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ABSTRACT 33 

Stress alters brain function by modifying the structure and function of neurons and astrocytes. The fine 34 
processes of astrocytes are critical for the clearance of neurotransmitters during synaptic transmission. 35 
Thus, experience-dependent remodeling of glial processes is anticipated to alter the output of neural 36 
circuits. However, the molecular mechanism(s) that underlie glial structural plasticity are not known. 37 
Here we show that a single exposure of male and female mice to an acute stress produced a long-lasting 38 
retraction of the lateral processes of cerebellar Bergmann glial cells. These cells express the GluA1 39 
subunit of AMPA-type glutamate receptors and GluA1 knockdown is known to shorten the length of glial 40 
processes. We found that stress reduced the level of GluA1 protein and AMPA receptor-mediated 41 
currents in Bergmann glial cells and these effects were absent in mice devoid of CPEB3, a protein that 42 
binds to GluA1 mRNA and regulates GluA1 protein synthesis. Administration of a β-adrenergic receptor 43 
blocker attenuated the reduction in GluA1 and deletion of adenylate cyclase 5 prevented GluA1 44 
suppression. Therefore, stress suppresses GluA1 protein synthesis via an adrenergic/adenylyl 45 
cyclase/CPEB3 pathway, and reduces the length of astrocyte lateral processes. Our results identify a 46 
novel mechanism for GluA1 subunit plasticity in non-neuronal cells, and suggest a previously 47 
unappreciated role for AMPA receptors in stress-induced astrocytic remodeling. 48 

 49 

Significance statement 50 

Astrocytes play important roles in synaptic transmission by extending fine processes around synapses. In 51 
this study, we showed that a single exposure to an acute stress triggered a retraction of lateral/fine 52 
processes in mouse cerebellar astrocytes. These astrocytes express GluA1, a glutamate receptor subunit 53 
known to lengthen astrocyte processes. We showed that astrocytic structural changes are associated 54 
with a reduction of GluA1 protein levels. This requires activation of β-adrenergic receptors and is 55 
triggered by noradrenaline released during stress. We identified adenylyl cyclase 5 as a downstream 56 
effector, an enzyme that elevates cAMP levels, and found that lowering GluA1 levels depends on CPEB3 57 
proteins that bind to GluA1 mRNA. Therefore, stress regulates GluA1 protein synthesis via an 58 
adrenergic/adenylyl cyclase/CPEB3 pathway in astrocytes and remodels their fine processes. 59 

 60 

 61 

 62 

63 
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INTRODUCTION 64 

Stress modifies the structure and function of neurons and glial cells in the brain, producing lasting 65 
changes in behavior and physiology. This is significant because the experience of traumatic events can 66 
lead to neuropsychiatric disorders (McEwen and Gianaros, 2010; Franklin et al., 2012) including anxiety, 67 
depression and drug addiction (Shin and Liberzon, 2010; Edwards et al., 2013; Papp et al., 2014). While it 68 
is established that stress can alter the spine density, the dendritic length and complexity in neurons 69 
(Christoffel et al., 2011; Davidson and McEwen, 2012), astrocytes, which are a critical component of 70 
synaptic transmission, can also undergo structural changes. The fine processes of astrocytes contact pre- 71 
and postsynaptic sites, where glutamate transporters in astrocytes rapidly remove glutamate released 72 
from presynaptic terminals (Araque et al., 1999). It is therefore not surprising that they are essential for 73 
stress-related behavior. For example, astrocyte ablation in the prefrontal cortex gives rise to depression-74 
like behaviors and chronic stress reduces the number of astrocytes and their main branches (Banasr and 75 
Duman 2008; Tynan et al., 2013). Given the importance of astrocyte processes in neurotransmitter 76 
clearance, their retraction is expected to prolong the presence of glutamate at the synaptic site and 77 
enhance transmission. However, how stress remodels the structure of astrocytes is still poorly 78 
understood (Bender et al., 2016).  79 

Exposure of rodents to natural predator odors causes innate fear (Takahashi et al., 2005; Staples, 2010) 80 
and the cerebellum is involved in the processing of the fear response to predators as lesions of the 81 
cerebellar vermis reduce a freezing response in rats exposed to a cat (Supple et al., 1987). There are 82 
extensive connections between the cerebellum and brain regions that are important for defense 83 
responses, including the limbic, prefrontal cortex and sympathetic nervous systems (Bostan et al., 2013). 84 
Exposure to predator odor evokes norepinephrine release from the locus coeruleus and we have 85 
previously shown that this increases GluA2 transcription in cerebellar stellate cells and enhances 86 
feedforward inhibition (Liu et al., 2010; Savtchouk and Liu, 2012). The cerebellum is also critical for the 87 
consolidation of associative fear conditioning (Fischer et al., 2000; Sacchetti et al., 2002; Timmann et al., 88 
2010). Therefore, a stress-induced change in synaptic transmission in the cerebellum may alter the 89 
processing of emotion and fear memory.  90 

Bergmann glial cells in the cerebellum have lateral, fine processes surrounding both excitatory and 91 
inhibitory synapses in the molecular layer and regulate synaptic transmission (Ango et al., 2008; De 92 
Zeeuw and Hoogland, 2015). Retraction of these processes can lead to motor deficits (Saab et al., 2012). 93 
Because stress is a common trigger for cerebellar ataxia (Jen, 2000), we examined whether stress 94 
altered the size of the glial processes. These astrocytes express a high level of GluA1 subunits that form 95 
Ca2+ permeable AMPA receptors. Selective expression of GluA2 and knockdown of the GluA1 subunit in 96 
Bergmann glial cells reduces the length of their processes and impairs motor coordination (Iino et al., 97 
2001; Saab et al., 2012). Thus the ability of emotional stress to regulate GluA1 expression in astrocytes 98 
suggests a mechanism for controlling the length of Bergmann glial processes.  99 

Our results show that a single exposure to predator odor produces a lasting reduction in the length of 100 
Bergmann glial lateral processes and a decrease in GluA1 expression and AMPA receptor-mediated 101 
currents in glial cells. We found that deletion of CPEB3, a protein that binds to GluA1 mRNA, prevented 102 
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the suppression of GluA1 protein levels and a decrease in the current via AMPA receptors, suggesting 103 
stress reduces GluA1 protein synthesis in Bergmann glial cells. Blocking β-adrenergic receptors during 104 
emotional stress attenuates the reduction in GluA1 levels, and deletion of adenylyl cyclase 5 abolishes 105 
the change in GluA1 expression. Therefore, acute stress suppresses GluA1 expression via activation of a 106 
β adrenergic receptor-AC5 pathway that requires CPEB3. Our results reveal a new form of GluA1 subunit 107 
plasticity in astrocytes and suggests a novel role for AMPA receptors in stress-induced astrocytic 108 
remodeling. 109 

MATERIALS AND METHODS 110 

ANIMALS 111 

We used 5-8 week old C57BL/6J NPY::GFP (Jackson Laboratory, stock #: 006417) mice for the 112 
morphological analysis of Bergmann glial cells because GFP is expressed in scattered BG cells in this 113 
mouse line. FVB/NJ GFAP::GFP (Jackson Laboratory; stock #: 003257) mice were used for the analysis of 114 
GluA1 immunoreactivity (ir) in the molecular and Purkinje cell layers occupied by the processes and 115 
somata, respectively of Bergmann glial cells. Adenylyl cyclase 5 (AC5) knock out (KO), C57BL/6J CPEB3 116 
(Cytoplasmic Polyadenylation Element Binding protein 3) KO mice and their wild-type controls were 117 
used for immunohistochemical and electrophysiological experiments. In all experiments, both male and 118 
female animals were used. We did not observe any difference in the stress-induced change in GluA1-ir in 119 
5-6 week old (81±2%) and 7-8 week old (84±1%) mice (t16 = -0.6; p = 0.56), and therefore data were 120 
pooled from these animals. All procedures were approved by the Animal Care and Use Committee of 121 
Louisiana State University Health Sciences Center. 122 

STRESS PARADIGM  123 

Mice were exposed to fox urine as described previously (Liu et al., 2010). Briefly, a mouse was placed in 124 
a cage (13 × 9 × 6 inches) for 2 minutes. A paper towel containing fox urine (2.5 ml) was then inserted 125 
below the raised floor which contained small holes allowing the odor to permeate into the chamber. The 126 
animal was exposed to odor for 5 minutes, then returned to their home cage and sacrificed 3 or 24 hs 127 
later. Care was taken to minimize handling stress. Control (“naive”) animals were left undisturbed in 128 
their home cage. 129 

PHARMACOLOGICAL EXPERIMENTS 130 

Mice were exposed to fox urine 30 minutes after the intraperitoneal injection of saline or propranolol 131 
(20 mg/kg; dissolved in saline; injection volumes: 0.1 ml/15 g body weight). Home cage animals that did 132 
not receive an injection, and stressed animals were littermates of same sex. Naïve mice receiving a 133 
saline or propranolol injection or no injection served as additional controls. At 24 hours after exposure 134 
to fox urine, animals were euthanized, then perfused with paraformaldehyde and the brains processed 135 
for GluA1 staining as described below. 136 

HISTOLOGY AND IMMUNOHISTOCHEMISTRY 137 
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NPY::GFP mice, which express GFP in Bergmann glial cells, were used to determine the length of glial 138 
processes. Animals were perfused intracardially with 10 ml of heparinized PBS followed by 20 ml of 4% 139 
paraformaldehyde. The brains were post-fixed overnight in paraformaldehyde, then kept in 25% sucrose 140 
in PBS. Cerebellar slices of 30 μm were cut with a cryostat at -20 °C, collected in wells containing PBS 141 
and mounted on slides.   142 

For immunohistochemistry, animals were intracardially perfused with 10 ml of heparinized PBS followed 143 
by 50 ml of 4% paraformaldehyde with a peristaltic pump (2 ml/min). The brains were post-fixed 144 
overnight in paraformaldehyde solution and then kept in PBS at 4°C. Cerebellar slices of 50 μm were 145 
obtained using a vibratome. Free-floating sections were pre-incubated in blocking / permeabilization 146 
solution (PBS containing 5% BSA and 0.1 % Triton X-100) for 2 hours at room temperature. The slices 147 
were then incubated with primary antibodies overnight. After 5 washes in PBS (10 min each) the 148 
sections were incubated with secondary antibodies for 2 hours at room temperature, then were washed 149 
5 times and mounted on slides. Slides were dried and sections were mounted in Vectashield. Antibodies 150 
were diluted in PBS that contained 1% BSA and 2% donkey serum. To detect CPEB3-immunoreactivity, 151 
antigen retrieval was conducted in 10 mM sodium citrate solution (pH 6) at 95°C for 30 minutes. 152 
Sections were washed twice in PBS, then followed by the standard immunostaining procedure.  153 

Primary antibodies: rabbit anti GluA1 (1:1000, Chemicon; Cat#: AB1504 1), mouse anti CPEB3 (1:200 154 
Chao et al.,2013), rabbit anti GFAP (1:500, DAKO), chicken anti-GFP (1:500, Santa Cruz), rabbit anti-AC 155 
V/VI (1:500, Santa Cruz, Cat#: sc-590). Secondary antibodies: Cy3 donkey anti-mouse (1:400, Jackson), 156 
Alexa 488 goat-anti chicken (1:400, Invitrogen), Alexa 488 donkey anti rabbit (1:400, Invitrogen), Cy3 157 
donkey anti-rabbit (1:400, Jackson), Alexa 488 goat anti mouse (1:400, Invitrogen).  158 

IMAGE AQUISITION AND ANALYSIS 159 

Morphological analysis of Bergmann glial cells: images of GFP fluorescence were acquired with a TCS SP2 160 
SE Leica confocal microscope at 63x plus 2x camera optical zoom, a step size of 0.5 μm and 1024x1024 161 
pixel resolution. The final thickness of each stack varied between 18-25 μm. In NPY::GFP mice, a subset 162 
of Bergmann glial cells express GFP and their scattered distribution allows for individual cells to be 163 
photographed for analysis of lateral processes. From each animal at least 3 cells in lobule 5 of the 164 
cerebellar vermis were photographed. The length of 40 lateral processes arising from the main glial 165 
branches were measured from each image and the average length of 120 processes from 3 images was 166 
calculated for each animal. 7-8 mice were used for each experimental condition.  167 

For lateral process length analysis, a 3-D reconstruction was made using Leica software (Leica 168 
microsystems Heidelberg GmbH 1997-2004). Rotation of the image facilitated the differentiation of the 169 
main processes (usually 3-5 main branches) from their respective lateral processes. The length of any 170 
single, clearly identifiable, lateral process that emanated from the principal process was manually traced 171 
and quantified using ImageJ with the aid of a pair of 3-D glasses. Lateral processes that contained 172 
smaller processes giving a final brush-like appearance were not considered in this analysis because of 173 
their complexity and heterogeneity. The brush-like pattern was more prominent in the superficial third 174 
of the molecular layer (proximal to the surface and distant from the somatic layer) hence most of the 175 
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measurements were conducted in the inner 2/3 of the molecular layer. The samples were coded and the 176 
analysis was conducted blind to the experimental conditions. 177 

To confirm that our manual measurement of glial process length was random and non-biased, we 178 
assessed the morphological changes using skeleton analysis. The same image stacks used for 3-D 179 
reconstruction were used to create single max projected images that were subject to visual thresholding 180 
and then skeletonization with ImageJ software. The skeleton analysis plug-in was applied to obtain the 181 
length of all branches found in the skeleton (Arganda-Carreras et al., 2010). No pruning algorithm was 182 
applied but we discarded all processes that were shorter than 1 μm and longer than 10 μm which was 183 
the size range of the processes obtained with the free hand manual measurements. The drawback of 184 
this approach is that projection of a 3D image onto a 2D plane would reduce the length of processes that 185 
are outside of the projection plane. Indeed, the average length of process in both control and after 186 
stress were smaller overall than in the manual measurement protocol and the number of processes was 187 
higher. However the relative change in the length of processes after stress was the same as found using 188 
the manual measurement approach. The Pearson correlation coefficient between the average length of 189 
glial processes from each animal using manual measurements and skeleton analysis was 0.72 190 
(p˂0.0001). A good match between both methods validates our manual measurements as a non-biased 191 
approach. Because skeleton analysis underestimates the length of glial processes, the manual measure 192 
was used in our study.  193 

Analysis of GluA1 and CPEB3 immunoreactivity: Images were acquired with an epifluorescence 194 
microscope (Nikon Eclipse TE2000-U) at 10x magnification. Lobules 5 and 9 from the cerebellar cortex 195 
were analyzed from at least 5 sections per animal. The sections selected for analysis were matched with 196 
sagittal diagrams located between 0.12-0.36 lateral to the midline in the Paxinos and Franklin mouse 197 
atlas (2001) (see Figure 1D). The mean intensity of staining in the molecular, granule and Purkinje layers 198 
was quantified using ImageJ. Because GluA1 is expressed in Bergmann glial cells but not in granule cells, 199 
GluA1-immunoreactivity in the granule cell layer was considered as background and was subtracted 200 
from the values obtained in the molecular layer, where the processes of BG are found, and from the 201 
Purkinje cell layer where the BG soma are located. The divisions between the Purkinje cell layer and 202 
molecular or granule cell layer were guided using the GFAP::GFP signal present in the BG somata. In 203 
each figure, the symbols indicate the mean value from each animal. Identical symbols are used for the 204 
same sex littermate control and stressed animals from each independent experiment.  GluA1-ir was 205 
normalized to the average value of the naïve control from the same batch of animals to account for the 206 
variability in staining intensity between different batches of animals.  To determine whether 207 
immunostaining of GluA1 and CPEB3 was co-localized with GFAP-ir or GFP in GFAP::GFP mice, confocal 208 
images were acquired using a TCS SP2 SE Leica confocal microscope (63x objective). Maximum projected 209 
images were produced from a stack of images at a step size of 0.5 um (resolution 1024x1024) and used 210 
for analysis.  211 

Electrophysiological recordings: Cerebellar slices were prepared from 25-35 day old naïve mice or mice 212 
that were exposed to fox urine 24 hrs previously, as described (Savtchouk and Liu, 2011). Briefly, 213 
horizontal slices (300 μm) were cut from the cerebellar vermis using a vibratome (Leica VT1200) in ice-214 
cold solution containing (mM): CaCl2 (0.5), NaCl (81.2), KCl (2.4), NaHCO3 (23.4), NaH2PO4 (1.4), 6.7 MgCl2 215 
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(6.7), glucose (23.3), sucrose (69.9) and gassed with carbogen (95% O2/5% CO2). Slices were then 216 
transferred to aCSF solution containing (mM): NaCl (125), KCl (2.5), NaHCO3(26), NaH2PO4(1.25), MgCl2 217 
(1), CaCl2 (2), glucose (25) and saturated with 95% O2, 5% CO2 at room temperature for at least 30 min 218 
before recording. Recording pipettes (4-7 MΩ) were pulled from borosilicate capillary glass (GC150F-7.5, 219 
Harvard Apparatus, Holliston, MA) with a Narishige PP-830 puller and were filled with a potassium-220 
based internal solution (mM): MgCl2 (2), HEPES (10), CH3KO3S (140), EGTA (0.5), Na-ATP(2). The 221 
stimulation pipettes were fabricated from thin-wall borosilicate capillary glass (GC150TF-10, Harvard 222 
Apparatus, Holliston, MA) and filled with aCSF. 223 

Bergman glial cells were identified by the size and location of somata in the Purkinje cell layer, and a 224 
hyperpolarized resting membrane potential (~-80mV) immediately after obtaining the whole cell patch 225 
clamp configuration. Whole cell voltage-clamp recordings were obtained from cerebellar Bergmann glial 226 
cells in lobule 5/6, at -80mV, using a Multiclamp 700A (Axon Instruments), and currents were filtered at 227 
10 kHz and digitized at 20 kHz. Parallel fibers were stimulated using a thin-wall pipette positioned within 228 
the molecular layer (20-30V, 200 μs pulse), and membrane currents in Bergman cells were recorded in 229 
response to stimuli. Series resistance compensation (≥60%) was applied to minimize voltage errors 230 
during recordings. A non-NMDAR inhibitor (10 μM NBQX) was applied through the perfusion system 231 
after a 5 min stable baseline recording. Data acquisition and analysis were performed using pClamp 9.0 232 
(Axon Instruments). Series resistance, input resistance and cell capacitance were monitored throughout 233 
the recording and these were discarded if the parameters changed by more than 20%.  234 

STATISTICS 235 

The Kolmogorov–Smirnov test was used for analyzing the cumulative distribution of the length of 236 
Bergmann glial cell processes. We used a two-tailed unpaired Student’s t test to compare normalized 237 
GluA1 immunoreactivity (GluA1-ir) in littermates (naive vs stress) that were processed in parallel and to 238 
compare the stress-induced change in GluA1-ir between two genotypes or pharmacological treatment 239 
groups. We analyzed the effect of stress on GluA1 expression by normalizing GluA1-ir in naïve and 240 
stressed mice either to the batch average of naïve GluA1-ir, or to the average GluA1-ir within each pair 241 
(stressed and naïve littermates; = (GluA1-irnaive + GluA1-irstressed)/2). Statistical analysis of these two sets 242 
of data using unpaired Student’s t test were comparable and we therefore present only the GluA1-ir 243 
result normalized to the batch average of naïve GluA1-ir in Figures 2, 3, 5 and 8. Only normalized GluA1-244 
ir values in stressed mice are reported in the text of the Results section. A repeated measures ANOVA 245 
was used to compare the intensity of GluA1-ir among different lobules. An unpaired t-test was used for 246 
comparison of AMPA receptor–mediated currents in naive mice and after stress. Data are presented as 247 
mean ± SEM and the n value is the number of animals unless otherwise indicated. Data were considered 248 
to be significantly different if P < 0.05. 249 

 250 

251 
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RESULTS 252 

Acute stress reduces the length of Bergmann glial cell lateral processes 253 

The cerebellum is critical for both motor coordination and non-motor functions, with different 254 
cerebellar lobules being involved in distinct behaviors. The formation of fear memory requires the 255 
activity of cerebellar vermal lobule 5, and motor learning involves lobules 9/10 (Sacchetti et al., 2002a, 256 
2004; Ruediger et al., 2011). Because stress can enhance subsequent fear learning and memory (Perusini 257 
et al., 2016), we examined whether exposure to predator odor altered the length of Bergmann glial cell 258 
processes in lobule 5, a region that is critically involved in fear memory consolidation. 259 

Bergmann glial (BG) cells have 2-4 primary processes, from which fine processes then extend laterally 260 
and which form close contacts with both excitatory and inhibitory synapses in the molecular layer of the 261 
cerebellum. To measure the length of the lateral branches emanating from the main processes we took 262 
advantage of a transgenic NPY::GFP mouse line in which GFP is selectively expressed in scattered BG 263 
cells within the cerebellar cortex (Figure 1A). This enabled us to perform single cell 3D reconstructions 264 
and to recognize and quantify the length of individual lateral processes.  265 

To determine whether acute stress altered the size of the glial processes, NPY::GFP mice were exposed 266 
to fox urine for 5 minutes and cerebella were fixed 3 or 24 hours later.  In naive mice the average length 267 
of BG lateral processes in lobule 5 was 2.80 ± 0.22 μm (n = 8). In contrast, the length of processes in 268 
mice that were exposed to predator odor stress was reduced to 2.4 ± 0.14 μm (n = 7), when evaluated 3 269 
hours after exposure (Figure 1B-C). The distribution of the size of individual process showed that 270 
stressed animals had shorter lateral processes than naive controls (Figure 1C, naive: 24 cells and 891 271 
processes; stress 3 hrs: 22 cells and 914 processes; Kolmogorov- Smirnov (K-S) test: naive vs stress 3hrs, 272 
p˂0.0001). At 24 hours after stress the length of the lateral processes was further reduced to 2.26 ± 0.08 273 
μm (n = 7) (Figure 1B-C, stress 24hrs: 22 cells and 836 processes; vs naive, K-S test: p˂0.000001), 274 
compared to 3hrs after stress (K-S test: p˂0.0001). Thus, a single emotional stress was able to induce a 275 
sustained retraction of glial processes that lasted for at least 24 hrs, a form of structural plasticity in 276 
cerebellar astrocytes.  277 

GluA1 expression in Bergmann glial cells decreases after acute emotional stress  278 

Bergmann glial cells express high levels of GluA1 subunits which form Ca2+ permeable AMPA receptors. 279 
Knockdown of GluA1 and over-expression of GluA2 in BG cells decreases the expression of Ca2+ 280 
permeable AMPA receptors and reduces the length of the lateral processes (Iino et al., 2001; Saab et al., 281 
2012). We hypothesized that the shortening of lateral processes after stress could result from a down-282 
regulation of GluA1 expression. Using immunohistochemistry we detected GluA1-ir in the cerebellar 283 
cortex, where GluA1 is almost exclusively expressed in BG cells (Petralia and Wenthold, 1992). We found 284 
that GluA1 immunostaining in GFAP::GFP mice was localized to GFP positive processes and BG somata, 285 
with little staining of stellate and a low level of GluA1-ir in the soma of Purkinje cells, and no staining 286 
above background in the granule cell layer (Figure 2A) as previously reported (Petralia and Wenthold, 287 
1992; Baude et al., 1994).   288 
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We next quantified the level of GluA1-ir in the molecular layer since the processes of BG cells extend 289 
from the Purkinje cell layer, through the molecular layer, and terminate as end-feet on the surface of 290 
the cerebellar cortex (Figures 1D and 2B). Compared to naive controls, the average GluA1 291 
immunoreactivity in the molecular layer of lobule 5 decreased by 21% in mice 24 hours after fox urine 292 
exposure (stress: 0.79±0.13; unpaired t-test: t(10) = -3.12, p˂0.011), indicating a reduction in GluA1 293 
protein after stress. This change occurred selectively in the molecular layer in lobule 5 because no 294 
difference was observed in the BG somatic layer (stress: 1.01±0.11; unpaired t-test: t(10) = -0.17, 295 
p=0.871), or the molecular layer in lobule 9 (stress: 0.90±0.2; unpaired t-test t(10) = 1.05, p=0.319) 296 
(Figure 2C). Furthermore, stress did not alter GFP expression in the molecular layer in lobule 5 (stress: 297 
0.92±0.1; unpaired t-test: t(6) = 1.40, p=0.210). 298 

Exposure to fox urine reduced the length of Bergmann glial cells lateral processes, and this was detected 299 
as early as 3hrs after stress (Fig 1). We therefore determined the level of GluA1-ir 3hr following stress in 300 
C57BL/6J mice. We found that GluA1 immunoreactivity in the molecular layer of lobule 5 was reduced 301 
by 16 % (stress: 0.84±0.11; unpaired t-test: t(6) = 2.68, p=0.036), but not in lobule 9 (Fig 3A-C). The 302 
decrease in GluA1 expression (=100%*(GluA1-irstress)/GluA1-irnaive) persisted as the level of GluA1-ir level 303 
remained suppressed 24 hrs after fox urine exposure (% change at 3 vs 24 hrs: unpaired t-test: t(8)=-304 
0.67, p = 0.519) (Fig 3D).  Therefore, predator odor stress induced a rapid and sustained decease in 305 
GluA1 expression. 306 
 307 
As a second independent approach, we tested whether stress altered AMPA receptor-mediated currents 308 
in Bergmann glial cells from C57BL/6J mice. Stimulation of parallel fibers evokes release of glutamate, 309 
and activates AMPA receptors and glutamate transporter activity in these cells, producing an inward 310 
current (Clark and Barbour, 1997). We made whole cell patch clamp recordings from Bergmann glial 311 
cells in vermal lobule 5 and detected an inward membrane current immediately following parallel fiber 312 
activation (Fig 4A). To isolate the component of this current that was mediated via AMPA receptors, we 313 
applied NBQX, a non-NMDA receptor blocker, and found that the current amplitude was rapidly reduced 314 
reaching a plateau after 5-10 min. From these experiments we conclude that AMPA receptors mediate 315 
about 35% of the parallel fiber-evoked current in Bergmann cells from naïve mice, consistent with a 316 
previous report (Clark and Barbour, 1997). To determine the effects of stress on this current, we 317 
exposed mice to fox urine, and prepared cerebellar slices the next day and quantified the parallel fiber-318 
stimulation evoked currents. In this condition, application of NBQX blocked 19.9% of the inward current 319 
in Bergmann cells, a markedly smaller inhibition compared to naïve controls (unpaired t-test 320 
t(10)=4.030, P=0.0024. Fig 4B and 4C). This reduced inhibition by NBQX indicates a decrease in AMPA 321 
receptor-mediated current in these astrocytes after acute stress. Therefore, predator odor stress 322 
lowered the expression level of GluA1 protein and reduced the amplitude of the AMPA receptor-323 
mediated current in Bergmann glial cells. 324 

Deletion of CPEB3 prevents the stress-induced reduction in GluA1 expression in Bergmann glial cells 325 

The synthesis of GluA1 is regulated by an RNA binding protein, CPEB3 (cytoplasmic polyadenylation 326 
binding protein 3) that suppresses the translation of GluA1 (Chao et al., 2013; Drisaldi et al., 2015). Thus 327 
stress may reduce GluA1 protein levels via a CPEB3-dependent pathway in Bergmann glial cells. We 328 
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observed CPEB3-ir in Bergmann glial-like processes and in interneurons in the molecular layer, and this 329 
staining was abolished in CPEB3 knockout mice (Figure 5A). Double immunolabeling with GFAP and 330 
CPEB3 antibodies showed a co-localization of CPEB3- with GFAP-ir (Figure 5A). Thus Bergmann glial cells 331 
express the CPEB3 protein. 332 

We next determined whether CPEB3 regulated GluA1 expression during stress. CPEB3 knockout mice 333 
were exposed to predator odor and the GluA1 expression level in the cerebellar cortex was quantified 334 
24 hrs later. The intensity of GluA1 staining in the molecular layer in lobule 5 in naive CPEB3 knockout 335 
mice was not different from wild-type littermates (GluA1CPEB3-KO/GluA1WT:0.95±0.22; unpaired t-test: t(2) 336 
= 0.4, p=0.708;  Figure 5B). There was also no difference in the level of GluA1-ir in the somatic layer (KO: 337 
1.18±0.23; unpaired t-test: t(2) = -1.40, p=0.234). However stress no longer reduced GluA1-ir in the 338 
molecular layer in CPEB3 KO mice (stressed: 1.06±0.07; unpaired t-test: t(6) = -0.81, p=0.449; Figure 5C). 339 
No difference was found in GluA1-ir in the somatic (or Purkinje cell) layer in naive and stressed CPEB3 340 
KO mice (stress: 0.96±0.04; unpaired t-test: t(6) = 1.92, p=0.103). In contrast to KO mice, emotional 341 
stress reduced GluA1-ir in the molecular layer in lobule 5 by 16 ± 4% (WT vs KO; unpaired t-test: t(5) = -342 
3.40, p=0.019) in wild-type mice (Figure 5C). These results indicate that CPEB3 is required for the stress-343 
induced decrease in GluA1 expression in Bergmann glial cells.  344 

To determine if these effects were associated with a change in the functional expression of AMPA 345 
receptors we stimulated parallel fibers and quantified the evoked AMPA currents in Bergmann glial cells 346 
from naïve CPEB3 knockout mice. NBQX application blocked 37.5% of the parallel fiber-evoked current 347 
(Fig 6), which was indistinguishable from recordings in naïve WT mice. Thus deletion of CPEB3 did not 348 
alter basal AMPA receptor expression in Bergmann glial cells. We next determined whether knockout of 349 
CPEB3 prevented the stress-induced decrease in AMPAR currents in astrocytes. Mutant mice were 350 
exposed to fox urine, and the amplitude of the parallel fiber-evoked currents were determined the next 351 
day. When NBQX was applied the inward current was reduced by 34.6%, and this inhibition is 352 
comparable to naïve KO mice (unpaired t-test: t(8) = 0.56, p = 0.59), indicating that stress no longer 353 
reduced AMPAR expression in Bergmann glial cells in CPEB3 KO mice. Therefore, CPEB3 is required for 354 
the stress-induced decrease in the level of GluA1 and AMPA receptors in cerebellar astrocytes following 355 
stress, but is not required for their basal expression. 356 

A β-adrenergic receptor-adenylyl cyclase 5 pathway mediates the stress-induced decrease in GluA1 357 

Emotional stress triggers the release of norepinephrine in the cerebellum and alters synaptic 358 
transmission between cerebellar neurons (Siggins et al., 1971; Kondo and Marty, 1998; Liu et al., 2010; 359 
Paukert et al., 2014). We used a pharmacological approach to determine whether the release of 360 
norepinephrine was involved in the stress-induced change in GluA1 expression. Age matched littermates 361 
were divided into three groups: naive control, administration of propranolol (20 mg/kg i.p.), a beta 362 
adrenergic blocker, 30 minutes before the predator odor exposure, and saline injection 30 minutes prior 363 
to the predator odor exposure. As expected, GluA1-ir in lobule 5 was reduced by 26 ± 2% following fox 364 
urine exposure (naive n=5; stress n=5). However after propranolol administration, stress produced a 365 
smaller reduction in the levels of GluA1-ir (12 ± 1%, n= 5; Fig 7), compared to naive control mice (stress-366 
induced change relative to naive control: vehicle vs propranolol, the molecular layer, unpaired t-test: 367 



 

 12 

t(8) = -4.57, p=0.002; Bergmann glial cell somata, t-test: t(8) = 1.07, p=0.32; Fig 7). Because propranolol 368 
and saline injection did not suppress GluA1 expression in naïve mice (molecular layer: saline/naïve = 114 369 
± 10%; propranolol/naïve = 97 ± 13%; unpaired t-test: t(4)= 0.68739, p = 0.53; Bergmann glial layer: 370 
saline/naïve = 94 + 15%; propranolol/naïve = 108 + 18%; t(4) = -0.56609; P = 0.60), propranolol partially 371 
prevented the stress-induced decrease in GluA1 immunoreactivity. This suggests that norepinephrine 372 
released during stress activates β-adrenergic receptors, leading to a reduction in GluA1 expression in 373 
Bergmann glial cells. Because the level of GluA1-ir in stressed mice that were injected with propranolol 374 
remained lower than in naive controls (Figure 7), additional signaling pathways or stress hormones may 375 
also contribute to the downregulation of GluA1 expression in Bergmann glial cells.  376 

β-adrenergic receptors are coupled to adenylyl cyclases and activation of these receptors increases 377 
cAMP levels in astrocytes (Rougon et al., 1983). Therefore stress may activate adenylyl cyclase in 378 
Bergmann glial cells and reduce GluA1 expression. We detected AC5/6-immunoreactivity in the 379 
molecular layer, and this was co-localized with GFAP-ir (Figure 8A). Control experiments showed that 380 
AC5/6 staining was reduced in AC5 KO mice (Figure 8A). We next tested whether deletion of AC5 381 
prevented the stress-induced decrease in GluA1 expression. Exposure to fox urine reduced the level of 382 
GluA1-ir in lobule 5 in the molecular layer in wild-type mice (WT stress: 0.89±0.06; unpaired t-test: t(6) = 383 
2.88, p=0.031, Fig 8B) as well as in the somatic layer (stress: 0.88±0.06; unpaired t-test: t(6) = 2.63, 384 
p=0.036). The stress-induced decrease in GluA1-ir in both molecular and Purkinje cell layers was 385 
abolished in AC5 knockout mice (Fig 8C; in the molecular layer, KO stress: 1.08±0.18, unpaired t-test: t(2) 386 
= -0.75, p=0.494; in the PC layer, KO stress: 0.93±0.09, t(2) = 1.32, p=0.256). These results indicate that 387 
the stress-induced downregulation of GluA1 expression requires AC5 activation. 388 

 389 

390 
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DISCUSSION 391 

AMPA receptors are found in most neurons in the CNS and mediate excitatory synaptic transmission. 392 
Neuronal activity can regulate the expression and activity of synaptic AMPA receptors (Wang et al., 393 
2010), modifying synaptic efficacy and leading to experience-dependent changes in behavior. While the 394 
critical role of neuronal AMPARs in synaptic plasticity is well established, these receptors are also 395 
expressed in astrocytes. In the cerebellum, Bergmann glial cells express GluA1 and GluA4 subunits and 396 
thus have Ca permeable AMPA receptors (Piet and Jahr, 2007). Genetic knockdown of GluA1 subunits or 397 
transgenic expression of GluA2 in Bergmann glial cells reduces the length of their processes (Saab et al., 398 
2012; Iino et al., 2001). These changes lead to an impairment of motor coordination (Saab et al., 2012) 399 
and suggest that the activation of GluA1-containing AMPA receptors in astrocytes controls both their 400 
morphology and cerebellar-dependent behavioral output. Consequently, an activity-dependent change 401 
in astrocyte GluA1 expression is expected to alter astrocyte morphology. In this study we demonstrate 402 
that predator odor stress causes retraction of the lateral processes and lowers GluA1 expression in 403 
Bergmann glial cells. We further identified the underlying mechanisms and show that stress triggers 404 
norepinephrine release, activation of adrenergic receptors and AC5, and induces a CPEB3-dependent 405 
suppression of GluA1 expression. 406 

Regulation of glial GluA1 via CPEB3. Stress can increase GluA2 gene transcription expression and 407 
potentiate GluA1 phosphorylation and this has been shown to reduce the threshold for LTP in neurons 408 
in several brain regions (Hu et al., 2007; Liu et al., 2010; Vialou et al., 2010; Lee et al., 2013; Li et al., 409 
2014; Perusini et al., 2016).  In contrast, our results show that stress reduces GluA1 expression in 410 
astrocytes. CPEB3, a GluA1 mRNA binding protein, produces a bi-directional regulation of GluA1 protein 411 
synthesis in neurons, as mono-ubiquitination of CPEB3 enhances protein synthesis, whereas sumoylated 412 
CPEB3 suppresses translation (Pavlopoulos et al., 2011; Drisaldi et al., 2015). Genetic deletion of CPEB3 413 
attenuates a learning-induced increase in AMPA receptor expression in hippocampal neurons, and 414 
impairs spatial memory formation and contextual fear learning (Pavlopoulos et al., 2011; Chao et al., 415 
2013; Fioriti et al., 2015). Although CPEB3 is expressed at high levels in neurons, it is also present in 416 
astrocytes, including cerebellar Bergmann glial cells. Our finding that deletion of CPEB3 prevented a 417 
stress-induced decrease in GluA1-ir and the amplitude of AMPAR currents suggests that CPEB3 is 418 
required for the reduction in GluA1 levels in Bergmann glial cells following acute emotional stress. These 419 
results can be explained by a simple model, in which a stress-induced binding of CPEB3 to GluA1 mRNA 420 
suppresses GluA1 synthesis in astrocytes.  421 

A decrease in GluA1 protein expression level could result from reduced synthesis or/and accelerated 422 
degradation. While the GluA1 degradation rate in Bergmann glial cells has not been characterized, a 423 
study using HEK cells showed that in the presence of a protein synthesis inhibitor, GluA1 expression 424 
decreased by 30% in 3 hrs (Huo et al., 2015), suggesting that GluA1 degradation can occur rapidly . Our 425 
finding that deletion of CPEB3 prevented the reduction in GluA1 expression is consistent with a model in 426 
which stress suppresses GluA1 synthesis, such that protein degradation controls GluA1 levels, leading to 427 
GluA1 decrease. Stress may also enhance GluA1 degradation as shown following neuronal activity 428 
(Widagdo et al., 2015) but this remains to be tested.  429 
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In addition to Bergmann glial cells, CPEB3 is also expressed at a high level in the molecular layer 430 
interneurons (Fig 5) and regulates synaptic GluA2 expression (Savtchouk et al., 2016). A number of 431 
CPEB3 targets have been identified and thus deletion of CPEB3 is likely to increase the expression of 432 
these target proteins, including the scaffolding protein PSD95 and NMDA receptors, as shown in the 433 
hippocampal neurons (Chao et al., 2013; Huang et al., 2014).  Since GluA1 expression in Bergmann glial 434 
cells can also be regulated indirectly by sonic hedgehog derived from Purkinje cells (Farmer et al., 2016), 435 
deletion of CPEB3 in interneurons may alter neuron-astrocyte signaling, and thereby regulate GluA1 436 
expression in astrocytes. Our results show that deletion of CPEB3 did not alter AMPA receptor-mediated 437 
currents and GluA1-ir relative to wildtype naïve animals (Figs 3 and 4). It is therefore unlikely that CPEB3 438 
expression in interneurons is required to sustain the GluA1 level in Bergmann glial cells. It remains to be 439 
tested whether neuronal CPEB3 mediates neuron-astrocyte signaling during stress and triggers the 440 
decrease in GluA1 in Bergmann glial cells.  441 

β-adrenergic receptor-adenylyl cyclase 5 signaling pathways in astrocytes. Astrocytes in the cerebellum 442 
and other brain regions express adrenergic (Porter and McCarthy, 1997) and glucocorticoid receptors 443 
(Porter and McCarthy, 1997) allowing them to directly respond to stress hormones. Noradrenaline in 444 
particular can modulate astrocyte structure and function, as β-adrenergic agonists increase the levels of 445 
cyclic AMP in purified glial cells and induce rapid morphological changes. Conversely α-adrenoceptor 446 
antagonists inhibit the activation of astrocyte networks that are triggered by arousal and activation of 447 
the locus coeruleus (Rougon et al., 1983; Vardjan et al., 2014; Paukert et al., 2014; Ding et al., 2013). 448 

Neurons in the locus coeruleus innervate the cerebellum, and noradrenaline release increases inhibitory 449 
interneuron activity and reduces Purkinje cell spiking (Siggins et al., 1971). We have previously shown 450 
that fox urine exposure induced a lasting change in GluA2 expression in cerebellar stellate cells via the 451 
activation of β-adrenergic receptors (Liu et al., 2010a). Paukert et al. (2014) demonstrated a Ca2+ rise in 452 
cerebellar Bergmann glial cells upon arousal and this was mediated by adrenergic receptors. Together 453 
these studies strongly suggest that predator odor stress can elevate noradrenaline levels and initiate 454 
noradrenergic signaling in cerebellar Bergmann glial cells. In this study, we identified a molecular 455 
cascade that orchestrates stress-induced astrocyte plasticity in the cerebellum. We show that the stress-456 
induced decrease in GluA1-ir levels in Bergmann glial cells was partially prevented by prior 457 
administration of a β-adrenergic receptor antagonist. Therefore, activation of adrenergic receptors 458 
during acute stress induces long-lasting astrocyte plasticity in the cerebellum. β-adrenergic receptors 459 
are coupled to adenylyl cyclases and genetic deletion of adenylyl cyclase subtypes show that they are 460 
critically involved in anxiety-like behaviors (Krishnan et al., 2008). AC5 KO mice exhibit anxiolytic and 461 
antidepressant phenotypes in behavioral assays, and show a reduced stress-coping ability (Kim et al., 462 
2008; Krishnan et al., 2008; Kim and Han, 2009). We found that Bergmann glial cells express AC5 and its 463 
deletion prevents the suppression of GluA1 levels following acute predator odor exposure. Thus, AC5-464 
dependent astrocyte plasticity may contribute to the stress response and the change in behavior in AC5 465 
KO mice. However, we cannot rule out the possibility that the presence of AC5 in cerebellar neurons 466 
may indirectly modulate GluA1 levels in Bergmann glial cells during stress.  Because knockdown of GluA1 467 
in Bergmann glial cells reduces the length of fine processes, we propose that regulation of GluA1 468 
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expression is the molecular event that links a physiological stimulus to the subsequent structural 469 
remodeling of astrocytic structure.  470 

Functional consequences of astrocyte plasticity.  The fine processes of Bergmann glial cells form close 471 
contacts with both excitatory and inhibitory synapses in the molecular layer of the cerebellar cortex 472 
(Ango et al., 2008). Because the glial glutamate transporter, GLAST, clears glutamate after release 473 
(Chaudhry et al., 1995; Clark and Cull-Candy, 2002), a retraction of astrocyte fine processes could 474 
enhance glutamate transmission by removing glutamate transporters from the synapses. Bergmann glial 475 
cells also express GABA transporters (Barakat and Bordey, 2002), and thus retraction of glial processes 476 
may also facilitate inhibitory transmission. Conversely the neurotransmitters, glutamate and GABA, alter 477 
the activity of Bergmann glial cells via the activation of astrocytic AMPA and GABA receptors (Müller et 478 
al., 1994; Clark and Barbour, 1997). Since parallel fiber stimulation activates Ca2+ permeable GluA1-479 
containing receptors in Bergmann glial cells, acute stress will reduce Ca2+ entry through AMPA receptors 480 
which in turn can gate the release of glutamate from Bergmann glial cells (Cervetto et al., 2015). 481 
Therefore, stress may reduce the release of gliotransmitters and attenuate bidirectional signaling 482 
between neurons and glial cells.  483 

The cerebellum is involved in motor-coordination but has additional non-motor functions which are well 484 
documented in humans (Schmahmann et al., 2007). The best characterized cerebellar non-motor role in 485 
rodents is the consolidation of fear memory and social interaction (Sacchetti et al., 2002b; Carta et al., 486 
2019). Fear conditioning selectively enhances excitatory and inhibitory synaptic transmission in lobule 5, 487 
a lobule that is critically involved in fear memory consolidation (Sacchetti et al., 2002, 2004; Scelfo et al., 488 
2008; Ruediger et al., 2011). Thus the stress-induced retraction of glial process in cerebellar lobule 5 is 489 
likely to increase synaptic transmission and may serve as a mechanism for a stress-enhanced memory 490 
consolidation (Bowers and Ressler, 2015; Perusini et al., 2016; Bender et al., 2018b, 2018a). 491 

Deletion of GluA1/GluA4 from all BG cells shows that their expression optimizes motor function (Saab et 492 
al., 2012). Because cerebellar vermal lobule 5B-8B receives input from the cerebral motor cortex, and is 493 
involved in controlling posture and locomotion in macaques (Coffman et al., 2011), the stress-induced 494 
reduction in GluA1 and retraction of BG processes in lobule 5 may similarly influence motor 495 
coordination. For example, episodic ataxia type 1 results from increased GABA release onto Purkinje 496 
cells (Herson et al., 2003) and these episodes can be precipitated by emotional stress (Jen, 2000). A 497 
stress-induced remodeling of glial cell processes may enhance inhibitory transmission, and contribute to 498 
motor deficits in episodic ataxia (Wulff et al., 2007).  499 

AMPARs in Bergmann glial cells are known to control astrocyte structure, and we show that GluA1 500 
expression can undergo an experience-dependent change. The activity-dependent regulation of GluA1 501 
may serve as a common mechanism for structural remodeling of astrocytes in other brain regions as 502 
astrocytes in the olfactory bulb also express GluA1 and Ca2+ permeable AMPA receptors (Droste et al., 503 
2017). Our findings that acute emotional stress regulates the expression of GluA1 via an adrenergic 504 
receptor/AC5/CPEB3 pathway reveals a novel mechanism underlying glial plasticity.  505 

 506 

507 
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FIGURE LEGENDS  508 

Figure 1. Bergmann glial cell lateral processes are shorter after stress  509 
A. Confocal images showing that GFP::NPY mice exhibit fluorescent labeling of a subset of GFAP positive 510 
Bergmann glial cells. B. Retraction of the lateral processes of Bergmann glial cells was evident 3hrs after 511 
exposure to fox urine and the effect became more pronounced at 24 hours. Upper panels show whole 512 
cell images and each was made from a z projection of all 25-30 confocal slices. Inserts illustrate z 513 
projections of 2 to 3 consecutive confocal slices to reveal individual processes. C. Cumulative 514 
distribution of the length of lateral processes in Bergmann glial cells from naïve mice, and 3 and 24 515 
hours after stress exposure (836-914 processes from 22-24 cells/each condition; N = 7). D. Top, 516 
schematic representation of the experimental design. Bottom, sagittal section of the cerebellum from an 517 
GFAP-GFP mouse showing the lobules and areas analyzed in this study (lobules 5 and 9). ML: Molecular 518 
layer, PL: Purkinje cell layer. Scale bar 20 μm. *, p˂0.0001; **, p˂0.000001 (Kolmogorov Smirnov test).  519 

 520 
Figure 2. Stress reduces GluA1 expression in Bergmann glial cell processes in cerebellar lobule 5  521 
A. Confocal images of cerebellar cortex stained for the GluA1 AMPA receptor subunit in GFAP-GFP mice 522 
shows that GluA1 is highly expressed in Bergmann glial cells. B. Top: Epifluorescence GluA1-ir images of 523 
lobule 5 in a naive control mice and after stress. Bottom: the mean intensity of GluA1 immunoreactivity 524 
(ir) in Bergmann cell processes (in the molecular layer of the cerebellar cortex) and the somata of 525 
Bergmann cells (located in the Purkinje cell layer) in lobule 5. Stress reduced the level of GluA1-ir in the 526 
molecular layer (naive N=6, stress N=6). C. Top: GluA1-ir images of lobule 9. Bottom: Mean GluA1-ir in 527 
Bergmann processes and somata in cerebellar lobule 9. ML: Molecular layer, GL: Granule cell layer, PL: 528 
Purkinje cell layer, ns: not significant. Scale bars 50 μm (A), 100 μm (B). *, p˂0.02 (unpaired t-test) 529 

Figure 3. Predator odor stress induced a rapid decrease in GluA1-ir in cerebellar lobule 5 530 
A-B. GluA1-ir in lobule 5 decreased 3 hrs after exposure to fox urine. C. Quantification of GluA1-ir in the 531 
molecular layer of each lobule (lobules 1-10) showing a lack of effect of stress on GluA1 expression in 532 
lobules 1-3 and 7-10 (naïve N=4; stress N=4). D. A reduction in GluA1-ir in lobule 5 was detected as early 533 
as 3 hr, and lasted for at least 24 hrs, after stress. *, p < 0.04 (unpaired t-test) 534 
 535 
Figure 4. Exposure to predator odor decreased AMPAR-mediated currents in Bergmann glial cells. 536 
Cerebellar slices were prepared from the vermis of naive animals or stressed mice (24 hr after fox urine 537 
exposure). Stimulation of parallel fibers evoked an inward current in Bergmann glial cells located in 538 
cerebellar lobule 5. Application of NBQX (10 μM) inhibits AMPA receptor-mediated currents. A. Example 539 
current traces in the presence and absence of NBQX (left) and corresponding time course of the evoked 540 
AMPAR-mediated current amplitude (right). B. Summary data of the change in current amplitude over 541 
time (naïve N=6; stress N=6). C. Average current ratio (=INBQX / Itotal) shows a decrease after stress relative 542 
to control. *, p < 0.005 (unpaired t-test). 543 
 544 
Figure 5. Deletion of CPEB3 prevents the stress-induced reduction in GluA1 expression in Bergmann 545 
glial cells 546 
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A. Confocal images of GFAP- and CPEB3-ir indicate that CPEB3 is expressed in Bergmann glial cell 547 
processes (upper right corner) as well as in granule cells and molecular layer interneurons. CPEB3-ir was 548 
absent in CPEB3 KO mice. B. Epifluorescence images, and the corresponding quantification of GluA1-ir in 549 
wild type and CPEB3 knockout mice, indicates that there is no difference between genotypes (WT N=3, 550 
KO N=3). C. Epifluorescence images and GluA1-ir in naive KO and stressed KO mice. Deletion of CPEB3 551 
did not alter GluA1-ir in the molecular layer (naive KO N=4, stress KO N=4). Stress reduced GluA1-ir by 552 
16 ± 4% in wild-type mice (naive WT N=3, stress WT N=3). 553 
ML: Molecular layer, GL: Granule cell layer, PL: Purkinje cell layer. Scale bars 50 μm (A), 100 μm (B-C). *, 554 
p ˂ 0.02 (unpaired t-test).  555 
 556 
Figure 6. Stress failed to reduce AMPAR-mediated currents in Bergmann glial cells in CPEB3 KO mice 557 
Cerebellar slices were prepared 24 hr after fox urine exposure or from naïve CPEB3 knockout mice. 558 
Stimulation of parallel fibers evoked an inward current in Bergmann glial cells and application of NBQX 559 
was used to assess the contribution of AMPARs to the total evoked current. A. Example current traces 560 
(left) and corresponding time course of the change in current amplitude (right). B. Summary data of 561 
current amplitude over time (naïve N=5; stress N=5). C. Average current ratio (INBQX / Itotal) remains 562 
unaltered after stress relative to control. 563 

 564 
Figure 7. Stress-induced decrease in GluA1-ir is prevented by a βadrenergic receptor antagonist 565 
A. The downregulation of GluA1-ir after stress was partially prevented by propranolol administration. B. 566 
Quantification of GluA1-ir in the molecular layer of lobule 5 from animals administered saline or 567 
propranolol prior to stress (naive N=5, saline N=5, propranolol N=5). The level of GluA1-ir was 568 
significantly higher in the molecular layer in the propranolol-administered animals compared to the 569 
saline-injected mice. Scale Bar 100 μm. *, p˂0.002 (unpaired t-test).  570 
 571 
Figure 8. Adenylyl cyclase 5 mediates the stress-induced decrease in GluA1 expression 572 
A. Double staining for GFAP and adenylyl cyclase 5 (AC5) indicates that AC5 is expressed in the processes 573 
of Bergmann glial cells. AC5-ir was reduced in AC5 knockout mice. B. Epifluorescence images and the 574 
corresponding quantification of GluA1-ir in naive wild type animals and after stress (BG processes, naive 575 
N=4, stress N=4). C. In contrast, AC5 knockout mice no longer showed any decrease in GluA1-ir after 576 
stress (naive-KO N=3, stress-KO N=3). ML: Molecular layer, GL: Granule cell layer, PL: Purkinje cell layer. 577 
Scale bars 50 μm (A), 100 μm (B-C). *, p˂0.04 (unpaired t-test). 578 
 579 
 580 

 581 

  582 
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