly visible in the WM (G–I). In the DCN astrocyte cell bodies were difficult to distinguish (J–L). Fastigial nucleus is shown. WM astrocytes in close proximity (possibly twin cells) were also observed (M–O). White arrows point to nuclei of possible twin cells (M). Images were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 40×. Scale bar 10 μm. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; IR, immunoreactive; PCL, Purkinje cell layer; WM, white matter.


Overall, these qualitative observations indicate layer-specific preferences for astrocytic markers particularly highlighting ALDH1L1 as a suitable and robust marker for BG in the human cerebellum.



3.2 Divergence of ALDH1L1 and GFAP astrocytic % area coverages within the human cerebellum

To gain a foundational quantitative understanding of the distribution of cerebellar astrocytes, we next assessed whether the area fraction of astrocytes differed within the human cerebellum. To address this, we obtained % area coverages for ALDH1L1-IR and GFAP-IR cerebellar astrocytes in each layer, of every lobule, at three different anatomical position (lateral, at the level of the DCN, and in the vermis) in a complete hemisphere of the human cerebellum (Figure 5). Age was positively corrected with GFAP area coverages and was included as a covariate in GFAP analyses (Spearman ρ = 0.1214, p = 0.0095).
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FIGURE 5
Area coverages of ALDH1L1-IR and GFAP-IR astrocytes in cerebellar layers and lobules in the human cerebellum (percentages are reported). ALDH1L1 coverages were significantly higher in the PCL compared to GFAP, suggesting a high expression of this astrocytic marker in Bergmann glia (orange rectangle). GFAP coverages were significantly higher than ALDH1L1 coverages in both the ML and WM, indicating that GFAP is a robust marker for Bergmann glia processes and cerebellar fibrous astrocytes respectively (yellow rectangles). Within the DCN, GFAP coverages were significantly higher than ALDH1L1 coverages (blue rectangles). Full indicates average of all cerebellar layers excluding the DCN. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; IR, immunoreactive; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter.



3.2.1 Overall astrocyte % area coverages

The % area coverages of all labeled astrocytes (ALDH1L1-IR and GFAP-IR combined) in a complete cerebellar hemisphere were highest in the PCL (39%) followed by WM (36%), GCL (33%), and lowest in the ML (28%), [main effect of layer F(3,17.4) = 104.5229, p < 0.0001]. We did not observe a main effect of anatomical position (lateral, DCN, and vermis) [F(2,6.0) = 0.7084, p = 0.5294] or a layer × anatomical position interaction [F(6,17.5) = 0.8847, p = 0.5266]. In the DCN, % area coverages of astrocytes did not differ between the dentate nucleus (37%) and vermis fastigial nucleus (33%) [F(2,9.0) = 0.1823, p = 0.8363]. We next evaluated astrocytic area coverages in each cerebellar lobule and layer observing small discrepancies across the lobules [lobule × layer interaction, F(27,46.8) = 0.6330, p = 0.8974; main effect of lobule F(9,20.5) = 0.7685, p = 0.6462]. With the knowledge that there are lobule specific functions within the cerebellum where a simplistic model classifies anterior lobules I–V as exhibiting traditional motor functions, posterior lobules (VI–IX) associating with cognitive and emotional regulation, and the flocculonodular lobe (X) responsible for equilibrium, eye movements and adjusting reflexes, we explored whether the current astrocyte markers differed according to these functional domains in lateral, DCN, and vermis regions (Buckner, 2013; Klein et al., 2016). We did not observe a functional lobe × layer interaction [F(6,207.6) = 0.2752, p = 0.9481] or an effect of functional lobe [F(2,20.3) = 0.1468, p = 0.8644] on % area coverages of cerebellar astrocytes.



3.2.2 ALDH1L1-IR % area coverages

The % area coverages of ALDH1L1-IR astrocytes in a complete cerebellar hemisphere were highest in the PCL (53%) followed by GCL (32%), WM (30%), and lowest in the ML (23%), [main effect of layer F(3,20.6) = 383.3021, p < 0.0001]. We did not observe a main effect of anatomical position (lateral, DCN, and vermis) [F(2,7.2) = 2.7412, p = 0.1300] or a layer × anatomical position interaction [F(6,20.6) = 1.5744, p = 0.2047]. In the DCN, % area coverages of ALDH1L1-IR astrocytes did not differ between the dentate nucleus (30%) and vermis fastigial nucleus (28%) [F(1,4.0) = 0.8243, p = 0.4153]. ALDH1L1-IR astrocytic area coverages did not differ across cerebellar lobules and layers [lobule × layer interaction, F(27,73.7) = 0.8289, p = 0.7014; main effect of lobule F(9,27.3) = 0.5582, p = 0.8187]. We did not observe a functional lobe × layer interaction [F(6,27.9) = 0.7454, p = 0.6180] or an effect of functional lobe [F(2,10.4) = 0.9220, p = 0.4279] on ALDH1L1-IR % area coverages of cerebellar astrocytes.



3.2.3 GFAP-IR % area coverages

Glial fibrillary acidic protein immunoreactive astrocyte coverages diverged from those of ALDH1L1-IR coverages across cerebellar layers within a complete hemisphere. GFAP-IR % area coverages were highest in the WM (43%) followed by GCL (34%) and ML (33%), and lowest in the PCL (24%) [main effect of layer F(3,20.5) = 165.6406, p < 0.0001]. We did not observe a main effect of anatomical position (lateral, DCN, and vermis) [F(2,5.3) = 0.1224, p = 0.8872] or a layer × anatomical position interaction [F(6,20.5) = 0.2807, p = 0.9395]. In the DCN, GFAP-IR astrocyte coverages did not differ between the dentate nucleus (43%) and vermis fastigial nucleus (40%) [F(2,3.0) = 0.4599, p = 0.6696]. GFAP-IR astrocytic area coverages did not differ across cerebellar lobules and layers [lobule × layer interaction, F(27,56.3) = 1.1136, p = 0.3580; main effect of lobule F(9,22.3) = 1.6139, p = 0.1716]. We did not observe a functional lobe × layer interaction [F(6,38.4) = 1.5575, p = 0.1860] or an effect of functional lobe [F(2,7.7) = 2.3999, p = 0.1546] on GFAP-IR % area coverages of cerebellar astrocytes.

Taken together, we observed differences in coverages of our canonical astrocyte markers across cerebellar layers, cerebellar layer × astrocyte marker interaction [F(3,16.6) = 342.9722, p < 0.0001] with ALDH1L1 coverages being significantly higher in the PCL compared to GFAP (Tukey’s multiple comparison test, p < 0.0001), suggesting a high expression of this astrocytic marker in BG. However, in both the ML and WM, GFAP coverages were significantly higher than ALDH1L1 coverages (Tukey’s multiple comparison test, p < 0.0001), indicating that GFAP is a robust marker for BG processes and cerebellar fibrous astrocytes respectively. In the GCL, ALDH1L1 and GFAP coverages were equally represented. Within the DCN, GFAP coverages were significantly higher than ALDH1L1 coverages [41% vs. 29%, respectively, F(2,9.0) = 10.1566, p = 0.0049].




3.3 Layer specific heterogeneity of cerebellar astrocyte densities

Building on the above knowledge that ALDH1L1 and GFAP % area coverages in the human cerebellum display layer specific heterogeneity, we next aimed to quantify these cells utilizing robust quantitative stereological principles in three functionally distinct lobules of interest: lobule III motor, crus I cognitive, and vermis lobule VIIA, folium emotion. Based on our qualitative and semi-quantitative observations, we chose to focus our quantifications on cerebellar layers as it was difficult to visualize astrocyte cell bodies in DCN.


3.3.1 Overall astrocyte densities

Astrocyte densities (ALDH1L1+ and GFAP+ combined) in the PCL were lowest in the vermis compared to lobule III (29%, p = 0.0259) and crus I (33%, p = 0.0025) [layer × lobule interaction F(4,16.0) = 4.9327, p = 0.0088 followed by Tukey’s multiple comparison test, main effect of lobule: F(2,8.0) = 6.2151, p = 0.0235, 35% decrease in vermis vs. lobule III, p = 0.0358; 32% decrease vs. crus I, p = 0.0443; main effect of layer: F(2,16.0) = 308.3662, p < 0.0001, 79% increase PCL astrocyte densities vs. GCL densities, p < 0.0001; 94% increase PCL astrocyte densities vs. WM densities, p < 0.0001; 63% increase GCL astrocyte densities vs. WM astrocyte densities, p = 0.0088].



3.3.2 ALDH1L1+ astrocyte densities

Similarly for ALDH1L1+ astrocyte densities, the PCL displayed the lowest densities in the vermis compared to lobule III (29%, p = 0.0254) and crus I (33%, p = 0.0021) [layer × lobule interaction F(4,16.0) = 4.8275, p = 0.0096; main effect of lobule: F(2,8.0) = 6.5205, p = 0.0209, 34% decrease in vermis vs. lobule III, p = 0.0354; 32% decrease vs. crus I, p = 0.0359; main effect of layer: F(2,16.0) = 310.4091, p < 0.0001, 79% increase PCL ALDH1L1+ densities vs. GCL ALDH1L1+ densities, p < 0.0001; 92% increase PCL ALDH1L1+ densities vs. WM ALDH1L1+ densities, p < 0.0001; 63% increase GCL ALDH1L1+ densities vs. WM ALDH1L1+ densities, p = 0.0101] (Figure 6A).
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FIGURE 6
Heterogeneity of cerebellar astrocytes in the human cerebellum. (A) ALDH1L1+-IR (immunoreactive) cells/mm3. In the PCL, ALDH1L1+ densities were the lowest in the vermis compared to lobule III (29%, p = 0.0254) and crus I (33%, p = 0.0021). Irrespective of layer, the vermis had the lowest densities (34% decrease in vermis vs. lobule III, p = 0.0354; 32% decrease vs. to crus I, p = 0.0359). Irrespective of lobule, the PCL had the highest ALDH1L1+ densities while the WM had the lowest (79% increase PCL ALDH1L1+ densities vs. GCL ALDH1L1+ densities, p < 0.0001; 92% increase PCL ALDH1L1+ densities vs. WM ALDH1L1+ densities, p < 0.0001; 63% increase GCL ALDH1L1+ densities vs. WM ALDH1L1+ densities, p = 0.0101. (B) GFAP+-IR cells/mm3. GFAP+ densities were highest in the GCL compared to PCL (42% increase, p = 0.0028) and WM (46% increase GCL GFAP+ densities vs. WM GFAP+ densities, p = 0.0017). (C) ALDH1L1+ GFAP+-IR cells/mm3. ALDH1L1+ GFAP+ astrocyte densities were highest in the GCL (45% increase vs. PCL ALDH1L1+ GFAP+ densities, p = 0.0011; 46% increase GCL ALDH1L1+ GFAP+ densities vs. WM ALDH1L1+ GFAP+, p = 0.0012). (D) Percentage of ALDH1L1+ and GFAP+ astrocytes across cerebellar layers showed that most astrocytes in the human cerebellum were ALDH1L1+. (E) GFAP-defined territories (percentage per GFAP+ astrocyte). GFAP+ astrocyte territories were smallest in the GCL (73% smaller than Bergmann glia in the ML, p = 0.0026; 72% smaller than WM fibrous astrocytes, p = 0.0040). ALDH1L1, aldehyde dehydrogenase-1 family member L1; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; PCL, Purkinje cell layer; WM, white matter. *p < 0.05, **p < 0.01, ***p < 0.001.




3.3.3 GFAP+ astrocyte densities

Within the human cerebellum, the distribution of GFAP+ astrocyte densities differed from that of ALDH1L1+ astrocyte densities. GFAP+ densities were highest in the GCL [main effect of layer: F(2,16.0) = 11.3699, p = 0.0008], 42% increase GCL GFAP+ densities vs. PCL GFAP+ densities, p = 0.0028; 46% increase GCL GFAP+ densities vs. WM GFAP+ densities, p = 0.0017 (Figure 6B). We did not observe a significant main effect of lobule F(2,8.0) = 2.3933, p = 0.1532 or a layer × lobule interaction F(4,16.0) = 1.0898, p = 0.3947.



3.3.4 ALDH1L1+ GFAP+ astrocyte densities

ALDH1L1+ GFAP+ astrocyte densities were highest in the GCL [main effect of layer: F(2,16.0) = 13.1252, p = 0.0004], 45% increase GCL ALDH1L1+ GFAP+ densities vs. PCL ALDH1L1+ GFAP+ densities, p = 0.0011; 46% increase GCL ALDH1L1+ GFAP+ densities vs. WM ALDH1L1+ GFAP+, p = 0.0012] (Figure 6C). We did not observe a significant main effect of lobule F(2,8.0) = 1.1834, p = 0.3546 or a layer × lobule interaction F(4,16.0) = 0.9524, p = 0.4597.

Overall, in the human cerebellum, the vermis lobule VIIA, folium displayed the lowest ALDH1L1+ densities compared with lobule III and crus I. We observed the highest ALDH1L1+ densities in the PCL while GFAP+ densities and astrocytes colocalizing (ALDH1L1+ GFAP+) were highest in the GCL. Consistent with the notion that ALDH1L1 acts as a pan astrocytic marker, we found that most astrocytes in the human cerebellum were ALDH1L1+ (Figure 6D).




3.4 GFAP-defined territories differ across layers in the human cerebellar cortex

A hallmark of astrocytes is their complex morphology comprised of intricate fine processes which interact with a host of crucial biological functions (Mayorquin et al., 2018; Díaz-Castro et al., 2023; Stogsdill et al., 2023). Recent reports have suggested that regions displaying smaller astrocyte territories compensate with higher astrocyte densities (Viana et al., 2023). Therefore, it was of interest to explore whether density and size were related in our datasets, particularly for GFAP-IR astrocytes. Combining our measurements of % area coverage together with stereological estimates for astrocyte densities, we calculated the % area coverage per GFAP+ astrocyte yielding 2D estimates of GFAP-defined territories. GFAP was chosen as the astrocytic marker of choice as it provides extensive labeling of the astrocyte processes compared to ALDH1L1. We included only those subjects where both the lobule specific % area coverage data and density counts were available. We observed GFAP+ astrocyte territories to be significantly smaller in the GCL [main effect of layer F(2,4.0) = 41.4055, p = 0.0021]; followed by Tukey’s multiple comparison test showing 73% smaller GFAP+ territories in the GCL vs. BG (ML) GFAP+ territories (p = 0.0026), 72% smaller GFAP+ territories in the GCL vs. fibrous astrocyte (WM) GFAP+ territories (p = 0.0040). There was not an effect of lobule F(2,2.0) = 1.2728, p = 0.4400 or a layer × lobule interaction F(4,4.0) = 2.8342, p = 0.1686 (Figure 6E).

Overall, in the human cerebellum, while we observed the highest GFAP+ astrocyte densities in the GCL, these astrocytes displayed the smallest territories. Similarly, GFAP+ astrocyte territories were the largest in the ML and WM, with the latter displaying the lowest GFAP+ astrocyte densities.



3.5 Purkinje cell parameters in the human cerebellum

With the knowledge that PCs are the main inhibitory output neurons of the cerebellar cortex that are tightly connected with BG (De Zeeuw and Hoogland, 2015), we next sought to quantify PCs in lobule III, crus I, and in the vermis lobule VIIA folium in the human cerebellum (Figure 7). Age was positively correlated with PC cell body size (Spearman ρ = 0.6715, p = 0.0237) while pH was negatively correlated with PC cell body size (Spearman ρ = −0.6139, p = 0.0445). PC densities differed across cerebellar lobules [F(2,8) = 4.9340, p = 0.0402], with vermis lobule VIIA, folium having significantly lower densities than lobule III (31%, p = 0.0426) (Figure 7A). PC body size did not differ across cerebellar lobules including age and pH in the model F(4,6.0) = 3.2905, p = 0.0940 (Figure 7B). The number of BG surrounding 1 PC also did not significantly differ across cerebellar lobules analyzed [F(2,8) = 3.7116, p = 0.0724], although the highest ratio was observed in crus I lobule with 17 BG:1 PC compared to lobule III and vermis where approximately 12 BG surrounded 1 PC (Figure 7C).
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FIGURE 7
Purkinje cell parameters in the human cerebellum. (A) Purkinje cell density (cells/mm3). Vermis folium VII had lower PC densities compared to lobule III (31%, p = 0.0426) (B) Purkinje cell body size (μm2) did not differ across lobules. (C) Ratio of Bergmann glia (BG) to one Purkinje cell (PC). Crus I lobule had the highest ratio with 17 BG:1 PC compared to lobule III and vermis (12 BG:1 PC), however this was not significant. Representative example of the nucleator probe emitting four rays to measure Purkinje cell body size, inset B. Image acquired on a Zeiss ApoTome2 Axio Imager.M2 microscope system, 63×. Scale bar 10 μm. *p < 0.05.


Overall, we observed subtle differences in PC parameters when comparing lobule III, crus I, and vermis lobule VIIA, folium in the human cerebellum. However, similar to ALDH1L1+ astrocyte densities, the vermis lobule VIIA, folium displayed the lowest PC densities.



3.6 Cross-species comparison with human cerebellar astrocytes and Purkinje cells

Comparative neuroanatomical studies have highlighted astrocyte diversity across species in the cerebral cortex (Colombo and Reisin, 2004; Oberheim et al., 2006, 2009; O’Leary et al., 2020), however, whether species-specific features and distributions of astrocytic subtypes exist in hindbrain regions such as the cerebellum have not been well studied. Qualitative comparisons of cerebellar astrocytes revealed that the complexity of ML processes increased from mice to macaques to humans, with humans displaying more branched and horizontal processes. We did not observe varicosities or knotted blebbings in mice and macaques (compare Figures 3, 8A–C, 9A–C). In mice and macaques, GFAP-IR bulbous endfeet were strikingly visible near the upper limit of the ML (Figures 8C, 9C). Similar to humans, ALDH1L1-IR cell bodies were dominant in the PCL and were in close proximity to PCs in macaques and lesser extent in mice (Figures 8D–F, 9D–F). However, the % area coverage of ALDH1L1-IR astrocytes in the PCL were considerably lower in mice (35%) and macaques (41%) compared to humans (53%) (compare Figures 5, 10). Astrocytes in the GCL (Figures 8G–I, 9G–I) and WM (Figures 8J–L, 9J–L) were visible in mice and macaques, with the latter being highly GFAP-IR, similar to human WM astrocytes (compare Figures 4G–I with 8J–L, 9J–L). Nonetheless, the % coverages of GFAP-IR astrocytes in WM were lower in mice (30%) and macaques (38%) compared to humans (43%) (compare Figures 5, 10). Similarly, ALDH1L1-IR astrocyte % coverages in mice were strikingly low (13%) compared to macaques (21%) and humans (30%) (compare Figures 5, 10). Within the DCN, we observed robust species differences in astrocytes. Qualitatively, while ALDH1L1-IR astrocytes were in high abundance in the DCN of mice (Figures 11A, B), there was a dramatic absence of GFAP-IR astrocytes (Figures 11A, C). Further immunolabeling of glutamine synthetase (Figure 11D), S100 (Figure 11E), and sox9 (Figure 11F), confirmed the presence of astrocytes in mouse DCN. In macaque DCN, astrocyte processes were highly visible and appeared discretely organized while astrocyte cell bodies were difficult to distinguish from processes (Figures 9M–O). Complementing such observations, area coverages of GFAP-IR astrocytes in the DCN were strikingly lower in mice (6%) compared to macaques (38%) and humans (41%) (compare Figure 5, 10). We next generated stereological estimates of ALDH1L1 and GFAP astrocytes in three functionally distinct lobules of interest (lobule III, crus I, and vermis lobule VIIA, folium) in each cerebellar layer (Figure 12). We observed opposing trends with ALDH1L1 densities increasing with species evolution, approximately 1× higher in humans compared to macaques and mice, while GFAP densities decreased from mice to macaques to humans, 1–2× lower in humans than macaques and 2–5× lower compared to mice depending on the layer of interest (compare Figures 6A–C, 12A). Furthermore, most astrocytes in the mouse cerebellum were GFAP (Figure 12B). Profiting from our astrocytic % area coverages and densities, we estimated GFAP-defined territories in mice and macaques as previously demonstrated in our human analysis. In general, we observed larger GFAP-defined territories in humans compared to mice and macaques across all cerebellar layers which is consistent with previous descriptions of cerebral astrocytes (Oberheim et al., 2006, 2009; O’Leary et al., 2020) (compare Figure 6E, 12C). Notably, the ML (presumed to contain largely BG processes) displayed the largest discrepancies with human GFAP territories being 3× larger than macaques and 10× larger than mice. Lastly, we quantified PC parameters in mice and macaques to compare with our human PC data (compare Figure 7, 13). We observed that while PC densities decreased with species evolution (approximately 2× lower in humans compared to macaques and 8× lower than mice, Figures 7A, 13A), cell body sizes increased being 1× larger in humans compared to macaques and 4× larger when comparing to mice (Figures 7B, 13B). Additionally, the number of BG surrounding each PC increased from mice to macaques to humans where humans displayed an average of 14 BG surrounding 1 PC compared to 7 BG to 1 PC in macaques and 2 BG to 1 PC in mice (Figures 7C, 13C).
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FIGURE 8
Representative images of astrocytes in the mouse cerebellum. (A–C) Molecular layer (ML), (D–F) Purkinje cell layer (PCL), (G–I) granule cell layer (GCL), and (J–L) white matter (WM). In the ML, GFAP-IR processes were less extensive displaying few branched and horizontal processes (C). Bulbous astrocytic end feet were observed at the upper limit of the ML (C, yellow arrow). In the PCL (demarked by yellow solid outline, F), GFAP-IR processes were prominent with ALDH1L1-IR cell bodies surrounding Purkinje cells (F, yellow asterisks). In the GCL astrocyte cell bodies showed robust ALDH1L1-IR labeling (H) while GFAP was highly visible in astrocytic processes (I). In the WM, typical fibrous astrocytes were largely GFAP-IR (K vs. L). tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. Images were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 40×. Scale bar 10 μm. ALDH1L1, aldehyde dehydrogenase-1 family member L1; GFAP, glial fibrillary acidic protein; IR, immunoreactive.
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FIGURE 9
Representative images of astrocytes in the macaque cerebellum. (A–C) Molecular layer (ML), (D–F) Purkinje cell layer (PCL), (G–I) granule cell layer (GCL), (J–L) white matter (WM), and (M–O) deep cerebellar nuclei (DCN). In the ML, the presence of lateral appendages on Bergmann glia processes were observed (C, white arrow). Similar to mice, bulbous astrocytic end feet were observed at the upper limit (C, yellow arrow). In the PCL (demarked by yellow solid outline, F), GFAP-IR processes were prominent with ALDH1L1-IR cell bodies surrounding Purkinje cells (F, yellow asterisks). In the GCL, astrocytes displayed a mesh-like patterning. In the WM, similar to humans, fibrous astrocytes presented strong labeling for ALDH1L1 (K) and GFAP (L). In the DCN, fastigial nucleus is shown, ALDH1L1-IR (N) and GFAP-IR (O) astrocyte cell bodies and processes showed a discrete organization. Images were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 40×, scale bar 10 μm (A–L), 20×, scale bar 20 μm (M–O). ALDH1L1, aldehyde dehydrogenase-1 family member L1; GFAP, glial fibrillary acidic protein; IR, immunoreactive.
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FIGURE 10
Area coverage of ALDH1L1-IR and GFAP-IR astrocytes in cerebellar layers and lobules in mice and macaques (percentages are reported). Note the high expression of GFAP-IR astrocytes in the molecular layer and in the white matter compared to ALDH1L1-IR astrocytes (yellow rectangles). Similar to the human cerebellum, ALDH1L1-IR astrocytes were highly expressed in the Purkinje cell layer in macaques and a lesser extent in mice (orange rectangle). However, the % area coverage of ALDH1L1-IR astrocytes in the PCL were considerably lower in mice (35%) and macaques (41%) compared to humans (53%). GFAP-IR astrocytes in the deep cerebellar nuclei in mice displayed very low coverage compared to macaques (blue rectangle) and humans (compare with Figure 4). White areas indicate unavailable data due to these lobules not being present in the sections analyzed. tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. Full indicates average of all cerebellar layers excluding the DCN. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; IR, immunoreactive; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter.
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FIGURE 11
Representative images of cerebellar astrocytes in the mouse deep cerebellar nuclei. Fastigial nucleus is shown. While ALDH1L1-IR astrocyte cell bodies and processes were present (A,B), GFAP-IR astrocytes were scarce (C). Additional immunolabeling revealed that glutamine synthetase (D), S100β (E), and sox9 (F) positive astrocytes were present in the mouse DCN. Yellow dashed line outlines DCN in panels (C,D,F). tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. Images were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 20×. Scale bar 20 μm. ALDH1L1, aldehyde dehydrogenase-1 family member L1; DCN, deep cerebellar nuclei; GFAP, glial fibrillary acidic protein; IR, immunoreactive.
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FIGURE 12
Astrocyte densities in the mouse and macaque cerebellum. (A) ALDH1L1+ and GFAP+-IR (immunoreactive) astrocytes, cells/mm3, in cerebellar layers and functionally distinct lobules of interest in mice and macaques. In both species, ALDH1L1+-IR astrocytes showed the highest densities in the PCL and the lowest in WM which was similar to humans (compare with Figures 5A–C). Opposing trends were generally observed across species between the astrocytic markers with ALDH1L1+-IR astrocytes increasing with species complexity while GFAP+-IR astrocytes decreased from mice to macaques to humans (compare with Figure 5). (B) Proportion of ALDH1L1+ and GFAP+ astrocytes in cerebellar layers across species. For all species, most astrocytes in the PCL were ALDH1L1+ whereas astrocytes in the WM were largely GFAP+. Most astrocytes in the mouse cerebellum were GFAP+. (C) GFAP-defined astrocytic territories (percentage per GFAP+ astrocyte) increased from mice to macaques to humans across cerebellar layers (compare with Figure 5E). tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. ALDH1L1, aldehyde dehydrogenase-1 family member L1; GCL, granule cell layer; GFAP, glial fibrillary acidic protein; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter.
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FIGURE 13
Purkinje cell parameters in mice and macaques. (A) Purkinje cell density (cells/mm3). Purkinje cell densities decreased with species evolution (approximately 2× lower in humans compared to macaques and 8× lower than mice, compare Figure 6A with panel A). (B) Purkinje cell body area (μm2). Purkinje cell body sizes increased from mice to macaques to humans (compare Figure 6B with panel B). Representative examples of the nucleator probe emitting four rays to measure Purkinje cell body size are shown for mouse and macaque. (C) Ratio of Bergmann glia (BG) to one Purkinje cell (PC) showing that the number of BG surrounding each PC increased from mice to macaques to humans where humans displayed an average of 14 BG:1 PC compared to 7 BG:1 PC in macaques and 2 BG:1 PC in mice (compare Figure 6C with panel C). tdTomato reporter signal was used to visualize mouse ALDH1L1-IR astrocytes. Images acquired on a Zeiss ApoTome2 Axio Imager.M2 microscope system, 63×. Scale bar 10 μm.


Overall, these findings align with the growing literature for astrocyte and PC heterogeneity and suggest important species-specific differences of cerebellar astrocytes and PCs.




4 Discussion

In this study we performed a comprehensive neuroanatomical investigation to characterize astrocytes and PCs in the healthy human cerebellum. We first visualized astrocytes observing differential immunoreactivity of canonical astrocyte markers, GFAP and ALDH1L1 across the cerebellar layers. These observations were quantitatively confirmed with % area coverages of our astrocyte markers being measured at three anatomical positions within a complete cerebellar hemisphere. Next, robust stereological estimates of astrocytes in three functionally distinct cerebellar lobules revealed (1) the vermis lobule VIIA, folium displayed the lowest densities of ALDH1L1+ astrocytes and (2) the highest ALDH1L1+ densities were found in the PCL while GFAP+ densities and astrocytes colocalizing (ALDH1L1+ GFAP+) were highest in the GCL. Furthermore, by assessing GFAP-defined territories we observed that astrocytes in the GCL displayed the smallest territories while those in the ML and WM had among the largest territories in the human cerebellum. Additionally, we performed an in-depth analysis of PCs. While subtle differences in PC parameters were observed, vermis lobule VIIA, folium showed the lowest PC densities while there was a trend toward the cognitive lobule, crus I, having the highest BG:PC ratio. Finally, we compared human cerebellar astrocyte and PC observations with those of animals often used to model human illnesses, namely mice and macaques, highlighting important species-specific differences and similarities.

Our qualitative observations indicate that multiple astrocyte markers are needed to capture the heterogeneity of cerebellar astrocytes across layers. We highlighted ALDH1L1 as a suitable and robust marker for BG while GFAP was prominent in BG processes and cerebellar fibrous astrocytes in the human cerebellum. Varicosity-like protrusions and knotted blebbings on GFAP-IR BG processes were observed exclusively in human postmortem tissues. Further analyses are needed to determine if these features are present in all individuals or if they are solely observed under specific conditions as has been previously reported (Falcone et al., 2022). There is the possibility that such astrocytic features are the result of confounding variables in humans such as longer PMIs. However, astrocytic varicosities were observed from human tissues obtained from surgical resections (Oberheim et al., 2009; Sosunov et al., 2014). Additionally, in a recent rigorous comparative study, varicosities were also observed in ape species with PMIs less than 24 h with no significant correlations between the presence of varicosities in humans and apes and PMI, age, cause of death, nor with microglia cell number and activation (Falcone et al., 2022). It remains unclear if there exists a functional relevance to these varicosities; ultrastructural imaging techniques may aid toward this understanding. A striking observation was the scarcity of GFAP+ astrocytes in the DCN of mice, which has been previously reported (Shibuki et al., 1996). This observation appeared specific to the marker GFAP as ALDH1L1, glutamine synthetase, S100β, and sox9 were all visualized in the DCN, suggesting limited intermediate filaments in DCN astrocytes in healthy mice. An absence of intermediate filaments in astrocytes was reported to have no major consequences on non-reactive astrocytes, perhaps due to other cytoskeleton components, such as actin filaments compensating to support the development and maintenance of astrocytic processes (Wilhelmsson et al., 2004).

Mapping ALDH1L1-IR and GFAP-IR % area coverages of astrocytes across three anatomical positions (lateral, DCN, and vermis) within a complete cerebellar hemisphere, indicated that astrocytes are indeed present across all lobules showing subtle differences. However, we consistently observed higher ALDH1L1 coverages and densities in the PCL. Such results could suggest a higher metabolic demand needed in BG as ALDH1L1 is a key enzyme in folate metabolism which is important in nucleotide biosynthesis and cell division (Krupenko, 2009; Yang et al., 2011). Indeed, BG processes are highly dynamic within the ML, interacting with both excitatory and inhibitory synapses making them crucial in the regulation of cerebellum synaptic transmission (Buffo and Rossi, 2013; De Zeeuw and Hoogland, 2015). A higher metabolic demand might also be necessary in human astrocytes and would aid in explaining the increased ALDH1L1+ densities with species evolution. In support, Zhang et al. (2016) showed an upregulation of genes involved in different aspects of metabolism in humans compared to mouse astrocytes.

With respect to GFAP, we first observed a positive correlation between % area coverages of GFAP-IR astrocytes and age which strengthens our confidence in these estimations as reports suggest that aging is often accompanied by the upregulation of GFAP (Wruck and Adjaye, 2020; Popov et al., 2023). GFAP coverages were abundant in BG processes which often displayed complex and lateral appendages in humans and to a lesser extent in macaques. Such horizontal branching’s have been previously observed in marmosets (Muñoz et al., 2021). GFAP was also enhanced in WM cerebellar astrocytes suggesting similarities to cerebral fibrous astrocytes with an increased propensity for intermediate filament proteins in this astrocytic subtype (Oberheim et al., 2009). Indeed, a recent single cell-RNA sequencing and spatial transcriptomics study in the mouse brain, found GFAP to be among the top enriched genes in WM astrocytes along with an enrichment for genes involved in cytoskeletal regulation such as Marcks, Marcks11, and Lima1 likely influencing their distinct morphology (Bocchi et al., 2025). Importantly, while molecular commonalities were observed between WM cerebellar astrocytes and cerebral WM astrocytes, distinct molecular features were also reported further highlighting the molecular and functional diversity found both within astrocytic subtypes and across brain regions (Morel et al., 2017; Batiuk et al., 2020; Bocchi et al., 2025). In contrast to ALDH1L1+ densities increasing with species evolution, human astrocytes displayed 2–5× lower GFAP+ densities than mice depending on the layer of interest. While somewhat unexpected, past studies have reported an inverse relationship between GFAP and evolution (Bodega et al., 1994; Kálmán, 2002). GFAP is an intermediate filament protein involved with structural stabilization of astrocyte processes (Yang and Wang, 2015) and thus might be expected to increase with the complexity of processes. However, Viana et al. (2023) recently reported in mice, that while the hippocampal layers, CA1 radiatum and DG molecular, showed the lowest astrocyte densities, these layers compensated by displaying the largest defined territories. In support, while we observed the highest GFAP+ astrocyte densities in the GCL, these astrocytes displayed the smallest territories, in the human cerebellum. Similarly, GFAP+ astrocyte territories were among the largest in the ML and WM, with the latter displaying the lower GFAP+ astrocyte densities. Further aligning with these observations, our cross-species analyses showed lower GFAP+ astrocyte densities in the human cerebella, compared to mice and macaques, yet the territories of human astrocytes were 3–10× larger depending on the layer the astrocytes were located in. This is consistent with cerebral astrocytes displaying increased complexity in the human brain (Oberheim et al., 2006, 2009; O’Leary et al., 2020).

Finally, we analyzed PCs as these neurons are highly interconnected with BG (Yamada et al., 2000; Bellamy, 2006; Miyazaki et al., 2017). While subtle differences in PC parameters were observed when comparing three functionally distinct lobules (lobule III, crus I, and vermis lobule VIIA, folium) in the human cerebellum, our cross-species analyses highlighted important species differences. Previous reports have characterized PCs across species and, in accordance with the present study, PC density decreases accompanied by significant increases in cell size and spacing of PCs have been described with increasing evolution (Lange, 1975; Korbo and Andersen, 1995). A recent study elegantly compared PCs in humans and mice, finding that human PCs display higher dendritic complexities and present 7.5× more dendritic spines along dendrites, processing 6.5× more input patterns than in mice PCs, suggesting greater computational capabilities in humans (Masoli et al., 2024). Interestingly, with evolution, we observed an increase in the number of BG surrounding one PC with the highest ratio being in crus I compared to lobule III and vermis lobule VIIA, folium. Considering crus I is involved in cognitive processing, our results may thus be indicative of an increased need for BG in higher level cognitive cerebellar functioning, suggesting greater computational processing in the human cerebellum (Masoli et al., 2024).

Few studies have interrogated lobule and layer specificities of PC and astrocytic distributions. Kozareva et al. (2021) used transcriptional profiling to characterize PC diversity across 16 lobules in the mouse cerebellum. They found that PCs displayed considerable heterogeneity, particularly in posterior lobules, uvula (lobule IX) and nodulus (lobule X). The authors also report regional specialization of BG in lobule VI, the uvula (lobule IX) and nodulus (lobule X). Although we did not perform PC analyses in these lobules, it is interesting to note that crus I (also a posterior lobule) displayed higher BG to PC ratios compared to lobule III (anterior lobule) and to the vermis lobule in humans. Such findings together with our observations highlight the importance of performing detailed lobule and layer assessments to parcellate the cellular heterogeneity observed within the cerebellum.

This study has several important limitations. First, we recognize that our sample sizes were limited. While we included male and female human individuals, increasing our sample would allow us to confidently disentangle potential sex differences in PC and astrocytes within the cerebellum. Similarly, while our human postmortem comparisons to those of mice and macaques provide initial insights, they should be interpreted as preliminary given the low sample size which precluded statistical analyses. Future studies should include larger samples sizes to validate these findings and further explore species-specific observations. Second, while we attempted to define GFAP territories, the 2D method we used was rudimentary as we did not perform an in-depth Sholl analysis which would have allowed for 3D representations. However, labeling astrocytes in their entirety in the postmortem human brain is challenging. While vimentin is a promising marker for visualizing the complexities of astrocytes, we observed limited labeling in the cerebellum (1–2 vimentin+ astrocytes/section in humans, unpublished data). Such observations are in line with those reported in other subcortical structures such as the thalamus, where minimal vimentin+ astrocytes have been observed (O’Leary et al., 2020). Finally, when interpreting our cross-species analyses, caution needs to be taken when comparing ALDH1L1+ astrocytes in mice, as the transgenic Aldh1L1-Cre/ERT2; Rosa26-TdTomato mice displayed a more complete staining pattern with intense labeling of cell bodies and astrocyte processes that likely skewed the % area coverages when compared to antibody labeling. Intuitively, labeling human and macaque astrocytes in their entirety would reveal even greater species differences and thus our results likely reflect conservative estimates in these species. Follow-up investigations would gain from comparing the mRNA expression of GFAP and ALDH1L1 astrocytic markers.

Despite these limitations, we systematically examined cerebellar astrocytes and PCs in the healthy human cerebellum which extends the growing literature of astrocyte heterogeneity to the cerebellum. Furthermore, we highlight species divergence in PC and astrocytic features important for our understanding of animal models of disease and translation of findings from these species to human patients. This study is timely considering the increasing evidence for the cerebellum in higher order cognitive and emotional brain functioning (Buckner, 2013; Fastenrath et al., 2022) where growing literature demonstrates aberrant structure and function in neurodevelopmental (Haldipur et al., 2022; Hwang et al., 2022) and psychiatric disorders (Depping et al., 2018; Romer et al., 2018; Chambers et al., 2022). Thus, this study provides foundational knowledge for cerebellar astrocyte and PC properties unique to the healthy brain, allowing future directions to next determine dysfunction of these properties in central nervous system disease and other disorders.
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