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Abstract

Astrocytes are key contributors to the pathophysiology of major depression. Evidence in rodents 

shows that chronic stress is associated with a decrease in the number of GFAP-immunoreactive 

astrocytes within the cortex in addition to changes in the complexity and length of astrocyte 

processes. Furthermore, postmortem brains of individuals with depression have revealed a 

decrease in astrocyte density. Notably, astrocytes are extensively coupled to one another through 

gap junctions to form a network, or syncytium, and we have previously demonstrated that 

syncytial isopotentiality is a mechanism by which strong electrical coupling allows astrocytes 

to function as an efficient system with respect to brain homeostasis. Interestingly, the question of 

how astrocyte network function changes following chronic stress is yet to be elucidated. Here, we 

sought to examine the effects of chronic stress on network-level astrocyte (dys)function. Using 

a transgenic astrocyte reporter mouse, a six-week unpredictable chronic mild stress (UCMS) 

paradigm as a rodent model of major depression, and immunohistochemical approaches, we show 

that the morphology of individual astrocytes is altered by chronic stress exposure. Additionally, 

using novel electrophysiological techniques, we found that UCMS impairs the syncytial coupling 

strength of astrocytes within the hippocampus and prefrontal cortex - two brain regions that 

have been implicated in the regulation of mood. Together, these findings reveal that chronic 

stress leads to alterations in gap junction coupling, raising the prospect that both individual and 
network-level astrocyte functionality are important in the etiology of major depression and other 

neuropsychiatric disorders.
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Introduction

The lifetime incidence of Major Depressive Disorder (MDD) in adults is over 20% [1]. 

Indeed, depression is one of the leading causes of disability around the world with over 4% 

of the global population (or over 320 million people) afflicted by the disorder [2]. Notably, 

chronic exposure to stressful situations or life events is thought to be a major player in 

the development of major depression [3, 4]. From a basic research perspective, while much 

literature over the years has elucidated the synaptic dysfunctions/neuronal perturbations that 

are often associated with chronic stress and depressive-like behaviors [5–7], there is still 

much to be learned about the role of astrocytes in depressed states.

Astrocytes are connected via gap junctions to form an extensive network within the CNS. 

Gap junctional coupling mediates intercellular communication by providing continuity 

between the cytoplasm of adjacent cells [8–10]. Hence, gap junctions are critical 

components in the establishment of a functional astrocyte syncytium whereby these 

intercellular channels allow astrocytes to be electrically coupled such that they are in a 

state of ‘syncytial isopotentiality’ - a phenomenon recently discovered by our lab [11, 

12]. Electrical coupling allows astrocytes to function as a single, cohesive unit, and gap 

junction coupling endows astrocytes the ability to spatially redistribute small ions, nutrients, 

and other metabolites - molecules important for the regulation of neuronal activity, cell 

signaling, and energy metabolism [13–21]. Given the importance of gap junctions in brain 

homeostasis, it is reasonable to postulate that altered gap junction coupling may lead to the 

manifestation of many behaviors that are often observed in individuals with neurological 

disease/disorders -such as major depression.

Accumulating evidence has suggested that astrocyte (dys)function may be key in the 

development of anhedonic behaviors observed in animal models of depression. Along these 

lines, a reduction in astrocyte process length and/or volume has been observed after chronic 

stress paradigms [22–24]. Further, using sequencing-based approaches, several recent 

studies have shown that acute and chronic stress leads to alterations in gene expression 

associated with astrocyte plasticity, in addition to alterations in the expression of connexin 

subunits - proteins that comprise gap junctions [20, 25]. These studies reveal essential 

information about the morphological and transcriptomic changes that occur within astrocytes 

and accompany chronic stress. However, whether astrocyte network anatomy and function 

are altered in response to chronic stress is not yet known.

Here, we utilized an Aldh1l1-eGFP astrocyte reporter mouse line and a six-week 

unpredictable chronic mild stress (UCMS) model of depression to examine how both 

individual and network-level astrocyte anatomy and function change in response to stress. 

Using immunofluorescence and tissue clearing methodologies, we found that astrocytes in 

the hippocampus and/or PFC display a reduction in process length/area. Further, we used the 
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syncytial isopotentiality measurement recently developed by our lab to detect stress-induced 

changes in the coupling strength of the astrocyte syncytial network [12]. While there are 

several methods for analyzing gap junctional coupling, the electrical coupling measurement 

is based on the open probability of gap junction channels. Therefore, it has the highest 

sensitivity for detecting subtle changes in the strength of syncytial coupling [26]. Using 

this method, we demonstrate that chronic stress leads to a decrease in astrocyte syncytial 

coupling strength. These findings suggest that alterations in gap junction coupling between 

astrocytes may contribute (at least in part) to the behavioral manifestations that are often 

observed in individuals with MDD.

Materials and Methods

Mice

All experiments were performed in BAC Aldh1l1-eGFP transgenic adult (i.e., ~6-12 weeks 

of age) animals. These mice have previously been described [27–29]. All mice were housed 

in a 12:12 LD cycle and were given ad libitum access to water and food. Of note, only male 

animals were used for the immunohistochemical/tissue clearing experiments. However, due 

to the limited number of transgenic animals available, both male and female mice were used 

for the remaining electrophysiological experiments. Because no significant sex difference 

was observed in these electrophysiology studies, data from both sexes was combined for 

data analysis.

Unpredictable Chronic Mild Stress (UCMS) paradigm

The unpredictable chronic mild stress (UMCS) paradigm has been used to model depression 

observed in human subjects, and our specific model is adapted from previously published 

papers [30–33]. In brief, animals were exposed to 2-3 unpredictable mild stressors per day 

for a period of six weeks. The stressors were performed at random times throughout the 

day to avoid habituation. Every animal within the ‘stress’ group was exposed to the same 

stressors. Anxiety and depression-related behaviors were then profiled using the open field 

test, tail suspension test, and sucrose splash test. Body weight and coat state was also 

monitored each week.

Coat state scoring

The fur/coat state of each mouse was monitored weekly by an individual blind to stress 

condition. This scoring system was adapted from previously described coat rating scales/

protocols [34–36]. In brief, the coat for each mouse was assigned a score ranging from 1 

to 4, and this score was determined by assigning individual scores to 8 total body regions: 

head, neck, dorsal coat, ventral coat, tail, forelimbs, hindlimbs, and genital region. The final 

score was then calculated as the sum of the score for each body part divided by 8 (the 

number of body regions). The scoring system for fur state is noted below for reference:

1. coat is extremely shiny and smooth; no bald patches or discoloration

2. coat is largely smooth, but a few ‘spikey’ patches can be noted

3. small ‘bald’ patches are noticeable and slight discoloration is also apparent
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4. several bald patches can be noted; fur is not shiny and discoloration and/or many 

‘spikey’ fur patches are obvious

Open field test

The open field test was used to examine general locomotor activity and anxiety [37] and was 

conducted under dim white light approximately 3 hours after ‘lights on’ (Zeitgeber Time 

3, ZT3). In brief, animals were placed in the arena and were given 10 minutes to explore. 

A video camera was placed above the arena and was used to record each trial. The bottom 

surface and the walls of the arena were wiped with ethanol between trials. The number 

of center entries and the total time spent in the center of the arena were analyzed by an 

experimenter blind to stress condition.

Tail suspension test

The tail suspension test was used to assay the animal stress [38]. Briefly, mice were hung 

upside down for a 6-minute period, and a video camera recorded each trial. The total 

time spent immobile (i.e., the time spent freezing) and the latency to the first immobile 

episode were analyzed by an experimenter blind to stress condition. The tail suspension 

test was performed after the open field test, and it was conducted under dim white light at 

approximately ZT3-5.

Sucrose splash test

The sucrose splash test was adapted as a readout of self-care [39]. Briefly, while in the 

home cage, the dorsal coat of each mouse was sprayed with three ‘squirts’ of a 10% sucrose 

solution, which dirties the fur and causes the animals to initiate grooming behavior. A video 

camera then recorded the grooming behavior (which was defined as the mouse licking their 

dorsal coat to clean off the sucrose). The number of grooming bouts and the total time 

spent grooming during the 5-minute period were subsequently analyzed. Animals (control 

and stressed) that showed no licking bouts within the 5-minute period were not included in 

analysis. Of note, this test was conducted at ~ZT5.

Tissue processing for immunofluorescence

Tissue was processed using methods adapted from previously published papers [37, 40, 

41]. Along these lines, mice were sacrificed via rapid cervical dislocation, brains were 

placed into artificial cerebral spinal fluid (aCSF) and the tissue blocks containing the 

hippocampus and prefrontal cortex (PFC) were then cut into ~600 μm thick sections on a 

MicroSlicer™ Zero IN Vibratome (Ted Pella, Redding, CA). Sections were then fixed in 4% 

paraformaldehyde (PFA) - which was diluted in 1X phosphate-buffered saline (PBS) - for 6 

hours at 4C. These 600 μm thick sections were then cryoprotected overnight in 30% sucrose 

solution (in 1X PBS). Finally, 30 µm thick sections were cut using a freezing microtome.

Immunofluorescent staining, imaging, and image analysis

Labeling of tissue for immunofluorescence experiments was adapted from a protocol 

published in a recent study [42]. For visualization of the Aldh1l1-eGFP transgene expression 

throughout the brain (serial sections), 30 μm thick tissue sections were mounted onto a 
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slide (i.e., no primary antibody was applied), and 10X images were acquired using a Leica 

SP8 confocal microscope. Individual 10X images were then stitched/merged using LASX 

software.

To visualize Aldh1l1-eGFP expression with the astrocytic marker GFAP and the neuronal 

marker NeuN, brain sections were washed/permeabilized in PBS triton (PBST), blocked 

in 3% bovine serum alum (BSA)/PBST for 1 hour at room temperature before overnight 

incubation in the following primary antibodies (diluted in PBST): chicken anti-GFP 

(1:40,000; Aves Cat # GFP-1010) to enhance the eGFP transgene, rat anti-GFAP (1: 

20,000 Invitrogen, Cat # 13-0300), and guinea pig anti-NeuN (1:5,000 Millipore Sigma, 

Cat # ABN90). The next day (after washes), sections were incubated for 2 hours in Alexa 

Fluor 488 goat anti-chicken IgY, Alexa Fluor 594 goat anti-rat IgY, and anti-guinea pig 

Cy5 respectively (1:1500 each diluted in PBST). Tissue was then incubated in Hoechst 

(1:3000 diluted in PBST) for 10 min before being washed, mounted, and coverslipped 

with Fluoromount G. 20X images were then acquired on a Leica SP8 confocal to visualize 

colocalization.

For Aldh1l1-eGFP immunofluorescence for astrocyte morphological analysis within the 

PFC and hippocampus, a staining protocol was adapted from a recently described paper 

[43]. Two sections per mouse were stained and used for image analysis. After washing 

and blocking steps, sections were incubated in chicken anti-GFP (1:800; Aves Labs Cat# 

GFP-1010). The next day, sections were incubated in 1:2000 Alexa Fluor 488 goat-anti 

chicken IgY (1:2000 dilution in PBST). Sections were then mounted and coverslipped in 

Fluoromount G. 40x (oil) images (layer II of the PFC and stratum radiatum region of the 

CA1) were acquired using a Leica SP8 confocal with the following parameters held constant 

for each condition (stress and control): 1024 x1024 scan format, 1 μm step size (bit depth 

of 12), 16-line average, 300 Hz scan speed, 1.0 AU pinhole, and 1.0 zoom. For analysis 

of astrocyte morphology, Imaris v9.1 (Bitplane) was utilized. Note that entire astrocytes 

were analyzed (i.e., partial astrocytes wherein somas were not within the z-stack range 

were not analyzed) [44]. Further, astrocytes chosen for analysis were clearly defined. An 

experimenter blind to conditions validated the criteria automated by Imaris. 3D surface 

rendering was then performed using the Imaris surface module. The selected astrocytes were 

then color-coded (in a heatmap fashion) according to the surface area of the entire astrocyte. 

The Imaris Filament module was also used to analyze astrocyte process length. Along these 

lines, the astrocytic branches were outlined using Autopath with starting point and seed 

point held constant between conditions (control and stress). Data were then extracted and 

input into Prism software for statistical analysis.

For connexin 30 and 43 staining, a similar immunofluorescence protocol was used as 

described above. After washing and blocking steps, sections (2 per mouse per region: 

hippocampus and PFC) were incubated in rabbit anti-connexin 30 (Invitrogen Cat 71-200; 

1:1000 dilution in PBST) and mouse anti-connexin 43 (ThermoFisher Cat 13-8300; 1:500 

dilution in PBST). Note that GFP primary antibody was not used to amplify the Aldh1l1-

eGFP transgene signal in these sections. The following day, sections were washed and 

incubated in anti-mouse Cy5 (1:1000 dilution in PBST) and anti-rabbit Cy3 (1:1000 dilution 

in PBST). Sections were then washed and incubated in Hoechst (1:3000 dilution in PBST) 
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before being mounted and coverslipped. 40X oil z stack images were acquired on a Leica 

SP8 confocal using the following imaging parameters, which were held constant between 

stress condition: 1.0 zoom, 1.0 AU pinhole, 1024x1024 scan format, 200 Hz scan speed, 

2 μm step size (bit depth of 12). All z-stack images were then imported into ImageJ for 

analysis of connexin 30/43 immunoreactive puncta per area.

Tissue processing for CUBIC tissue clearing

Control and stressed animals were injected with 8% chloral hydrate in 0.9% saline. Once 

anesthetized, transcardial perfusion was performed with a rate of flow ~3 mL/min. Note that 

animals were first perfused with PBS followed by a 4% PFA/PBS solution. Brains were then 

extracted, cut to ~2 mm thick sections using a mouse brain matrix, and finally post-fixed 

for ~9 hours in 4% PFA/PBS at 4 °C. Brains were covered and stored at 4 °C until CUBIC 

clearing was performed.

CUBIC tissue clearing, immunofluorescent staining, imaging, and analysis

CUBIC tissue clearing was adapted from methods previously described [28, 45–47]. To 

begin, 2 mm thick perfused coronal brain sections were cut to ~400 μm on a microtome. 

Sections were then incubated in CUBIC reagent-1 for two days at room temperature 

(covered; on a laboratory shaker/rocker). Brain slices were subsequently blocked in a 

solution containing 5% normal donkey serum (NDS) and 0.1% Triton X-100 in PBS for 

1 day at room temperature. Next, sections were incubated in primary antibody (1:1000 

anti-guinea pig NeuN Millipore Sigma, Cat # ABN90) for two days at room temperature 

in 10% NDS and 0.05% Triton X-100 in PBS. Brain slices were subsequently washed in 

PBS (3 washes; 3 hrs/wash) and incubated in secondary antibody (anti-guinea pig Cy5; 

1:1000 dilution in 10% NDS, 0.05% Triton-X 100 PBS). Sections were then placed back 

into CUBIC reagent-1 for one day before imaging.

CUBIC images were acquired on a Leica SP8 confocal (~2 sections per mouse per 

region). The following imaging settings were held constant between stress condition: 10X 

magnification; 2.0 zoom; 1.0 AU pinhole; 512x512 scan format; 400 scan speed; 1 μm thick 

step size. Tissue was imaged to ~300 μm in depth.

Astrocyte cell density in control and UCMS CUBIC samples was analyzed using LASX 

software wherein the physical length (X, Y, and Z) was used to determine the volume of 

each ROI within the CUBIC-cleared image. The image was then imported into ImageJ, 

and the number of Aldh1l1 eGFP positive cells was manually counted/tagged by an 

experimenter blind to stress condition to obtain a readout of astrocyte density per ROI 

volume. A similar protocol was performed in the acquired images to obtain neuronal cell 

density (NeuN positive cells were used to ascertain neuron density within the ROI volume).

For interastrocyte distance analysis, the pixel size for each image was first obtained using 

LASX software. Images were then imported into ImageJ, wherein a line was manually 

drawn between astrocytes and tagged. The length (i.e., distance) between astrocytes 

(analyzed from 30 cells per image) was recorded.
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Finally, analysis of the number of nearest neighbors was performed in ImageJ. Reference 

cells were chosen (at least 25 stacks from the beginning of the image), and the number of 

neighboring astrocytes (within 25 μm from the reference cell) were tagged. Note that the 

number of nearest neighbors was calculated from three reference cells per image.

Electrophysiology

Brain slices were prepared as described previously [27]. Briefly, after anesthesia with 8% 

chloral hydrate in 0.9% NaCl, mouse brains were rapidly removed and placed into ice-cold 

oxygenated (95 % O2/5 % CO2) slice cutting aCSF with reduced Ca2+ and increased Mg2+ 

(in mM): 125 NaCl, 3.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 0.1 CaCl2, 3 MgCl2 and 10 

Glucose. Coronal brain slices (250 μm thickness) were cut at 4 °C with a Microslicer Zero 

1N Vibratome (Ted Pella, Redding, CA) and transferred to oxygenated standard aCSF (in 

mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 2 CaCl2, 1 MgCl2 and 10 Glucose, 

osmolality, 295 ± 5 mOsm; pH 7.3–7.4). Slices recovered at room temperature for at least 1 

hour.

Brain slice recordings were performed according to our previously published papers [28, 

48, 49]. In brief, after recovering, coronal hippocampal and PFC slices (from both control 

and stressed mice) were placed in a recording chamber (RC-22; Warner Instruments) and 

were subsequently mounted on a BX51WI microscope (Olympus) which was equipped with 

infrared differential interference (IR-DIC). Slices were then perfused with oxygenated aCSF 

(2.0 mL/min) at room temperature. A fluorescent imaging system, Polychrome V system 

(Till Photonics, Germany) was used for high-resolution identification of eGFP+ astrocytes.

Pipettes used for recording were fabricated from borosilicate capillaries (outer diameter: 1.5 

mm, Warner Instrument, Hamden, CT) by utilizing a Flaming/Brown Micropipette Puller 

(Model P-97, Sutter Instrument). The recording electrodes had a resistance of 2-5 MΩ when 

filled with the electrode solution containing (in mM) 140 K-gluconate, 13.4 Na-gluconate, 

0.5 CaCl2, 1.0 MgCl2, 5 EGTA, 10 HEPES, 3 Mg-ATP, and 0.3 Na-GTP (280 ± 5 mOsm, 

pH 7.25-7.27) [50, 51]. To record astrocyte syncytial isopotentiality, a Na+- based electrode 

solution ([Na+]P) was made by equimolar substitution of K-gluconate with Na-gluconate. 

The pH was adjusted to 7.25-7.27 with NaOH.

Whole-cell patch clamp recordings were conducted with a MultiClamp 700B Amplifier 

and pClamp 9.2 software system (Molecular Devices, Sunnyvale, CA). A minimum 2 GΩ 
seal resistance was required before membrane rupture into the whole-cell configuration. 

Further, all electrophysiological experiments were performed at room temperature as per a 

prior study performed in our lab which examined gap junctional coupling strength [12]. The 

liquid junction potential was compensated for prior to forming the cell-attached mode for all 

recordings. The VM was recorded under current-clamp mode for 5 min. The current profile 

was recorded under voltage clamp mode using 20 mV voltage steps from - 180 mV to + 20 

mV for 25 ms recording duration. The rectification index (RI) was calculated by dividing the 

current amplitudes induced by + 20 mV (I1) over - 180 mV (I2). Recordings were discarded 

if the initial input resistance (Rin) was greater than 30 MΩ or varied greater than 10% during 

recording.
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Statistics

Statistics were performed using GraphPad Prism 7.0 software, and data are presented as 

the mean ± SEM. However, as noted above, patch clamp recording data was analyzed 

using Clampfit 9.2 and OriginLab software. As stated in the figure legends, significance 

for experiments was set at p < 0.05 (*). Further, statistical comparisons between two 

groups were done using Student’s t-tests, while comparisons between more than three 

groups/conditions/timepoints were done using an ANOVA. Post-hoc tests were conducted 

to show an interaction obtained from significant ANOVA results. Correlation analysis was 

conducted using Pearson Correlation Coefficient in Prism 7.0. Finally, Grubb’s test was 

performed on each data set to assess whether statistically significant outliers were found 

in each group. Specifically, Grubb’s test was used to exclude one control and one stressed 

animal from the open field test experiments (Fig. 1 and Fig. S1), and one control animal 

from the sucrose splash experiments (Fig. 1 and Fig. S1). Furthermore, for filament tracing 

and surface rendering analysis of astrocytes (Fig. 2), Grubb’s test was used to exclude 

significant outliers for all cells obtained from each specific mouse before the average surface 

area and average process length was calculated from the hippocampus and PFC. Grubb’s test 

was also used to exclude significant outliers of the VM recording in patch-clamp data from 

each group.

Note that a ‘Z-emotionality score’ was calculated based upon the open field, tail suspension, 

and sucrose splash test results. This emotionality score was adapted from a previously 

published paper [52], and it was conducted because multiple behavioral testing paradigms in 

rodents may produce variability between testings. To do this, a Z-score was first determined 

for each parameter within each behavioral test using the following equation, wherein X 

refers to the data for the individual parameter within each test, μ refers to the mean for the 

control group, and ơ refers to the standard deviation of the control group.

Z = (X − μ)/ơ

A Z-score for each behavioral test was then calculated by taking the average of each 

parameter for each paradigm, and the overall emotionality score was calculated by taking the 

average Z-score values across the behavioral tests.

Results

Expression of astrocytic Aldh1l1-eGFP transgene throughout the brain

To begin, we first confirmed that the Aldh1l1-eGFP transgene is expressed within the 

PFC and the hippocampus (two regions implicated in the etiology of depression) and that 

the transgene is specifically expressed within astrocytes. Indeed, serial sections acquired 

throughout the coronal aspect of the brain revealed the expression of the transgene in both 

noted regions (Fig. 1a). Further, co-labeling experiments with the neuronal marker NeuN 

and astrocytic marker GFAP revealed that the transgene is only found within astrocytes, and 

not neurons, as expected (Fig. 1b).
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Six weeks of UCMS elicits depression-and anxiety-like behaviors in Aldh1l1-eGFP mice

To determine whether chronic stress influences astrocyte network anatomy and functionality, 

we turned to an unpredictable chronic mild stress (UCMS) paradigm that has been widely 

used in rodents to model depression [30–33] (Fig. 1c; Table I). Following the six-week 

UCMS paradigm, body weight and coat state in addition to depression and anxiety-like 

behaviors were measured. Like a previously published report [53], we found that our chronic 

stress paradigm led to a reduction in body weight gain across the six-week period (Fig. 

1d). Specifically, we found a significant interaction between stress condition and body 

weight gain over time (Fig. 1d; F(5, 125) = 4.066; p = 0.0019; Repeated Measures ANOVA). 

Post-hoc tests revealed a significant reduction in body weight in stressed animals at week 

3, week 4, and week 6 (Fig. 1d; p = 0.0001, p = 0.0223, and p = 0.0227, respectively). 

Similarly, we found a significant increase in coat/fur state score (Fig. S1a) in UCMS mice 

(Fig. 1e; F(5, 125) = 12.45; p < 0.0001; Repeated Measures ANOVA). Specifically, post hoc 

tests revealed a significant increase in coat score during weeks 3-6 (Fig. 1e; p = 0.0122 for 

week 3, p < 0.0001 for week 4, p < 0.0001 for week 5, and p < 0.0001 for week 6). Together, 

these data suggest that the UCMS paradigm leads to worsened fur state and a decrease in 

body weight gain.

Turning to the open field test, we found that chronic stress led to a decrease in the number of 

center entries in the arena (Fig. 1f; t(24) = 2.6265; p = 0.0148; t-test) and the total time spent 

in the center of the arena (Fig. 1f; t(24) = 5.272; p < 0.0001; t-test). Additionally, chronic 

stress led to a trending increase in the total time spent immobile in the tail suspension test 

(Fig. 1g; t(25) = 1.981; p = 0.0587; t-test). The latency to first immobility was also decreased 

in stressed animals (Fig. 1g; t(25) = 2.069; p = 0.0491; t-test). Finally, in the sucrose splash 

test, there was a trending, albeit non-significant, change in the number of grooming bouts in 

stressed mice (Fig. 1h; t(21) = 1.91; p = 0.0699; t-test), and there was a significant decrease 

in the time spent grooming (Fig. 1h; t(21) = 3.078; p = 0.0057; t-test).

The depressive-like behaviors in UCMS-exposed animals were also observed from analysis 

of z-scores within the respective paradigms. Specifically, we found a significant increase 

in the open field, tail suspension, and sucrose splash z-scores in stressed animals (Fig. 

S1b–S1d; t(24) = 4.017; p = 0.0005; t-test for open field; t(25) = 2.247; p = 0.0337; t-test 

for tail suspension; and t(21) = 2.702; p = 0.0134; t-test for sucrose splash). Furthermore, 

the z-emotionality score (a readout of the combined behavioral results) (Fig. S1e) revealed 

a significant increase in stressed animals (Fig. S1f; t(25) = 4.798); p < 0.0001; t-test). Taken 

together, these combined behavioral results reveal that our chronic stress paradigm was 

effective in eliciting depressive and anxiety-like behaviors.

UCMS leads to changes in astrocyte morphological complexity

To begin to profile changes in astrocyte anatomy after stress, we first asked whether 

individual astrocytes display morphological alterations after the chronic stress paradigm. 

To answer this question, we sacrificed control and stressed animals, collected hippocampal 

and PFC tissues, and immunolabeled for the Aldh1l1-eGFP transgene. We then conducted 

high magnification/high resolution confocal microscopy to map (in detail) changes within 

astrocyte process length and area (Fig. 2a–2b). Using filament tracing analysis, we found 
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that chronic stress led to a reduction in total astrocyte process length within both the 

hippocampus and the PFC (Fig. 2c1). Indeed, our analysis revealed that UCMS led to a 

significant shortening of astrocyte process length within the hippocampus (Fig. 2c1; t(5) = 

3.844; p = 0.0121; t-test), and an even greater process shortening occurred in the PFC (Fig. 

2c1; t(9) = 3.475; p = 0.0070; t-test).

We further explored the correlation between the shortening of astrocyte process length and 

Z-emotionality score. While the shortening of astrocyte process length was not significantly 

correlated to the Z-emotionality score in the hippocampus (Fig. 2c2; r = − 0.4323; p = 

0.1663; one-tailed Pearson analysis), there was a correlation between astrocyte process 

length in the PFC and emotionality score (Fig. 2c2; r = −0.7124; p = 0.0069; one-tailed 

Pearson analysis). Turning to surface area analysis, we found a significant decrease in 

average astrocyte surface area in the hippocampus of chronically stressed animals (Fig. 

2d1) (Fig. 2d1; t(10) = 4.433; p = 0.0013; t-test). Interestingly, while the process shortening 

was more severe in chronically stressed animals in the PFC, the average astrocyte surface 

area was not reduced (Fig. 2d1; t(10) = 1.02; p = 0.3316; t-test), indicating the regional 

heterogeneity in the pathological changes in astrocyte morphology. Additionally, within the 

hippocampus, a significant negative correlation was found between the average astrocyte 

surface area and Z-emotionality score (Fig. 2d2; r = −0.7707; p = 0.0017; one-tailed Pearson 

analysis); significance was not observed in the PFC (Fig. 2d2; r = −0.1733; p = 0.2951; 

one-tailed Pearson analysis). Taken together, these data suggest that at the individual cell 

level, the six-week chronic stress paradigm leads to heterogenous changes in astrocyte 

morphology in the mouse hippocampus and PFC but shortening of astrocyte processes 

appears to be a common pathological change in astrocytes.

UCMS does not alter astrocyte or neuron density, interastrocyte distance, or number of 
nearest neighbors within the hippocampus and PFC

Given the observed anatomical changes in individual astrocytes after chronic stress (Fig. 

2), we next asked whether astrocyte network anatomy might be altered after chronic 

stress. Hence, control and UCMS mice were sacrificed via cardiac perfusion, and thick 

hippocampal (stratum radiatum) and PFC (layer II) brain slabs were collected. Tissue 

sections were then placed in CUBIC tissue clearing reagent and were subsequently imaged 

using confocal microscopy (Fig. 3a–3b). After imaging, astrocyte cell density, interastrocyte 

distance, and the number of nearest neighbors (Fig. 3c) were analyzed in both hippocampal 

and PFC sections. We first assessed whether astrocyte density is altered by UCMS (Fig. 

3a–3d). Our analysis revealed that chronic stress did not change the density of astrocytes 

within either brain region (Fig. 3d; t(12) = 0.7034; p = 0.4953; t-test within the hippocampus 

and Fig. 3d; t(11) = 0.4409; p = 0.6679; t-test for PFC). Furthermore, we also immunolabeled 

for NeuN in our CUBIC (i.e., brain-cleared) sections (Fig. S2a–S2b). Our analysis of NeuN 

density revealed no significant difference in neuron density between control and stressed 

animals (Fig. S2c; t(11) = 0.1411; p = 0.8903; t-test for hippocampus and Fig. S2c; t(10) = 

1.493; p = 0.1664; t-test for PFC). Together, these results suggest that neither astrocyte nor 

neuron density are altered by stress.
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Interastrocyte distance was then measured as described in our recently published paper [26]. 

Along these lines, the distance was measured between neighboring astrocytes. Note that a 

randomly selected cell was used as the reference cell, and neighboring cells were defined as 

astrocytes that surrounded the reference cell (with no blood vessel in between) (Fig. 3c2). 

Our analysis of interastrocyte distance revealed no significant difference with respect to the 

distance between astrocytes from control and stressed animals (Fig. 3e; t(12) = 1.136; p = 

0.2783; t-test for hippocampus and Fig. 3e; t(11) = 1.042; p = 0.3198; t-test for PFC).

Finally, our previously published papers found that within the murine hippocampus, 

interastrocytic electrical coupling and having at least 7-9 nearest neighbor (astrocytes) are 

key factors that underpin strong syncytial coupling [12, 28]. Given this, we were interested 

in determining whether chronic stress may alter the number of nearest neighboring 

astrocytes (Fig. 3c3). Interestingly, we found no significant difference between the number 

of nearest neighbors and stress condition (Fig. 3f; t(12) = 0.6384; p = 0.5352; t-test for 

hippocampus and Fig. 3f; t(11) = 0.389; p = 0.7047; t-test for PFC). Thus, six weeks of 

chronic stress does not appear to alter the number of nearest neighboring astrocytes.

UCMS does not alter astrocyte passive conductance

To determine whether chronic stress influences the functional K+ channels, we first used 

[K+]P to examine the resting membrane potential (VM ) and whole-cell astrocyte passive 

conductance as the readouts of changes in astrocyte K+ channels conductance [54]. First, 

the dominant K+ conductance over the Na+ influx through non-selective cation channels 

(e.g., hemichannels and P2X7 receptors) and Na+-dependent transporters creates PNa/PK 

of 0.015 [50]. Should stress reduce the expression of K+ channels, one would anticipate 

an elevated PNa/PK ratio and therefore a depolarization in astrocyte VM. We found no 

difference in the resting VM between control and UCMS animals (Fig. S3a, t = −0.934; p 

= 0.372; unpaired t-test for hippocampus, and t = −0.679; p = 0.513; unpaired t-test for 

PFC), suggesting unaltered basal K+ conductance after stress [55]. Further, the ‘passive’ 

nature of the membrane conductance has been shown to result from a combined expression 

of both known and unknown K+ channels, such as the inwardly rectifying K+ channel 

[56–59]. Should stress alter the composition of expressed K+ channels, there would be an 

anticipated change in the linearity of passive conductance [54]. We found that the passive 

conductance was not affected by chronic stress in both the hippocampus and in the PFC, 

as shown by the current profile (Fig. S3b) and the linear I-V relationship (Fig. S3c). To 

further validate this notion, we analyzed the rectification index (RI) between control and 

stressed animals. The RI value close to 1 indicates nearly equal absolute values of outward 

and inward current under equivalent command of voltage, which is another characteristic 

of astrocyte passive conductance. We found comparable RI values between the control 

and UCMS group (Fig. S3d, t = 1.062; p = 0.319; unpaired t-test for hippocampus, and 

t = −0.1049; p = 0.920; unpaired t-test for PFC). It should be noted, however, that due 

to the low membrane resistance (RM, 6.4 MΩ) and the resultant short length constant 

(3.6 μm) [54, 57], the passive conductance mostly reflects those channels activated around 

the tip of the recording electrode, with minor contributions from the distal processes and 

coupled neighboring astrocytes. Together, these data confirm that the passive membrane K+ 

conductance of astrocytes is intact in chronically stressed mice.
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UCMS leads to weakened astrocyte gap junction coupling

We next asked whether the anatomical differences in stressed animals (Fig. 2) may impair 

astrocyte syncytial isopotentiality within these limbic regions (i.e., hippocampus and PFC). 

To assess this, we used a K+-free/Na+ pipette solution to substitute the endogenous K+ 

content in whole-cell recording which (in theory) should lead to a VM depolarization 

(toward 0 mV) as anticipated from the Nernst equation. Notably, we have previously shown 

that the VM (recorded with [Na+]P from astrocytes remains at quasi-physiological conditions 

level at the steady-state (VM, ss) [12, 28, 60]. This quasi-physiological VM, ss indicates 

the open state of the gap junctional coupling in an astrocyte network; disrupted syncytial 

coupling will lead to VM, ss shift toward 0 mV which indicates the closed state of a gap 

junction.

In [Na+]P VM recordings, the initial VM (VM, i) after the breaking-in into the whole-cell 

recordings is an indicator of an astrocyte’s resting VM, whereas the VM at the steady-stated 

VM (VM, ss ) informs the coupling strength of astrocyte network [12]. Consistent with the 

results from [K+]P (Fig. S3a), the VM, i data revealed no significant differences between the 

groups (Fig. 4c; t = −0.195; p =0.847; unpaired t-test for hippocampus, and t = −0.955 ; p = 

0.351 ; unpaired t-test for PFC). However, the VM, ss in stressed animals shifted substantially 

toward the “closed” state of syncytial coupling compared to control animals (Fig. 4b, c). 

Within the hippocampus, the VM, ss in astrocytes recorded from the control group was 

−71.15 mV, while that of UMCS astrocytes was −66.31 mV, and statistical analysis revealed 

a significant difference between the readings (Fig. 4c; t = −3.615; p = 0.0038; unpaired 

t-test). The difference of VM, ss in the PFC in control, −76.96 mV and UCMS group, 

−71.28 mV was also significantly different (Fig. 4c; t = −2.901; p = 0.0086; unpaired 

t-test). Based on the shifts of VM, ss toward the closed state, there is an estimated 82.2% 

reduction in the syncytial coupling of astrocyte networks in the hippocampus [28]. Notably, 

the correlation between VM, ss and syncytial coupling was created from an astrocyte network 

in the hippocampus. Thus, the calculation of syncytial coupling reduction was not feasible in 

the PFC due to the different baseline VM, ss in the PFC compared to the hippocampus.

Note that in the control group, the VM, ss recorded from PFC astrocytes is closer to the 

physiological VM, i than hippocampal astrocytes, indicating PFC astrocytes have a stronger 

coupling strength than hippocampal astrocytes (Fig. 4e and f, right). These results are 

consistent with our previous finding that astrocytes in certain cortical areas showed stronger 

syncytial coupling than in the hippocampus [28]. Taken together, these data suggest that six 

weeks of stress leads to a reduction in syncytial coupling strength of astrocytes in both the 

hippocampus and the PFC. It should be noted that it is still unknown at this point whether 

there is sex-dependent difference in stress-induced impairment of syncytial coupling. This 

question certainly warrants full-scale study in the future.

UCMS impairs the K+ redistribution capacity of an astrocyte syncytium

One key role of astrocytes is the clearance of K+ from the extracellular space after periods 

of neuronal activity [61–63]. Indeed, the K+ spatial buffering hypothesis posits that K+ 

ions must be relocated across gap junctions to areas of the brain with less neural activity 

[17, 64]. Hence, a high permeability to K+ and a strong capacity to redistribute K+ ions 
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are necessary for astrocytes’ syncytial function. Given the observed reduction in syncytial 

coupling strength (Fig. 4), we predicted that chronic stress would also impair the K+ spatial 

redistribution capacity of astrocytes. To assess this hypothesis, we utilized our [Na+]P to 

create a ‘K+ deficient astrocyte’ inside a syncytium. By experimentally uptake a controlled 

amount of K+ ions, the efficiency of a coupled syncytium to dissipate the accumulated K+ 

ions can be calculated [57]. Experimentally, a series of inward current pulses with increased 

duration was applied to a [Na+]P recorded astrocyte in a syncytium (Fig. 5a). The step 

duration-dependent increase in [K+]i is reflected by the negative shift in Vrev values at the 

end of the negative holding current in each step (dots in Fig. 5b). ∆VM was calculated from 

Vrev subtracted from the VM before the negative holding current. As demonstrated in our 

previous publications, the smaller the absolute value of ∆VM, the stronger the capacity of the 

syncytium to dissipate the accumulated K+ content in the recorded astrocyte to the coupled 

syncytium [27, 48]. In other words, the larger absolute values of ∆VM indicate weakened K+ 

redistribution capacity, or syncytial coupling [48, 57]. This occurred in the astrocyte syncytia 

after UCMS in the hippocampus (Fig. 5b–c, n = 13 for control and n = 12 for UCMS, 

Two-Way Mixed-Design ANOVA) but not to the PFC (Fig. 5d, n = 6 for control and n = 

7 for UCMS, Two-Way Mixed-Design ANOVA). These results are consistent with a more 

severe impairment of syncytial coupling observed in the hippocampal astrocyte syncytial 

network compared to the PFC network (Fig. 4b–f). Additionally, these results also reiterate 

that the strength of syncytial coupling in the PFC is stronger than the hippocampus, making 

the PFC more ‘resilient’ to a 6-week UCMS paradigm. Altogether, these results show that 

six weeks of chronic stress impairs the K+ redistribution capacity of the astrocyte network in 

the hippocampus but not the PFC.

UCMS does not alter the number of connexin 30/43 immunoreactive puncta within the 
hippocampus or PFC

A recent study showed that reduction of astrocytic connexin (Cx) 43 and 30 is sufficient 

to disrupt syncytial coupling [65]. To explore if this could also contribute, in part, to the 

disrupted syncytial coupling, we next tested whether the expression of Cx43 and Cx30 - 

two of the major proteins that from gap junctions [66] - could be altered by chronic stress. 

To this end, control and UCMS-exposed animals were sacrificed, and hippocampal and 

PFC brain sections were collected and stained for Cx30 and Cx43 expression (Fig. 6a–6b). 

Analysis of connexin 30 puncta revealed no significant difference in immunoreactivity in 

either the hippocampus or the PFC after stress (Fig. 6c; t(10) = 0.8296; p = 0.4261 for 

hippocampus and t(10) = 0.8638; p = 0.4079 for PFC; t-tests). Similarly, no change was 

observed with respect to Cx43 puncta immunoreactivity in either the hippocampus or the 

PFC (Fig. 6d; t(10) = 0.2755; p = 0.7886 for hippocampus and t(10) = 1.275; p = 0.2313 for 

PFC; t-tests). Together, these results suggest that Cx30 and Cx43 total protein levels are not 

altered by our UCMS paradigm.

Discussion

Here, we expand upon previous studies - providing data showing that astrocyte morphology 

is altered by chronic stress. In addition to morphological changes observed at the individual 
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cell level, we also show that astrocyte network anatomy and syncytial coupling strength are 

altered in a mouse model of depression.

High magnification/resolution confocal imaging revealed that our six-week UCMS paradigm 

led to a marked reduction in total astrocyte process length and surface area (Fig. 2), without 

changing the total number of astrocytes (or neurons) (Fig. 3 and Fig. S2). These findings are 

in line with a previous study that used chronic stress paradigms to profile cortical astrocytes 

[20, 22]. Additionally, we were able to correlate these two morphological readouts (process 

length and surface area) with the emotionality score of each experimental animal. Here, 

we should note that while we only examined the stratum radiatum and PFC (layer II) in 

our study, the astrocytic process atrophy that we observed in these regions (which appears 

similar to previously reported age-dependent decreases in astrocyte processes [67–69] is 

likely to be circuit specific. Indeed, the study performed by Tynan et al. found no evidence 

of astrocytic atrophy within the motor cortex [23] - a region that is not typically thought to 

be especially significant in the etiology of mood-related disorders.

With respect to understanding the implications of the individual astrocyte morphological 

changes observed after stress, here it should be mentioned that extensive dendritic atrophy 

(and dendritic spine loss) has been observed within the PFC after chronic stress [70–72]. 

Paralleling these animal studies, human imaging studies have also reported significant 

reductions in the volume of grey matter within the PFC in patients with a history of 

depression [73, 74]. Hence, while neuronal alterations/dysfunction may be a key contributor 

in the etiology of mood-related disorders, the precise mechanism(s) that underpin these 

changes are not yet known. The fact that astrocytes (within these same brain regions) also 

show atrophy of their processes, coupled with emerging evidence suggesting that astrocytes 

are key players in controlling synapse formation and function [75], and that astrocytes 

closely associate with synapses [76–78] raises the prospect that astrocytes may actually be 

initiating neuronal/synaptic dysfunction when mood disorders first arise. Given this, studies 

that examine whether astrocyte dysfunction proceeds (and hence significantly contributes to) 

neuronal dysfunction during chronic stress, are of high merit.

Turning to network-level profiling, to our knowledge, we are the first to report that astrocyte 

syncytial anatomy remains intact after chronic stress. Indeed, we observed no differences in 

interastrocyte distance (i.e., the distance between two neighboring astrocytes), in both the 

PFC and in the hippocampus after chronic stress (Fig. 3). At first glance, one may postulate 

that the lack of difference in astrocyte density and interastrocyte distance may make for no 

difference in the strength of astrocyte network coupling. However, it is important to note 

that under baseline conditions (i.e., no stress), in our previously published report, we did 

not observe a definitive correlation between syncytial anatomy and strength of syncytial 

isopotentiality [28]. As such, caution should be taken when positing that no difference in 

astrocyte density and/or interastrocyte distance means that no change in coupling strength 

will be observed using our novel electrophysiological K+-free/Na+-containing recording 

pipette solution [12].

Along these lines, our electrophysiological recordings showed a weakening in syncytial 

coupling strength in stressed mice (Fig. 4). Using this innovative technique, which serves 
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to create a ‘reporter astrocyte’ that can provide a readout of network coupling [12, 28], 

our results suggest that not only individual astrocyte anatomy/morphology, but also network 
level coupling is impaired by chronic stress. Notably, we only profiled hippocampal and 

PFC subregions in our recording experiments (paralleling our morphological data). It would 

be interesting to test whether other mood-related regions - such as the habenula, amygdala, 

and nucleus accumbens - regions known to be involved in the etiology of depression-like 

behaviors and/or altered by stress [79–82] - show similar impairments in response to stress. 

Furthermore, whether this weakened coupling strength is specific to limbic circuits remains 

to be determined.

Given our observations that network-level anatomical and electrophysiological differences 

were observed after stress and that vertebrate gap junctions are comprised of connexin 

proteins [66], we were somewhat surprised that our analysis did not reveal any effect 

of stress on connexin 30/43 immunoreactive puncta density (Fig. 6). Though we did not 

include a Western Blot experiment in parallel with our immunofluorescent data, these results 

are in conflict with results from a recently published paper that found a reduction in the 

density of connexin 30 and 43 positive puncta in the cortex in rats exposed to a chronic 

stress paradigm [83]. While the differential results between our study and those published 

by Miguel-Hidalgo et al. may be attributed to differences in species and/or brain region 

analyzed, another study found that acute stress induces the opening of connexin 43 channels 

within astrocytes and that this opening is potentiated by chronic stress [84]. Furthermore, 

connexins not only form intercellular gap junctions, but those that are unpaired may also 

form hemichannels [85]. Thus, the regulation of gap junction coupling by connexins is likely 

quite complex.

Another potential mechanism for our result showing no change in connexin expression in 

control and UCMS astrocytes is presented in our summary schematic (Fig. 7). Given our 

results that UCMS astrocytic processes show atrophy (Fig. 2), connexins from neighboring 

astrocytes may not be able to properly dock to form a gap junction. Such a model would not 

depend on connexin expression differences in control versus UCMS astrocytes, but rather 

localization. Hence, there may be more ‘de-docked’ gap junctions in UCMS astrocytes 

relative to control astrocytes. This mechanism would also support our observation of 

weakened gap junction coupling strength in astrocytes from UCMS mice (described below). 

Transmission electron microscopy may be worthwhile to determine whether interastrocyte 

connexin docking is altered by stress [66]. In summary, astrocyte coupling can be disrupted 

at the molecular, cellular, and/or syncytial levels via alterations in the open probability of 

gap junctions, a decrease in the number of gap junctions, and/or de-docking of gap junctions 

(due to atrophy of astrocytes), as we hypothesize (Fig. 7).

Our current study did not investigate the mechanism(s) underlying the weakened gap 

junction coupling observed after chronic stress, or the functional ramifications of this 

weakened coupling on interastrocyte communication. However, placed within a mechanistic 

model, alterations in calcium signaling within the astrocyte network may be one of the 

possible mechanisms [86, 87]. No study (to the best of our knowledge) has examined 

whether chronic stress alters both spontaneous and/or evoked calcium events within 

astrocyte microdomains. However, a recently published study demonstrated that acute stress 
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leads to astrocyte atrophy and prolongs spontaneous calcium events within astrocytes [25]. 

Interestingly, one of the key features of astrocytes is their intricate morphology and their 

ability to respond to stimuli (endogenous or exogenous) to generate calcium increases 

that subsequently couple to downstream cellular signaling processes to regulate animal 

physiology and behavior [88, 89]. Hence, this calls into question the idea that calcium 

may serve as a potential regulator of astrocyte syncytial isopotentiality in both healthy 

and diseased states - a topic that is currently under investigation in our lab. Indeed, it 

is important to note the intricate morphology of astrocytes. Several electron microscopy 

studies have revealed that fine, terminal (i.e. ‘leaflet’) astrocytic processes are devoid of 

larger organelles such as ER and mitochondria [78, 90–92]. Should the atrophy in astrocytes 

from chronically stressed mice mainly result from the withdrawal of small leaflets, one 

would not anticipate an overall reduction in astrocyte calcium activity but may expect to 

observe a reduced inter-astrocytic calcium signal. However, if astrocyte atrophy also occurs 

in larger ER/mitochondria-containing astrocyte processes, then one may observe an overall 

reduction in calcium activity. Future studies that examine astrocytic calcium signaling after 

chronic stress - and how such signaling may regulate the state of syncytial coupling - are of 

high merit.

In total, these studies reveal that a six-week UCMS paradigm alters not only astrocyte 

morphology, but also astrocyte network coupling. These observations suggest that other 

neuropsychiatric conditions may change the spatial organization of the astrocyte network 

and alter coupling strength. Hence, our study reveals important insights related to how 

depression disrupts astrocyte network communication.
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Figure 1: Aldh1l1-eGFP mouse and Unpredictable Chronic Mild Stress paradigm
(a) Coronal mouse brain sections from one Aldh1l1-eGFP. 30 μm thick tissue sections were 

mounted on slides at ~500 μm intervals to demonstrate transgene expression throughout the 

rostral-caudal and dorsal-ventral axis of the brain. Abbreviations: PrL = prelimbic cortex. (b) 

20X representative images of the Aldh1l1-eGFP transgene in both the prefrontal cortex (left 

panel) and hippocampus (right panel). Note that Aldh1l1-eGFP positive cells co-localize 

with the astrocytic marker GFAP, but not with the neuronal marker NeuN. Abbreviations: 

SO = stratum radiatum; Pyr = pyramidal cell layer; SR = stratum radiatum (c) Schematic 
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outline of the six-week Unpredictable Chronic Mild Stress (UCMS) paradigm. (d) Percent 

change in weight over the six-week UCMS paradigm in control (black line) and UCMS (red 

line) mice. Data were analyzed using ANOVA, followed by post-hoc tests. (e) Graphical 

representation of coat/fur state across the six-week UCMS paradigm. Data were analyzed 

using ANOVA, followed by post-hoc tests. (f) Graphical representation of number of center 

entries (left panel) and total time spent in the center or the arena (right panel) in the open 

field test. Data were analyzed using Student’s t-test. g) Graphical representation of the 

amount of time spent immobile (left panel) and the latency to the first immobility (right 

panel) in the tail suspension test. Data were analyzed using Student’s t-test. (h) Graphical 

representation of the number of total grooming bouts (left panel) and the amount of time 

spent grooming (right panel) in the sucrose splash test. Data were analyzed using Student’s 

t-test. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; n.s.: not significant. N = 

11-14 animals per condition.
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Figure 2: Changes in astrocyte morphology after UCMS
(a1-a2) Representative 40X confocal images of Aldh1l1-GFP transgene in the hippocampus 

of a control (left panel) and stressed animal (right panel). The regions boxed in white reflect 

the same areas depicted in ‘a3-a4’. (a3-a4) Imaris filament tracing of astrocyte processes 

from a control (left panel) and UCMS (right panel) animal. (a5-a6) Imaris 3D-surface 

rendering of the same astrocytes depicted in ‘a1-a4’. Note the relative increase in area of 

astrocytes in the control section relative to the UCMS section. (b1-b2) Representative 40X 

confocal images of Aldh1l1-GFP transgene in the PFC of a control (left panel) and stressed 

Aten et al. Page 24

Neurochem Res. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



animal (right panel). The regions boxed in white reflect the same areas depicted in ‘b3-b4’. 

(b3-b4) Imaris filament tracing of astrocyte processes from the PFC of a control (left panel) 

and UCMS (right panel) animal. (b5-b6) Imaris 3D-surface rendering of the same astrocytes 

depicted in ‘b1-b4’. (c1) Graphical analysis of Imaris filament tracing in hippocampal and 

PFC astrocytes from control animals (black) and UCMS animals (red). The average total 

astrocyte process length for each animal (analyzed from 3-4 images) is represented by 

each dot. Data were analyzed using Student’s t-test. *: p < 0.05; **: p < 0.01. N = 3-6 

animals per stress condition. (c2) Graphical representation of correlations between average 

astrocyte process length (from hippocampal astrocytes: left panel and PFC astrocytes: right 

panel) and Z-emotionality behavioral scores. Correlations were analyzed using mice from 

both control (black dots) and UCMS (red dots) mice. A one-tailed Pearson analysis (using 

the ‘R correlation coefficient’) was used. N = 3-6 animals per condition. (d1) Graphical 

analysis of average astrocyte area (using Imaris 3D surface rendering) in hippocampal and 

PFC astrocytes from control animals (black) and UCMS animals (red). The average total 

astrocyte process area for each animal (analyzed from 3-4 images) is represented by each 

dot. Data were analyzed using Student’s t-test. **: p < 0.01; n.s.: not significant. N = 6 

animals per stress condition. (d2) Graphical representation of correlations between average 

astrocyte process area (from hippocampal astrocytes: left panel and PFC astrocytes: right 

panel) and Z-emotionality behavioral scores. Correlations were analyzed using mice from 

both control (black dots) and UCMS (red dots) mice. A one-tailed Pearson analysis (using 

the ‘R correlation coefficient’) was used. N = 6 animals per condition.
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Figure 3: CUBIC tissue clearing in hippocampus and PFC of Aldh1l1-eGFP animals
(a1-a2) Representative 10X CUBIC tissue clearing in the hippocampus of a control (left 

panel) and UCMS (right panel) animal. Note that the yellow box in the larger panels 

approximate the locations of the zoomed-in images on the right. (b1-b2) Representative 

10X CUBIC tissue clearing in the PFC of a control (left panel) and UCMS (right panel) 

animal. (c1) Representation of astrocyte syncytial cell density analysis, interastrocyte 

distance (c2), and nearest neighbors (c3). (d) Graphical representation of the density of 

Aldh1l1-eGFP positive cells in the hippocampus (left) and PFC (right) of control and 
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stressed animals. Data was analyzed from 6-7 animals per condition using Student’s t-

test. (e) Graphical representation of the interastrocyte distance (i.e., the distance between 

astrocytes) in the hippocampus (left) and PFC (right) of control and stressed animals. (f) 

Graphical representation of the number of neighboring astrocytes nearest to the reference 

cell/astrocyte. Data was analyzed from 6-7 animals per condition using Student’s t-test. n.s.: 

not significant.
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Figure 4: UCMS impairs the strength of astrocyte syncytial coupling within the hippocampus 
and PFC
(a) Astrocytes recorded from hippocampal (left) and PFC (right) brain slices (DIC images 

and Aldh1l1-eGFP fluorescent images for astrocyte identification). (c and d) Representative 

electrophysiological traces from astrocytes recorded with K+ free-Na+ containing electrode 

[Na+]P in the hippocampus (c) and PFC (e) from control (black trace) and UMCS (red 

trace) animals. The initial VM (VM, i) was determined immediately after the breakthrough 

of the cell membrane in whole-cell recording. The steady-state VM (VM, ss) was determined 

10-15 min after the membrane breakthrough and was used as a readout of gap junctional 
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coupling strength between astrocytes. Astrocytes recorded from UCMS slices of both the 

hippocampus and PFC displayed a positive shift of VM, ss which corresponds to a weakened 

syncytial coupling strength. (d and f) Graphical representation of VM, i and VM, ss in 

hippocampus and PFC astrocytes from control (black) and UCMS-exposed (red) animals. 

For both hippocampal and PFC regions, 6-16 astrocytes were recorded. Data is presented as 

the mean ± SEM using Student’s t-test. **: p < 0.01; n.s.: not significant.
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Figure 5: UCMS impairs the K+ redistribution capacity of an astrocyte syncytium
(a) Representative trace recorded with K+ free-Na+ containing electrode [Na+]P in current-

clamp mode. Inset: −2 nA current steps (Iholding) were applied at incremental durations 

from 1 to 6 s. In between these steps, the cell was maintained at resting condition for 

VM recovery. The longer the duration of the current steps, the stronger the negative shift 

in the reversal potential (Vrev, black dots) upon withdrawal of the steps, indicating more 

accumulation of K+ inside astrocytes. (b) Enlarged recording trace (indicated by dashed line 

area in a) of astrocytes in the hippocampus from control (black) and UCMS (red) animals. 

The ΔVM is the difference between the basal VM and Vrev values and is used to compare 

the capacity of K+ redistribution in different groups. (c) In the hippocampus, the increased 

ΔVM in the UCMS group indicates weakened capacity of K+ redistribution of the astrocyte 

syncytium. (d) In the PFC, there was no significant difference of ΔVM between control and 

UCMS groups. Two-Way Mixed-Design ANOVA. *: p < 0.05. n.s.: not significant. n = 6-13 

recorded cells per group.
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Figure 6: UCMS does not alter the number of connexin 30 (Cx30) or connexin 43 (Cx43)-
immunoreactive puncta in the hippocampus or PFC
(a1-a4) Representative 40X immunofluorescent images of connexin 30 (yellow), connexin 

43 (red), Aldh1l1-eGFP transgene (green), and Hoechst (blue) in the stratum radiatum of 

the hippocampus of control (top row) and UCMS exposed (bottom row) animals. (b1-b4) 

Representative 40X immunofluorescent images of connexin 30 (yellow), connexin 43 (red), 

Aldh1l1-eGFP transgene (green), and Hoechst (blue) in the PFC of control (top row) 

and UCMS exposed (bottom row) animals. (c) Graphical representation of the number of 

connexin 30 immunoreactive puncta per area of hippocampus/PFC in control and UCMS 
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mice. (d) Graphical representation of the number of connexin 43 immunoreactive puncta per 

area of hippocampus/PFC in control and UCMS mice. Data were analyzed using Student’s 

t-test. n.s.: not significant. N = 6 animals per condition.
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Figure 7: Schematic overview and hypothesized model of gap junction coupling after UCMS
(a) Representative cartoon images of a control (left panel) and UCMS (right panel) mouse. 

Note the discoloration and tufts in the fur of the UCMS animal after the six-week stress 

paradigm. Information depicted in the schematic (and in the paper) was obtained from 

astrocytes within two brain regions: the prefrontal cortex (PFC) and the hippocampus. (b-c) 

Representation of control (light green) and UCMS (dark green) astrocyte morphology (both 

individual and network-level). Note the shrinkage of astrocytic processes from UCMS mice. 

Connexins are represented in yellow. (d) Hypothesized mechanism of gap junction coupling: 
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unlike connexins in astrocytic processes from control animals (left panel) which successfully 

dock, connexins from astrocyte processes of UCMS animals may not be able to properly 

‘dock’ (i.e., many connexins ‘de-dock’), leading to weakened coupling. (e) Representation 

of the electrophysiological readout (based on our recorded results) of syncytial coupling 

strength in astrocytes from the PFC and hippocampus of control (left panel) and UCMS 

(right panel) animals. Note the decreased coupling strength in astrocytes from UCMS 

mice. PFC and hippocampus brain sections, astrocytes, and connexins were created with 

BioRender software.
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Table 1:

Example six-week UCMS schedule

Sunday Monday Tuesday Wednesday Thursday Friday Saturday

Tail cramp (1 
min)

Heat 
stimulation (10 

min)

Restraint (2 hrs)

Loud music (3 hrs)

Exposure to empty 
water bottle 
(overnight)

Wet bedding 
(3 hrs)

45° cage tilt 
(7 hrs)

Shake on rocker (1 
hr)

Cold exposure (30 
mn)

Spray with water (5 
min)

No bedding (4 
hrs)

Heat stimulation 
(10 min)

Restraint (2 hrs)

Loud music 
(3 hrs)

Crowded 
space (1 hr)

Spray with water

(5 min) Tail cramp 
(1 min)

45° cage tilt 
(overnight)

Mice were exposed to 2-3 stressors each day for a period of six consecutive weeks. Of note, to prevent animals from habituating to the daily 
stressors, these stressors were performed at different times throughout the day (i.e., in the morning, afternoon, evening, and overnight).
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