Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Cerebellar astrocytic alterations in depression

Naguib Mechawar

naguib ., mechawar@mcgill . ca

McGill University https://orcid.org/0000-0003-4960-756X

Christa Hercher
Gina Abajian
Maria Antonietta Davoli
Gustavo Turecki
McGill University https://orcid.org/0000-0003-4075-2736

Article

Keywords:

Posted Date: September 25th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-7593301/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: The authors have declared there is NO conflict of interest to disclose

Page 1/24


https://doi.org/10.21203/rs.3.rs-7593301/v1
https://doi.org/10.21203/rs.3.rs-7593301/v1
https://orcid.org/0000-0003-4960-756X
https://orcid.org/0000-0003-4075-2736
https://doi.org/10.21203/rs.3.rs-7593301/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Accumulating evidence suggests dysfunction of cerebellar-cerebral circuits in depression. However, the
potential cellular and molecular alterations associated with depression in the cerebellum remain largely
uncharacterized. While postmortem findings in the cerebral cortex indicate astrocyte dysregulation in
depressed individuals who died by suicide (DS), the extent to which depression potentially alters
cerebellar astrocytes is not well understood. In this study, two canonical astrocyte markers, glial fibrillary
acidic protein (GFAP) and aldehyde Dehydrogenase-1 Family member L1 (ALDH1L1) were used to
quantify cerebellar astrocyte subtypes, Bergmann glia (BG) in the Purkinje cell layer (PCL), velate
astrocytes in the granule cell layer (GCL), and fibrous astrocytes in the white matter (WM). Purkinje cells
(PCs) were also quantified due to their close association with BG. To assess potential dysregulation of
astrocyte communication, we examined connexins, channel proteins essential in forming a functional
network between astrocytes. Astrocytic connexins were visualized using single molecule in situ
hybridization targeting connexin 30 (Cx30) and connexin 43 (Cx43), followed by immunolabeling for
ALDH1L1. Our analysis revealed significant increases in ALDH1L1 + astrocyte densities in DS specific to
the PCL compared to control individuals. Astrocytic connexins were significantly downregulated in DS,
with Cx43 showing marked reductions in both PCL and GCL. Overall, our findings suggest that BG in the
PCL and velate astrocytes in the GCL are particularly vulnerable in the depressive phenotype.
Furthermore, this study supports previous findings in the cerebral cortex and extends astrocytic
dysfunction to the cerebellum suggesting a widespread disruption of astrocyte-mediated
communication across the brain in depression.

Introduction

With a global prevalence exceeding 300 million individuals, depression is a leading cause of disability
and represents a significant risk factor for suicide [1]. While depression and suicide are multifactorial, [2,
3], at the cellular and molecular level, astrocytic alterations have been consistently reported, particularly
in frontal-limbic brain regions [4]. Astrocytes are a heterogeneous glial cell population characterized by
morphological, molecular, and functional diversity within and between distinct brain areas [5-9].
Importantly, the capacity of astrocytes to support various neuromodulatory mechanisms can be partly
attributed to their high expression of connexins (Cx), the protein subunits forming hemichannels and gap
junctions [10, 11]. In the mature brain, the predominant connexins expressed in astrocytes are Cx30 and
Cx43, with six connexin proteins assembling into hemichannels on the cell membrane [11]. The opening
of such hemichannels facilitates the release of gliotransmitters, including ATP, to support normal
neuronal functions. Gap junctions are formed by two apposed hemichannels. These junctions facilitate
network communication between neighboring cells by the exchange of ions, metabolites, and
propagation of calcium waves, forming a functional network or syncytium [10, 11].

Postmortem studies of the cerebral cortex have consistently reported changes in astrocyte morphology,
densities, and the area fraction occupied by astrocytes in depressed individuals [12—16]. Collectively,
these studies suggest an overall loss of astrocytes in the grey matter across multiple cortical brain
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regions, with astrocyte morphology being largely spared in depressed individuals who died by suicide
(DS) [4]. Complementing such morphological studies, alterations in mRNA and protein expression levels
have also been observed for the canonical astrocyte markers glial fibrillary acidic protein (GFAP) and
aldehyde dehydrogenase 1 family member L1 (ALDH1L1) [17-20], as well as in the critical components
of gap junction channels, Cx30 and Cx43 [18, 21-24]. Although widespread dysregulation of cerebral
astrocytes has been well documented in the context of depression, less is known about the potential
cellular and molecular alterations in the cerebellum.

In addition to its role in motor functions, the cerebellum is now recognized for its involvement in
cognitive and emotional regulation [25, 26]; critical facets of brain activity that are disrupted in
depression. Growing evidence points to possible cerebellar dysfunction in depression [27]. Functional
connectivity studies highlight altered connectivity between posterior lobules of the cerebellum and key
cortical regions implicated in depression, including the dorsolateral prefrontal cortex, the ventromedial
prefrontal cortex, and the anterior cingulate cortex, suggesting possible dysfunction of cerebellar-
cerebral circuits in depression [28—30]. Few postmortem studies have focused on cerebellar astrocyte-
related alterations in depression. While decreases in GFAP protein levels were reported in the lateral
cerebellum of depressed individuals [31], no such differences in GFAP expression levels and protein
levels were observed in DS [17]. Interestingly, decreases in Cx43 expression accompanied by increases
in Cx30 expression in the cerebellar cortex have been reported in DS, suggesting distinct patterns of Cx
expression in this brain region [23]. To build upon this knowledge, the objective of the current study was
to perform a detailed postmortem examination of cerebellar astrocytes and Purkinje cells (PCs) in
neurologically and psychiatrically healthy individuals (CTRL) compared to depressed individuals who
died by suicide (DS). We targeted crus |, a posterior lobule associated with cognition [25], as cognitive
impairments are well documented in depression [3, 32]. Using stereological approaches, ALDH1L1 + and
GFAP + astrocytes were quantified while fluorescence in situ hybridization (RNAscope) allowed us to
quantify Cx43 and Cx30 in cerebellar layers. Our analysis revealed significant increases in ALDH1L1 +
astrocyte densities in DS that were specific to the Purkinje cell layer (PCL). Astrocyte connexins were
significantly downregulated in DS, with Cx43 showing marked reductions in both the PCL and the granule
cell layer (GCL).

Methods
Postmortem cerebellar samples

Postmortem human cerebellar samples from DS and CTRL were provided by the Douglas-Bell Canada
Brain Bank (https://douglasbrainbank.ca). In close collaboration with the Quebec Coroner’s office,
phenotypic information was obtained through standardized psychological autopsies and with informed
consent from the next of kin [33]. Presence or suspected presence of any neurological or
neurodegenerative disorder, as well as alcohol or substance abuse, based on clinical files and toxicology
reports constituted exclusion criteria. Proxy-based interviews with one or more informants best
acquainted with the donor were supplemented with information from the Coroner’s report and medical
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records. Toxicological analysis and information on prescriptions were also obtained. Clinical vignettes
were then produced and assessed by a panel of clinicians, using Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V) diagnostic criteria, to establish a diagnosis [33, 34].

Tissue Dissections

Expert brain bank staff dissected cerebellar crus | from sagittal slabs with the guidance of a human brain
atlas [35, 36]. 1cm? tissue blocks containing crus | were dissected at the level of the dentate nucleus, X

= 20, following the atlas of Schmahmann et al., 2000 [36]. Formalin-fixed tissue blocks were used for
stereology which included 21 CTRL and 20 DS (see Table 1 for subject characteristics) while fresh-frozen
tissues from a subset of the same subjects were used for fluorescence in situ hybridization (FISH),
RNAscope (16 CTRL, 18 DS, see Table 2 for subject characteristics).

Immunolabeling

Immunolabeling was performed as previously described [37]. Briefly, 1cm? formalin-fixed blocks were
suspended in a 30% sucrose solution until equilibrium was reached followed by flash freezing in -35°C
isopentane. Tissue blocks were then systematically and exhaustively sectioned into 30 uym-thick sagittal
sections, mounted on Superfrost Plus glass slides, and stored at -80°C until immunostaining. Section
sampling followed systematic and random sampling principles of stereology [38, 39]. Six equally spaced
series of sections were immunolabelled (1200 pm between sections). Upon removal from - 80°C,
sections were acclimatized to room temperature (RT) and heated in a 60°C oven for 30 min to increase
section adherence to the glass slides. Sections were cooled for 5 min at RT followed by rinsing in PBS
for 5 min. Antigen retrieval was performed using proteinase K (1:1000) for 15 min followed by PBS
washes. To prevent non-specific binding of antibodies, sections were blocked in a solution containing
10% normal donkey serum in PBS, (NDS, Jackson ImmunoResearch Labs, Cat# 017-000-121,
RRID:AB_2337258) for 1 h at RT followed by overnight incubation of primary antibodies in the same
blocking solution at 4°C (chicken anti-GFAP, 1:1,000, Abcam, Cat# ab4674, RRID: AB_304558; mouse
anti-ALDH1L1, 1:250, Millipore, Cat# MABN495, RRID:AB_2687399). Sections were then rinsed in PBS
followed by application of secondary antibodies in blocking solution for 1 h at RT (Alexa Fluor® 488-
conjugated donkey anti-chicken, 1:500, Jackson ImmunoResearch labs, Cat# 703-545-155, RRID:
AB_2340375; Alexa Fluor® 647-conjugated donkey anti-mouse, 1:500, Jackson ImmunoResearch Labs,
Cat# 715-605-151, RRID: AB_2340863). Sections were washed in PBS and quenched for
autofluorescence using TrueBlack® (Biotium, 23007) for 75 sec, then rinsed and coverslipped with
Vectashield Vibrance mounting medium containing DAPI (Vector, H-1800).

Fluorescence in situ hybridization

Page 4/24



Frozen cerebellar crus | tissue blocks were cut serially with a cryostat and 10 pm-thick sections were
collected on Superfrost Plus charged slides. Fluorescence in situ hybridization was performed using
Advanced Cell Diagnostics RNAscope® probes and reagents following the manufacturer’s instructions.
Briefly, sections were fixed in cold 10% neutral buffered formalin for 15 min, dehydrated in a series of
increasing ethanol gradients (70%, 95%, 2 x 100%) and air dried for 5 min. Endogenous peroxidase
activity was quenched with hydrogen peroxide for 10 min followed by PBS rinses. The following probes
were then hybridized for 2 h at 40°C in a humidity-controlled hybridization oven: Hs-GJA1 (Cx43
catalogue # 444281-C1) and Hs-GJB6 (Cx30 catalogue # 541391-C3). Sections were washed twice with
RNAscope wash buffer and stored in 5xSSC buffer overnight at RT. The following day, sections were
rinsed twice with RNAscope wash buffer. Amplifiers were then added using the proprietary AMP
reagents and the signal visualized through probe-specific HRP-based detection by tyramide signal
amplification (TSA) with Opal dyes (Opal 570 for Cx30, or Opal 690 for Cx 43; Akoya Biosciences) diluted
at 1:300. Immediately following the in situ hybridization protocol, immunofluorescence labelling of
ALDH1L1 was performed. Sections were washed in PBS, blocked in 10% normal donkey serum, (NDS,
Jackson ImmunoResearch Labs, Cat# 017-000-121, RRID:AB_2337258) for 1h at RT and incubated
overnight at 4°C in 10% NDS + PBS with mouse anti-ALDH1L1 (1:250, Millipore, Cat# MABN495,
RRID:AB_2687399). Following the primary antibody incubation, sections were rinsed in PBS followed by
application of a secondary antibody, Alexa Fluor® 488-conjugated donkey anti-mouse (1:500, Jackson
ImmunoResearch Labs, Cat# 715-545-151) for 1 hour at RT. Following PBS washes, sections were
quenched for autofluorescence using TrueBlack® (Biotium, 23007) for 90 seconds, rinsed and
coverslipped with Vectashield Vibrance mounting medium containing DAPI (Vector, H-1800).

Image Analysis

Immunofluorescence and Stereology. Unbiased stereology was performed using the software
Stereolnvestigator (MBF Bioscience, RRID:SCR_004314, United States, Stereo Investigator,
RRID:SCR_002526) following previous parameters [37]. Briefly, image stacks were acquired throughout
the mounted tissue thickness using a Zeiss ApoTome2 Axio Imager.M2 microscope system at 63X (N.A
1.4). To account for wavy tissue and ensure optimal image quality, tissue thicknesses were measured at
every sampling site. The optical fractionator probe was applied to the image stacks using a 9um
dissector height with Tum guard zones. Unbiased estimates of ALDH1L1* and GFAP" astrocytes were
quantified in 3 layers of interest (PCL, GCL, and white matter (WM)). The molecular layer (ML) was not
quantified due to the sparce presence of astrocyte cell bodies observed in this layer [37]. In total 15,699
astrocytes were counted in the PCL, 5723 astrocytes were counted in the GCL, and 6110 white matter
astrocytes were counted (Fig. 1A). PCs were counted live using the optical fractionator probe in the PCL
to minimize imaging times. 4075 PCs were measured in total. PC body sizes were measured using the
nucleator probe (isotropic sampling, 4 rays) (Fig. 2A). The Cavalieri probe was applied on the same
contours used for counting to generate volume estimates in each layer. The robustness of our
stereological estimates was indicated by obtaining coefficients of error (Gunderson m=1)<0.10
(Supplemental Table 1).
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FISH and Connexins: The open-source software FIJI was used to quantify Cx30 and Cx43 puncta [40],
(RRID:SCR_002285). Image stacks (1pum distance between planes) from 2 regions of interest/subject
were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system engaging the apotome at
40X (N.A 0.95). Each region of interest encompassed the ML, PCL, GCL and WM. Focus maps were set
to each imaging site to ensure optimal image quality with Cx43 acting as the focus channel. Exposure
times were held constant for all sections and subjects. Sum projection composite images were created
from the image stacks on which each layer was outlined. 5 ALDH1L1 + cells/layer/subject/ were also
annotated where ALDH1L1 labelling was used to locate positive cells and DAPI was used to trace the
nuclei. The outlined DAPI nuclei were then enlarged 0.5 pm to better encompass the full extent of the
ALDH1L1 + cell body (Fig. 3A). The Find Maxima function in FIJI was used to identify Cx30 puncta
(prominence = 170) and Cx43 puncta (prominence = 65) [24]. To verify the accuracy of the automated
puncta identification, 10 subjects (5 CTRL, 5 DS) were manually counted yielding excellent correlations
(Cx30 Pearson R =0.9696, Cx43 Pearson R = 0.9134, Supplemental Figs. 1 & 2). Custom built scripts
were applied to each image which 1) counted the number of puncta in each layer for each connexin 2)
counted Cx30 and Cx43 puncta in the outlined ALDH1L1 + astrocytes, and 3) generated area
measurements for each layer to report density measures. All data analyses were conducted with
investigators blinded to group allocation.

Statistical Analysis

Statistical analyses and graphical representations were performed using SAS JMP Student Edition
18.2.1 (SAS Institute, Cary, NC, USA). Distributions were assessed with Shapiro—Wilk tests and by
examining normal quantile plots. Data that did not meet the assumption of normality were transformed
accordingly. Spearman correlations assessed the relationship between dependent variables and
covariates (age, postmortem interval, refrigeration delay and pH) and were included as covariates for the
significant relationships. Astrocyte densities, connexin puncta densities, and the number of connexin
puncta contained within ALDH1L1 + cell bodies were analyzed using mixed-effects models with layer
and group as fixed factors, followed by Tukey honest significant difference (HSD) test. One female
control subject was excluded from the astrocyte density analyses as it was an extreme outlier in the
normal quantile plots. There was considerable variation in Cx30 puncta counts in ALDH1L1 + astrocytes.
Three subjects were identified as outliers (2 female DS and 1 male CTRL) and removed from this
analysis. PC parameters were analyzed using one-way analysis of variance (ANOVA) or one-way analysis
of covariance (ANCOVA) models. The significance threshold was set at 0.05.

Results

Our previous study highlighted ALDH1L1 as a suitable marker for BG cell bodies while GFAP was a
robust marker for BG processes and cerebellar fibrous astrocytes in the human cerebellum [37].
Furthermore, these canonical astrocyte markers exhibited distinct distribution patterns across the
cerebellar layers [37]. The current study builds upon these observations by investigating astrocyte
heterogeneity in the context of depression.
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Increased ALDH1L1 + astrocyte densities in the Purkinje cell layer in depressed individuals ALDH7L7 +
astrocyte densities. We observed a significant group X layer interaction in ALDH1L1 + astrocyte
densities, F (2, 76) = 4.2455, p =0.0179, (Fig. 1B). Post hoc comparisons using the Tukey HSD test
revealed that in the PCL, ALDH1L1 + astrocyte densities were significantly higher (13%) in the DS group
compared to the CTRL group (mean difference - 18424.0, 95% Cl-28979.1,-7868.9, p =0.0011).
ALDH1L1 + astrocyte densities did not differ between groups in either the GCL (p = 0.9255) or in the WM
(p=0.9638).

GFAP + astrocyte densities

We found no significant differences in GFAP + astrocyte densities between CTRL and DS groups (group X
layer interaction, F (2, 76) = 0.0356, p = 0.9650; main effect of group, F (1, 38) =0.2673, p = 0.6081)
(Fig. 1C).

Depressed individuals showed an increased proportion of astrocytes
expressing GFAP + in the granule cell layer

We observed differences in the proportion of astrocytes immunoreactive for ALDH1L1 and GFAP
between CTRL and DS groups (Fig. 1D-F). The % of ALDH1L1 + astrocytes did not differ between groups
(group X layer interaction, F (2, 76) = 0.9473, p = 0.3923; main effect of group, F (1, 38) =2.5624, p =
0.1177) (Fig. 1D). However, we observed a group X layer interaction in the % of GFAP + astrocytes, F (2,
76) =4.2876, p =0.0172) in the GCL specifically, where the DS group showed a 9% increase in the
proportion of GFAP + astrocytes relative to the CTRL group (mean difference - 8.6030, 95% Cl -14.5357,
-2.6703, p =0.0056). The % of GFAP astrocytes did not differ between groups in either the PCL (p =
0.5998) or in the WM (p = 0.3101) (Fig. 1E). Similarly, we found a group X layer interaction in the % of
double-labeled ALDH1L1 + GFAP + astrocytes, F (2, 76) = 5.7120, p = 0.0049) in the GCL, where the DS
group had a higher percentage (10%) of ALDH1L1 + GFAP + astrocytes compared to the CTRL group
(mean difference - 10.0543, 95% CI -15.8759, -4.2327, p = 0.0012). The % of ALDH1L1 + GFAP +
astrocytes did not differ between groups in either the PCL (p = 0.6692) or in the WM (p = 0.0886)

(Fig. 1F).

Purkinje cell parameters were unaffected in depressed
individuals

A Spearman’s correlation revealed a significant negative association between PC body size and pH, p
-0.4267, p = 0.0094, therefore pH was included as a covariate in this analysis. We did not observe a
difference in the density of PCs between CTRL and DS groups, (F (1, 39) = 1.1014, p = 0.3004) (Fig. 2B).
We found no differences between CTRL and DS groups in PC body size, F (1, 33) =2.4110, p=0.1300
(Fig. 2C). Finally, we did not observe a difference in the number of Bergmann glia (BG) surrounding each
PC between CTRL and DS groups, (F (1, 38) = 1.4558, p = 0.2351) (Fig. 2D).
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Decreased astrocytic connexins in depressed individuals
Connexin 43(Cx43)

We observed a significant group X layer interaction for Cx43 puncta densities, F (3,96) =2.7210, p =
0.0487 (Fig. 3B). Post hoc comparisons using the Tukey HSD test revealed that Cx43 puncta densities
were significantly lower in the DS group compared to the CTRL group in both the PCL (26% decrease,
mean difference 0.7156, 95% CI 0.2563, 1.1749, p = 0.0033) and the GCL (36% decrease, mean
difference 0.4913,95% CI 0.0320, 0.9506, p = 0.0368). Cx43 puncta densities did not differ between
groups in either the ML (p = 0.5881) or the WM (p = 0.2692). Interestingly, Cx43 puncta densities were
highest in the PCL, main effect of layer, F (3, 96) =118.6972, p < 0.0001, (ML vs PCL mean difference -
1.8998,95% Cl-2.1934,-1.6062, p < 0.0001, PCL vs GCL mean difference 1.1948, 95% Cl 0.9012, 1.4884,
p<0.0001, PCL vs WM mean difference 1.7624, 95% Cl 1.4688,2.0561, p < 0.0001). We also analyzed
the number of Cx43 puncta specifically within ALDH1L1 + astrocyte cell bodies. A Spearman’s
correlation revealed a significant negative association between Cx43 puncta counts and refrigeration
delay, p -0.3867, p = 0.0262, therefore refrigeration delay was included as a covariate in this analysis.
While we did not observe a group X layer interaction (F (3,92.1) =0.1847, p = 0.9066), a main effect of
group was observed, F (1,29.9) =4.9960, p = 0.0330 with a 24% decrease in Cx43 puncta in ALDH1L1 +
astrocytes in the DS group compared to CTRLs (Fig. 3C).

Connexin 30 (Cx30)

A log transformation was applied to Cx30 puncta densities to meet the assumption of normality.
Furthermore, pH was included as a covariate, as there was a significant negative relationship between
pH and Cx30 puncta densities, p -0.4329, p = 0.0150. We did not observe a group X layer interaction (F (3,
87) =0.1247, p = 0.9453), however there was a significant overall effect of group, F (1,28) =7.2132,p =
0.0120 with a 36% decrease in Cx30 puncta density in the DS group compared to CTRLs (Fig. 3D).
Differential Cx30 puncta density was also observed across cerebellar layers, with the highest densities
being observed in the GCL and PCL, main effect of layer, F (3,87) =118.9113, p<0.0001, (ML vs GCL
mean difference - 1.5985, 95% CI -1.8597,-1.3373, p < 0.0001, GCL vs WM mean difference 1.1063, 95%
Cl 0.8452,1.3675, p<0.0001, PCL vs GCL mean difference - 0.1417,95% CI -0.4029, 0.1195, p = 0.4900,
ML vs PCL mean difference - 1.4568, 95% CI-1.7180,-1.1956, p < 0.0001, PCL vs WM mean difference
0.9647,95% CI 0.7035, 1.2259, p < 0.0001). We next assessed the number of Cx30 puncta specifically
within ALDH1L1 + astrocyte cell bodies. A square root transformation was applied to Cx30 puncta
counts to address the presence of zeros and to meet the assumption of normality. We did not observe a
group X layer interaction (F (3, 87) = 0.5363, p = 0.6587). A significant group effect was observed, F (1,
29) =6.6120, p = 0.0155, with a 35% decrease in Cx30 puncta in ALDH1L1 + astrocytes in the DS group
compared to CTRLs (Fig. 3E). When we included sex in the model we observed a significant group X sex
X layer interaction (F (3,81) = 2.9925, p = 0.0357) where in the GCL female CTRLs had significantly higher
Cx30 puncta counts in ALDH1L1 + astrocytes compared to female DS (p = 0.0023), male CTRLs (p =
0.0221) and male DS (p = 0.0335). Interestingly, a significant negative correlation was observed between
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ALDH1TL1 + astrocyte densities and Cx30 puncta counts within these cells in the DS group, p -0.3990, p =
0.0050 (Supplemental Table 2).

Discussion

Postmortem studies have consistently observed astrocytic alterations in the cerebral cortex in DS;
however, few have examined the cerebellum in this context. In the present study we comprehensively
quantified astrocytes and PCs within cerebellar cortical layers in crus I. We observed an increase in
ALDHTL1 + astrocyte densities in the PCL in DS with no change in GFAP + astrocyte densities. However,
the percentages of GFAP + astrocytes and those colocalizing with ALDH1L1 + astrocytes were higher in
DS, specifically in the GCL. Additionally, astrocytic connexins were downregulated in DS, with Cx43
showing marked reductions in both the PCL and the GCL. We found no evidence for alterations in the
density nor size of PCs in DS in cerebellar lobule crus |I.

An increase in ALDH1L1 + astrocyte densities in the PCL in DS, could indicate a shift toward a more
activated or reactive state in BG. BG cell bodies lie in close proximity to PC somas, while their radial
processes span the ML, allowing dynamic interactions with PC dendritic arborizations contributing to the
regulation of cerebellar synaptic transmission [41, 42]. Although we did not observe changes in PC
densities or soma sizes, it remains possible that the elaborate dendritic arbors of PCs could be
compromised in DS resulting in a compensatory response by BG. BG abundantly express glutamate
transporters, glial high-affinity glutamate transporter (GLAST, EAAT1) and to a lesser degree glutamate
transporter 1 (GLT-1, EAAT2), positioning them as key regulators of glutamate clearance and in the
prevention of excitotoxicity within the cerebellum [43-45]. Atrophied PC dendrites could disrupt
glutamate homeostasis by impairing the synaptic integration of glutamatergic input from climbing (via
the interior olive) and parallel (via granule cells) fibers, ultimately leading to reduced glutamate clearance
[46]. In response, increased reactivity in BG may lead to upregulation of GLAST (EAAT1) as a
compensatory response to buffer excess glutamate and prevent further neuronal damage or
dysfunction. Quantifying GLAST (EAAT1) as well as cytoskeletal and structural proteins related to PCs
(examples: MAP, calbindin, actin) in crus | of DS could aid toward this understanding.

In the cerebral cortex, GFAP + astrocyte densities, protein, and mRNA expression levels are commonly
decreased in depression across multiple frontal-limbic brain regions [4, 47]. Such observations suggest
that gliosis is unlikely a main feature in depression in the cerebral cortex. In contrast to these findings,
the current study found unaltered GFAP + astrocyte densities in DS in cerebellar crus I. An increase in the
proportion of GFAP + expressing astrocytes specific to the GCL was observed, however. This could
indicate that in DS, a higher percentage of astrocytes are shifting toward a reactive phenotype without
astrocyte proliferation or loss, suggesting subtle glial dysfunction or an early stress response without
overt astrogliosis. The GCL layer specificity of this finding suggests that velate astrocytes are the
primary astrocytic subtype undergoing this transition. Velate astrocytes wrap their processes around
cerebellar glomeruli; areas of intense intertwined connections composed of mossy fibers rosettes, Golgi
neuron boutons, and granule cells dendrites [48]. These astrocytes display low expression of AMPA
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receptors GluA1 and GluA4, and the glutamate transporter, GLAST, while presenting high expression of
the water channel aquaporin 4 (AQP4) [49, 50]. Their positioning and protein expression profiles suggest
that velate astrocytes may regulate tissue homeostasis and cerebellar circuit functioning [51]. As such, a
higher proportion of astrocytes exhibiting a reactive phenotype in DS could disrupt the expression and
localization of AQP4, as is observed in the cerebral cortex in DS [14, 21] and in animal models of
depression [52, 53] potentially leading to impairments in glymphatic function as well as disruptions in
the blood brain barrier [54, 55].

We also assessed intercellular communication of astrocytes by quantifying two main astrocytic
connexins, Cx43 (GJAT) and Cx30 (GJB6), at the RNA level across the cerebellar layers in crus I. While an
overall decrease in Cx30 puncta density was observed in DS, Cx43 puncta density was explicitly reduced
in the PCL and GCL in DS, implying prominent Cx43 alterations in BG and velate astrocytes respectively.
Furthermore, we observed global reductions in Cx43 and Cx30 puncta counts specifically in ALDH1L1 +
astrocyte cell bodies in DS. Taken together, these findings could suggest that in DS, connexin alterations
are differentially localized, with astrocytic processes being particularly susceptible. Indeed, local
translation of transcripts, including Cx43 (GJAT), has been observed in astrocytic peripheral processes
allowing for rapid localized functional responses and fine-tuning of astrocyte interactions [56—58]. Thus,
the observed reductions in Cx30 and Cx43 in DS, could lead to disruptions in ion homeostasis (via
hemichannels) and/or dysfunction within the astrocyte syncytium (via gap junctions). It remains unclear
if decreases in astrocytic connexins are due to an average reduction of hemichannels or gap junctions
per process or due to less complexity of astrocytic processes in DS. It is tempting to speculate that the
former occurs as a recent postmortem study from our lab found no differences in the fine morphology of
vimentin immunoreactive astrocytes across multiple cortical regions [16], and animal models of
depression have shown both atrophy [59, 60] and hypertrophy [61, 62] of GFAP immunoreactive
processes. The observed decreases in Cx43 puncta density in BG within the PCL and velate astrocytes
within the GCL in DS could have significant functional consequences. Cx43 is crucial for intercellular gap
junction coupling, buffering of potassium, and glutamate clearance [11, 63]. Therefore, decreases in this
critical connexin in BG could lead to a host of impairments such as reductions in gap junction coupling
potentially leading to altered cerebellar plasticity, weakened buffering of glutamate potentially leading to
PC excitotoxicity, and disrupted neurovascular coupling from possible Cx43 alterations in BG astrocytic
endfeet. While Cx43 alterations in BG might alter synaptic function and compromise support for PCs,
decreased Cx43 in velate astrocytes may be more closely associated to weakened metabolic support
and dysregulation of cerebellar glomeruli, potentially leading to synaptic and homeostatic imbalance [48,
51].

Our findings align with those in the cerebral cortex where postmortem studies have consistently
observed reductions in Cx43 protein, mRNA expression, area coverage and puncta size in DS [18, 21, 22].
Animal models of depression echo those of humans and further provide evidence for Cx43 as a potential
therapeutic target. In chronic stress paradigms, decreases in Cx43 puncta, protein, and mRNA and often
accompanied by an opening of Cx43 hemichannels resulting in overactivity and release of glutamate,
ATP, and D/L-serine [64—69]. Elevated extracellular levels of these gliotransmitters may have harmful
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effects, potentially triggering excitotoxicity and causing cell death in neighboring neurons [70].
Encouragingly, therapeutic strategies targeting astrocytic connexin dysfunction have yielded promising
results. An early report found that treatment with either typical antidepressants or a glucocorticoid
receptor antagonist reversed the observed Cx43 deficits in a chronic unpredictable stress model [64].
Recent findings have shown that blocking Cx43 hemichannels, thereby reducing their activity and
glutamate buildup, is sufficient to produce antidepressant effects [67, 71]. It remains unclear in our
human postmortem tissue how the observed decreases in Cx43 and Cx30 puncta could be related to
hemichannel activity status. Sequencing-based approaches have the potential to reveal upregulation of
hemichannel-related genes; however, they do not capture real-time functional activity.

The main limitations of this study need to be highlighted. First, the potential effects of antidepressants
and anxiolytics should be considered. While difficult to dissociate in our cohort, it can be noted that there
were no differences in astrocyte densities between the few CTRL individuals who had these substances
at time of death (n = 4) compared to those CTRL individuals who did not (n = 17). However, we did
observe a significant reduction in PC cell body size in CTRL individuals who had substances at time of
death compared to CTRLs who did not (p = 0.0063 ANCOVA model with pH included). Our detailed PC
analyses showed that PCs might not be particularly affected in DS in the cognitive lobule crus I.
Exploring cerebellar lobules involved with emotional processing, for example vermis VIIA folium, may aid
to understand if PCs are globally unaffected in depression. Furthermore, it remains unclear if PC
dendritic arbors are affected in DS. While detailed quantifications would be beneficial and have been
studied in postmortem human tissue, it remains technically challenging [72]. Along similar lines, it would
be valuable to quantify astrocyte processes, particularly in BG and velate astrocytes in DS, to determine
whether the observed reductions in cerebellar astrocytic connexins are indeed due to an overall decrease
in hemichannels or gap junctions, as speculated. Furthermore, studies targeting oligodendrocyte-specific
connexins (Cx32 and Cx47) could aid in determining if heterotypic coupling is impaired in the cerebellum
in DS, as reported previously in the cerebral cortex [24].

Conclusions

Overall, the current study provides evidence for cerebellar astrocytic alterations in DS within crus |, a
cerebellar lobule associated with cognitive functions. Our detailed analysis revealed that these
alterations occur primarily in BG within the PCL and velate astrocytes within the GCL. Such results could
suggest potential impairments in synaptic regulation and glutamate clearance mediated by BG, as well
as possible disruptions in synaptic and ionic homeostasis maintained by velate astrocytes. Furthermore,
this study extends the observed alterations in connexin expression from the cerebral cortex to the
cerebellum, suggesting a broader disruption of astrocyte-mediated communication throughout the brain
in depression.
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Table 1: Subject information for stereology

N
Cause of death
Axis 1 diagnosis

Age (years) (p =
0.78)( )¢

PMI (hours)

(p =0.68)

pH

(p = 0.45)

Ref. delay (hours)
(p = 0.24)

Medication

CTRL

21 (11male:10female)
14 natural; 7 accidental
0

56+ 16

57 +27

6.23 +0.21 (N=19)

12 +13

Toxicology

1 = antidepressants

1 = benzodiazepine

1 = anxiolytic
1 = alcohol
Last 3 months

1 = antidepressants

1 = benzodiazepine

1 = benzodiazepine & cholinesterase

inhibitor

DS

20 (10male:10female)
20 suicide

15 MDD; 5 DD-NOS
55+17

60 + 20

6.32 +0.36 (N=17)

16+18

Toxicology
8 = antidepressants
3 = benzodiazepine

1 = antidepressants &
benzodiazepine

1 = antihistamine

1 = alcohol, atypical antipsychotic
1 = carbon monoxide

Last 3 months

6 = antidepressants

6 = antidepressants &
benzodiazepine

1 = antidepressants & atypical

antipsychotic

Date represent mean * standard deviation.

p values were generated by t-tests (age and PMI) or by Wilcoxon tests when the data failed the Shapiro-
Wilks test for normality (pH and Ref. delay). Significance threshold set at 0.05.
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DD-NOS depressive disorder not otherwise specified, MDD major depressive disorder, PMI postmortem

interval, Ref. delay refrigeration delay.

Refrigeration delay = the delay between time of death and storage of the body in a cold room.

N

Cause of death

Axis 1 diagnosis

Age (years) (p = 0.63)
PMI (hours)

(p = 0.30)

pH

(p=0.74)

Ref. delay (hours)

(p = 0.06)

Medication

Table 2: Subject information for connexins

CTRL
16 (9male:7female)

10 natural; 6 accidental

0
56 + 17
54 +28

6.25 + 0.22 (N=15)

9+ 8 (N=15)

Toxicology

1 = antidepressants

1 = benzodiazepine

Last 3 months
1 = antidepressants

1 = benzodiazepine

DS

18 (9male:9female)
18 suicide

13 MDD; 5 DD-NOS
5316

63+ 18

6.32 + 0.37 (N=16)

17+£19

Toxicology

8 = antidepressants

2 = benzodiazepine

1 = antidepressants & benzodiazepine
1 = antihistamine

1 = atypical antipsychotic

1 = carbon monoxide

Last 3 months

5 = antidepressants

5 = antidepressants & benzodiazepine

1 = antidepressants & atypical antipsychotic

Date represent mean * standard deviation.

p values were generated by t-tests (age and PMI) or by Wilcoxon tests when the data failed the Shapiro-
Wilks test for normality (pH and Ref. delay). Significance threshold set at 0.05.
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DD-NOS depressive disorder not otherwise specified, MDD major depressive disorder, PMI postmortem
interval, Ref. delay refrigeration delay.

Refrigeration delay = the delay between time of death and storage of the body in a cold room.
Figures

Fig. 1: Layer-Specific Astrocytic Alterations in Depressed Individuals.
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Figure 1

Quantification of cerebellar astrocytes across cerebellar layers. A Representative images of ALDH1L1+
(cyan) and GFAP+ (magenta) astrocytes in the cerebellar layers PCL, GCL, and WM. DAPI is shown in
yellow in the merged images. Images were acquired using a Zeiss ApoTome2 Axio Imager.M2
microscope system with apotome feature engaged, 63X, scale bar 10um. B ALDH1L1+ astrocyte density

(cells/mm?) was increased in the PCL in DS compared to CTRLs (13%, p = 0.0011). Quantile box plots
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are shown. C No changes in GFAP+ astrocyte density (cells/mm?) between DS and CTRL were observed.
Quantile box plots are shown. D No differences in the proportion of ALDH1L1+ astrocytes were observed
between CTRL and DS groups. Percentages are shown. E The proportion of GFAP+ astrocytes was higher
in the GCL in the DS group (9%, p = 0.0056). Percentages are shown. F Similarly, the proportion of
double-labeled ALDH1L1+GFAP+ astrocytes was increased in the GCL in DS compared to CTRL group
(10%, p = 0.0012). Percentages are shown. Post Hoc ## p < 0.01, ### p < 0.001.

Fig. 2: Purkinje Cell Parameters were unaffected in Depressed Individuals.
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Purkinje cell parameters. A Representative image displaying the nucleator probe used to quantify PC
body size. Image acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, 63X, scale bar
10pm. No differences in B PC density (cells/mm?), C PC body size (um?) or in D the number of BG
surrounding one PC were observed between DS and CTRL groups. Quantile box plots are shown.

Fig. 3: Astrocytic Connexins were decreased in Depressed Individuals.
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Quantification of connexins in the cerebellum. A Representative images displaying fluorescence in situ
hybridization for Cx43 (magenta) and Cx30 (cyan) and immunolabeling for ALDH1L1 (yellow). White
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circles indicate ALDH1L1+ cell bodies which were outlined guided by DAPI (grey) and enlarged. Images
were acquired using a Zeiss ApoTome2 Axio Imager.M2 microscope system, apotome feature engaged,

40X, scale bar 25um. B Cx43 puncta density (n/100 pm?) was decreased in the PCL (26%, p = 0.0033)
and in the GCL (36%, p = 0.0368) in DS compared to CTRLs. C There was an overall decrease in Cx43
puncta in ALDH1L1+ astrocytes (24%, p = 0.0330) in DS compared to CTRLs. D There was an overall
decrease in Cx30 puncta density (n/100 pm?) in DS compared to CTRLs (36%, p = 0.0120). E There was
an overall decrease of Cx30 puncta in ALDH1L1+ astrocytes (35%, p = 0.0155) in DS compared to CTRLs.
Quantile box plots are shown. * p < 0.05, Post Hoc # p < 0.05, ## p < 0.01.
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