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Abstract

Astrocytes are one of the major cell types to combat cellular stress and protect neighboring 

neurons from injury. In order to fulfill this important role, astrocytes must sense and respond to 

toxic stimuli, perhaps including stimuli that are severely stressful and kill some of the astrocytes. 

The present study demonstrates that primary astrocytes that managed to survive severe proteotoxic 

stress were protected against subsequent challenges. These findings suggest that the phenomenon 

of preconditioning or tolerance can be extended from mild to severe stress for this cell type. 

Astrocytic stress adaptation lasted at least 96 hours, the longest interval tested. Heat shock protein 

70 (Hsp70) was raised in stressed astrocytes, but inhibition of neither Hsp70 nor Hsp32 activity 

abolished their resistance against a second proteotoxic challenge. Only inhibition of glutathione 

synthesis abolished astrocytic stress adaptation, consistent with our previous report. Primary 

neurons were plated upon previously stressed astrocytes and the co-cultures were then exposed to 

another proteotoxic challenge. Severely stressed astrocytes were still able to protect neighboring 

neurons against this injury and the protection was unexpectedly independent of glutathione 

synthesis. Stressed astrocytes were even able to protect neurons after simultaneous application of 

proteasome and Hsp70 inhibitors, which otherwise elicited synergistic, severe loss of neurons 

when applied together. Astrocyte-induced neuroprotection against proteotoxicity was not elicited 

with astrocyte-conditioned media, suggesting that physical cell-to-cell contacts may be essential. 

These findings suggest that astrocytes may adapt to severe stress so that they can continue to 

protect neighboring cell types from profound injury.
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Introduction

Astrocytes are one of the most resistant cell types in the brain, providing trophic support and 

building scar tissue in areas of severe neuronal injury. As with many other cell types, 

astrocytes can be preconditioned by sublethal stress against subsequent insults [1–10]. 

However, we recently showed that astrocytes surviving severely toxic stress are also resistant 

to subsequent insults [11]. In other words, the astrocytes remaining after a lethal hit were 

able to survive subsequent challenges better than stress-naïve cells. This was one of the first 

studies to show that the phenomenon of preconditioning applies not only to sublethal stress 

but can be extended to toxic, severe stress for this cell type. Here we further characterize that 

stress model with neuron/astrocyte co-cultures to examine the interactions between severely 

stressed glia and neurons. Using this new model we test the hypothesis that severely stressed 

astrocytes are still able to protect neighboring neurons from injury. Although many previous 

studies have shown that astrocytes provide trophic, metabolic, and antioxidant support to 

surrounding neurons [12, 13], it is not clear if severely stressed astrocytes can continue to 

fulfill such neurosupportive roles. Indeed, some studies suggest that changes in astrocyte 

function in neurodegenerative disorders actually play detrimental roles [14–19]. It is 

therefore important to determine whether astrocytes that are subjected to severe stress 

mitigate or exacerbate neuronal injury.

Stress from protein misfolding leads to loss of protein homeostasis or proteotoxicity and is 

the major hallmark of neurodegenerative disorders such as Parkinson’s and Alzheimer’s 

disease [20–29]. For example, proteasome activity is reduced in several neurodegenerative 

conditions [30–32]. Therefore, in the present study, severe proteotoxic stress was elicited 

with the proteasome inhibitors MG132 and lactacystin. Proteasome inhibitors increase the 

burden of misfolded proteins by inhibiting protein degradation and thereby elicit cell death 

[33–38]. Although neurons are more vulnerable to loss of protein homeostasis than glia [14], 

many studies have shown that astrocytes are also exposed to proteotoxicity in 

neurodegenerative conditions, as shown by the presence of protein inclusions [39–43] and 

increased heat shock protein expression in this cell type [44]. For example, astrocytes in the 

amygdala, septum, cortex, thalamus, and striatum exhibit α-synuclein inclusions in 

Parkinson’s disease [43, 45]. Astrocytes are thought to remove α-synuclein from the 

extracellular space through endocytosis [46]. In addition, astrocytes may phagocytose β-

amyloid from the extracellular space [47, 48] and are labeled by anti-Aβ antibodies in 

Alzheimer’s disease [49–51]. In amyotrophic lateral sclerosis, astrocytes in the cingulate 

gyrus exhibit tau deposits [52]. Furthermore, the frontal and temporal cortices exhibit 

astrocytic plaques and hyperphosphorylated astrocytic tau in amyotrophic lateral sclerosis 

[53, 54]. Tau-containing astrocytic inclusions are also found in supranuclear palsy, 

corticobasal degeneration, and Pick’s disease [55]. Finally, the frontal and entorhinal 

cortices also accumulate astrocytic tau with aging [56]. These studies are all in agreement 

that glia exhibit signs of protein misfolding stress in aging and in age-related neurological 

conditions, thereby supporting the use of proteasome inhibitors to model astrocytic 

proteotoxicity. Previous studies have shown that exposure to low, sublethal concentrations of 

proteasome inhibitors elicits resistance against subsequent insults in tumor cell lines [57, 
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58]. However, potentially beneficial effects of severe, lethal stress on the subpopulation of 

surviving cells are less well understood, especially in primary astrocytes.

One of the major endogenous mechanisms to protect against proteotoxicity is the heat shock 

protein family. Heat shock proteins are chaperones that help refold misfolded proteins or 

help degrade irreparably damaged proteins in conjunction with the proteasome or lysosome. 

Two of the best-studied chaperones are heat shock protein 70 (Hsp70) and heat shock 

cognate 70 (Hsc70). Hsp70 is thought to modulate the assembly of the proteasome under 

conditions of oxidative challenge [59]. Our previous study revealed a significant increase in 

Hsp70 levels in severely stressed astrocytes exposed to the proteasome inhibitor MG132 

[11]. Thus, we tested the hypothesis that Hsp70 mediates the protection of severely stressed 

astrocytes against a second proteotoxic hit, perhaps in conjunction with the antioxidant 

glutathione. The results show that inhibition of Hsp70/Hsc70 ATPase activity does not 

abolish astrocytic stress adaptation. As shown previously, inhibition of glutathione synthesis 

renders stressed astrocytes highly susceptible to the second MG132 hit [11], supporting the 

notion that glutathione but not Hsp70 defenses mediate astrocytic stress adaptation. 

Furthermore, the astrocytes that survive severe stress are still able to protect neighboring 

neurons against proteasome inhibition in neuron/glia co-cultures. This protection remains 

significant even under conditions of glutathione loss (i.e., during mild oxidative stress) and 

appears to be dependent upon cell-to-cell contacts. Remarkably, severely stressed astrocyte 

survivors can protect neurons from the severe, synergistic proteotoxicity of simultaneous 

proteasome and Hsp70 inhibition. These results demonstrate the general robustness of this 

cell type and support the view that astrocytes have evolved to support surrounding cells even 

under conditions of oxidative stress and proteotoxic injury.

Materials and Methods

Astrocyte cultures

Astrocytes were harvested from postnatal day 1–2 Sprague-Dawley rats (Charles River, 

Wilmington, MA), because this cell type peaks around birth [60, 61] and survives well when 

harvested from neonatal tissue [62]. Tissue was dissected from the cerebral cortex after the 

primary sensorimotor neocortex was removed for neuronal cultures (see below). All 

procedures were in accordance with the NIH Guide for the Care and Use of Laboratory 
Animals and approved by the Institutional Animal Care and Use Committee. Briefly, cortical 

tissue was microdissected and dissociated by mechanical force through a 5 mL serological 

pipet following incubation in 0.25% Trypsin-EDTA (Cat. no. 25200, Gibco Life 

Technologies, Grand Island, NY) at 37 °C for 7 min. Tissue was then washed and triturated 

in cell culture medium [Dulbecco’s Modified Eagle medium (DMEM, Cat. no. 12100061, 

Gibco Life Technologies) with 10% Fetal Clone III (Cat. no. SH30109.03, Thermo 

Scientific Hyclone, Logan UT), penicillin, and streptomycin (50 U/mL and 50 μg/mL, 

respectively; Cat. no. 15070, Gibco Life Technologies)]. Dissociated cells were plated at a 

density of 1 × 106 cells/mL in 24 mL on T175 flasks coated with poly-D-lysine (10 μg/mL; 

Cat. no. P0899, Sigma-Aldrich, St. Louis, MO). After 7–10 days at 37°C and 5% CO2, the 

flask was rotated overnight at 37°C at 260 revolutions per minute to shake off non-astrocytic 

cells. The media was then refreshed. Following an additional 2–3 day incubation period, the 
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cells were trypsinized and plated for experimental procedures. Cells were plated at a density 

of 20,000 cells/well in 96-well plates for viability experiments and 6.8 × 105 cells/well in 6-

well plates for Western blotting (Costar, Corning Incorporated, Corning, NY). Primary 

astrocyte cultures were used for no longer than one month after dissection.

Neuron-astrocyte co-cultures

For contact co-cultures, primary neocortical neurons were harvested from the primary 

sensorimotor neocortex of postnatal day 1 Sprague Dawley rats (Charles River) as 

previously described [63, 64] and plated on top of purified primary cortical astrocytes 

(described above). Briefly, neocortical tissue was incubated in 10 Units/mL papain (Sigma-

Aldrich, Cat. no. P3125) for 30 min and then in 10% type II-O trypsin inhibitor (Sigma-

Aldrich, Cat. no. T9253). Tissue was washed and triturated in Basal Medium Eagle (Sigma-

Aldrich, Cat. no. B1522) containing 10% bovine calf serum (BME/BCS, HyClone Thermo 

Scientific, Logan, UT, Cat. no. 2151,) supplemented with 35 mM glucose (Sigma-Aldrich, 

Cat. no. G8769), 1 mM L-glutamine (Gibco, Life Technologies, Cat. no. 25030-081), 50 

Units/mL penicillin, and 50 μg/mL streptomycin (Gibco, Life Technologies, Cat. no. 

15140-122). Dissociated cells were then seeded in Opti-MEM (Gibco, Life Technologies, 

Cat. no. 51985-034) supplemented with 20 mM glucose and incubated for 2 hours before 

switching to Neurobasal-A medium (Cat. no. 10888-022, Gibco Life Technologies) 

supplemented with 2% v/v B27 (Cat. no. 17504-044, Invitrogen Life Technologies) and L-

glutamine (1:50, Cat. no. 25030-081, Gibco Life Technologies). Co-cultures were incubated 

in the same Neurobasal-A medium. For astrocyte-conditioned media experiments, the 

conditioned medium (DMEM supplemented as described above) was transferred to 

neocortical neurons in a 1:1 dilution in Neurobasal-A medium (described above).

Antibodies

Primary antibodies included the following, in alphabetical order: mouse anti-α-tubulin 

(1:200,000, Cat. no. T5168, lot no. 078K4781, Sigma-Aldrich), mouse anti-β-actin 

(1:50,000, Cat. no. A5441, lot no. 030M4788, Sigma-Aldrich), rabbit anti-DJ-1 (1:5000, 

Cat. no. RA19006, lot no. 400250, Neuromics, Edina, MN), rabbit anti-GAPDH (1:5000, 

Cat. no. 2118S, lot no. 8, Cell Signaling Technology, Danvers, MA), rabbit anti-glial 

fibrillary acidic protein (GFAP, 1:1000, Cat. no. Z0334, lot no. 20001046, Dako, Carpinteria, 

CA), rabbit anti-glutamate cysteine ligase C subunit (1:1000, Cat. no. AV54576, lot no. 

QC22671, Sigma-Aldrich), rabbit anti-glutamate cysteine ligase M subunit (1:1000, Cat. no. 

SAB2100907, lot no. QC23487, Sigma-Aldrich), rabbit anti-glutathione (1:300, Cat. no. 

AB5010, lot no. 2379274, Millipore, Billerica, MA), goat anti-glutathione S-transferase μ 

(1:3000, Cat. no. ab53942, lot no. GR157774-1, Abcam, Cambridge, MA), mouse anti-

glutathione S-transferase π (1:2000, Cat. no. 610719, lot no. 3277736, BD Biosciences, 

Franklin Lakes, NJ), rabbit anti-heme oxygenase 1 (HO1, 1:200, Cat. no. H4535, lot no. 

081M1122, Sigma-Aldrich), rabbit anti-Hip (1:1000, Cat. no. 2723, lot no. 1, Cell Signaling 

Technology), rat anti-Hsc70 (1:5000, Cat. no. Adi-Spa-815-D, lot no. 04231339, Enzo Life 

Sciences, Farmingdale, NY), goat anti-Hsp27 (1:1000, Cat. no. sc-1048, Santa Cruz, Santa 

Cruz, CA), rabbit anti-phospho-Hsp27 (1:1000, Cat. no. 2723, lot no. 11, Cell Signaling 

Technology), rabbit anti-Hsp40 (1:2000, Cat. no. 4868, lot no. 2, Cell Signaling 

Technology), rabbit anti-Hsp70 (1:1000, Cat. no. AB9920, lot no. 2278555, Millipore), 

Gleixner et al. Page 4

Mol Neurobiol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rabbit anti-Hsp90 (1:2000, Cat. no. 4877, lot no. 3, Cell Signaling Technology), mouse anti-

MAP2 (1:2000, Cat. no. M9942, 069K4770, Sigma-Aldrich), mouse anti-S100β (1:1000, 

Cat. no. S2532, lot no. 070M4767, Sigma-Aldrich), and mouse anti-ubiquitinated proteins 

(1:500, Cat. no. sc-8017, lot no. D0412, Santa Cruz). Secondary antibodies from Life 

Technologies (1:1000, Carlsbad, CA), LI-COR (1:20,000, Lincoln, NE) or Jackson 

ImmunoResearch (1:30,000, West Grove, PA) included the following: goat anti-mouse 488 

nm (Cat. no. A11029, Life Technologies), goat anti-rabbit 555 nm (Cat. no. A21429, Life 

Technologies), goat anti-mouse 800 nm (Cat. no. 926-32210, LI-COR), donkey anti-rabbit 

680 nm (Cat. no. 926-32223, LI-COR), donkey anti-rabbit 800 nm (LI-COR), donkey anti-

mouse 680 nm (Cat. no. 926-32222, LI-COR), donkey anti-goat 800 nm (Cat. no. 

926-32214, LI-COR), goat anti-rat 800 nm (Cat. no. 926-32219, LI-COR), donkey anti-

rabbit 800 nm (Cat. no. 711-655-152, Jackson ImmunoResearch).

Inhibitors

We used the glutathione synthesis inhibitor buthionine sulfoximine (25 μM, Cat. no. 

309475000, Acros Organics, Fair Lawn, New Jersey), the proteasome inhibitor MG132 (Cat. 

no. 474790, Calbiochem, EMD Chemicals, San Diego, CA or Cat no. F1100, Ubiquitin-

Proteasome Biotechnologies, Aurora, CO), the proteasome inhibtor lactacystin (Cat. no. AG-

CN2-0104, AdipoGen, San Diego, CA), the Hsp70/Hsc70 activity inhibitor VER155008 

(12.5 μM, Cat. No. 3803, R&D Systems, Inc, Minneapolis, MN), and the heme oxygenase 1 

(HO1) inhibitor tin (IV) protoporphyrin IX dichloride (SnPPx, 20 μM, Cat. no. Sn749-9, 

Frontier Scientific, Logan, Utah).

Two-hit protocol

Twenty-four hours after plating purified primary astrocytes, cells were treated with MG132 

by adding a 10× concentration to the existing media at a 1:10 dilution. This treatment is 

referred to as the 1st MG132 hit. Twenty-four hours after the 1st MG132 hit, astrocytes were 

challenged with a 2nd MG132 hit, delivered at a 1× concentration in a full media exchange 

without dilution. The full media exchange allowed us to remove all the previously delivered 

MG132. Twenty-four hours after the 2nd hit, astrocytes were fixed in 3% paraformaldehyde 

in 75 mM phosphate buffer and 3% sucrose or lysed for ATP measurements as described 

below. A 24 hr interval between the 1st and 2nd hit was used in all experiments except those 

described in Figure 2D–I and the co-culture experiments in Figures 6 – 8. For lactacystin 

experiments, astrocytes were treated on the fifth and sixth days after plating with the 1st and 

2nd hits, respectively, and fixed with paraformaldehyde on the seventh day. This delayed 

protocol was chosen for the sake of future studies employing RNA interference, which will 

necessitate 3–4 days of protein knockdown prior to the 1st hit.

Western blotting

Whole cell lysates were harvested 24 or 48 hr following treatments and sonicated in Cell 

Lysis Buffer (Cat. no. 9803, Cell Signaling, Danvers, MA) supplemented with 2% protease 

inhibitor cocktail (Cat. no. P8340, Sigma-Aldrich) and 10 mM sodium fluoride [65]. Equal 

amounts of protein (10 μg) were separated by gel electrophoresis on 10% polyacrylamide 

gels and transferred to Immobilon-FL polyvinylidene fluoride or nitrocellulose membranes 

(EMD Millipore). Membranes were washed three times in Tris-buffered saline (TBS) and 
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blocked with 5% nonfat dry milk in TBS or Odyssey block (Cat. no. 927-40000, LI-COR) 

diluted 1:1 in TBS. Primary antibodies were diluted in TBS with 5% bovine serum albumin 

fraction V (Cat. no. A30075, Research Products International, Mount Prospect, IL) and 

0.1% Tween-20 (Cat no. BP337, Fisher Scientific, Pittsburgh, PA) or Odyssey block diluted 

1:1 in TBS with 0.1% Tween-20. Secondary antibodies were prepared in TBS with 5% 

nonfat dry milk and 0.1% Tween-20 or in Odyssey block diluted 1:1 in TBS with 0.1% 

Tween-20. Immunolabeled blots were then washed in TBS with 0.1% Tween-20 and 

fluorescent signal was measured on an Odyssey Imager and quantified using Image Studio 

Lite software (LI-COR).

Immunocytochemistry and cellular viability assays

Immunostaining was performed as previously described [11]. Primary astrocytes were 

immunolabeled for the astrocytic proteins glial fibrillary acidic protein (GFAP) and S100β. 

Primary neurons were immunolabeled for the specific neuronal marker microtubule 

associated protein 2 (MAP2) using an In-Cell Western assay as previously described [63, 

66]. The MAP2 In-Cell Western assay has been shown to be in linear proportion to the 

number of neurons present [63, 66]. Nuclei were stained with Hoechst for viability assays 

(bisBenzidine or Hoechst 33258, 1:2000, Cat. no. B1155, Sigma-Aldrich) or with DRAQ5 

(1:20,000, Cat. no. DR05500, Biostatus, United Kingdom) for the infrared In-Cell Western 

assays on neuron/astrocyte co-cultures. A blinded investigator used ImageJ software (NIH 

Image, Bethesda, MD) to generate cell counts of Hoechst-stained astrocyte nuclei and to 

measure nuclear size (reported as square microns) and staining intensity (reported as 

arbitrary units) with the “analyze particles” tool. DRAQ5 levels were imaged on the 

Odyssey Imager. Terminal deoxynucleotidyl transferease dUTP nick end labeling (TUNEL) 

was performed with the In Situ Cell Death Detection Kit (Cat. no. 11684795910, Roche 

Diagnostics, Indianapolis, IN). The adherent cells protocol was followed as per 

manufacturer’s instructions. TUNEL+ nuclei were counted by a blinded observer at 200× 

magnification.

ATP assay

ATP levels were measured using the CellTiter-Glo Assay for ATP (Cat. no. G7572, 

Promega, Madison, WI), with minor modifications to the manufacturer’s instructions, as 

previously published by us [11]. Briefly, 25 μL of the reconstituted CellTiter-Glo reagent 

was added to 50 μL media to lyse the astrocytes and generate a stable luminescent product. 

Luminescence was measured on a luminometer (VICTOR3 1420 multilabel counter; 

PerkinElmer, Waltham, MA) after a 15 min incubation period. This assay uses a 

thermostable form of luciferase to generate a luminescent signal that is in proportion to the 

amount of ATP present.

Total and reduced glutathione assays

Total glutathione levels were measured by an In-Cell Western assay, as described previously 

[11]. We have established that signal in this assay is reduced by application of the 

glutathione synthesis inhibitor buthionine sulfoximine and increased by the glutathione 

precursor N-acetyl cysteine [58, 63, 67, 68]. Reduced glutathione levels were specifically 

measured by the GSH-Glo glutathione assay according to the manufacturer’s instructions 
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(Cat. no. V6911, Promega). This assay measures luminescence generated in the presence of 

glutathione by the action of glutathione S-transferase on a luciferin derivative. Glutathione 

levels were expressed as a function of Hoechst- or DRAQ5-stained nuclei on the same plate 

for the In-Cell Western assays or on parallel plates for the GSH-Glo assay, as the latter assay 

involved cell lysis.

Statistical analyses

Data are presented as the mean and standard error of the mean from a minimum of three 

independent experiments, each run in triplicate wells for all the viability assays. The average 

of these three wells represented an “n” of one experiment only. The Grubb’s outlier test was 

performed once on all the data. Western blotting experiments were run in one well per 

group, in at least three independent experiments. Statistical significance was determined the 

Student’s t test for two groups or by two- or three-way ANOVA for multiple groups, 

followed by the Bonferroni post hoc correction (IBM SPSS Statistics, Version 10.0, 

Armonk, NY or GraphPad Prism, Version 6, La Jolla, CA). In experiments where previous 

work led us to only expect increases in specific measurements, we performed the one-tailed t 
test. All other experiments with only two groups were analyzed by the two-tailed t test. 

Statistical differences were deemed significant only when p ≤ 0.05.

Results

We harvested astrocytes from postnatal rat cerebral cortices for the present study. An 

immunofluorescence analysis showed that the cultures were 89.6% GFAP+ and 91.8% 

S100β+ but that only 6.1% of cells expressed neither GFAP nor S100β (Figure 1A, B). This 

is somewhat higher purity than in our previous publication where we used different media 

[11]. In the present study, we counted Hoechst-stained nuclei to measure viability. In this 

analysis, fragmented or condensed nuclei under 350 pixels (53 μm2) in cross-sectional area 

were excluded by a blinded investigator using the threshold function in Image J. An example 

of these dying profiles is shown in Figure 1C and D.

Stress-induced resistance against dual hits is long-lasting in nature

Astrocytes plated in DMEM media were more sensitive to the MG132 toxin than in our 

previous report [11]. For this reason, we used lower concentrations of MG132 to establish 

whether severely stressed astrocytes would be resistant against subsequent challenges 

(Figure 2A–C). As expected, astrocytes that survived a lethal challenge of 0.16 to 0.64 μM 

MG132 were resistant to a subsequent challenge of 3.125 μM MG132 administered on the 

following day. When we expressed all the data as a percentage of the 0 μM 2nd hit group 

(i.e., all gray bars were expressed as a percentage of the adjacent black bars; Figure 2B), a 

concentration-responsive increase in survival in previously stressed astrocytes was evident. 

The same stress-induced protection against additional cell loss was observed with the 

proteasome inhibitor lactacystin, which has a different mechanism of action from MG132 

[69, 70] (Supplementary Figure 1). These results show that the astrocytes that manage to 

survive proteotoxic stress are indeed protected against a second proteotoxic challenge, 

somewhat akin to the phenomenon of preconditioning.
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Our protocol in Figure 2A–C involved treating cells with two hits of MG132 that were 24h 

apart and then assaying them on the following day. In order to test the hypothesis that the 

effects of the 1st hit were longer lasting, we increased the interval between the two hits to 

48h (Figure 2D–F) and to 96h (Figure 2G–I). For both sets of experiments, we also 

expressed the data as a percentage of the 0 μM 2nd hit group (see Figures 2E and H). These 

experiments reveal that the protective effects of the 1st hit lasted at least 96h, the longest 

between-hit interval tested. Furthermore, we increased the interval between the 2nd hit and 

the time of assay to 72h to verify that the protection lasted long after the dual hits had been 

administered (Figure 2J–L). Taken together, these results show that the protective effects of 

severe stress on astrocytes are not fleeting.

Most astrocytes surviving dual hits have viable nuclei

When cells are severely stressed, they often undergo nuclear condensation and 

fragmentation. Thus, we set out to determine whether there was any change in the size of the 

nucleus with the stress of MG132. Frequency histograms of nuclear area in μm2 in 

unstressed and MG132-treated astrocytes are illustrated in Figure 3. The histograms show 

that a distinct population of cells occupies sizes less than 350 pixels or approximately 50 

μm2. The histogram in Figure 3A shows that there was a slight increase in median nuclear 

area after the 1st hit of MG132 relative to the vehicle-treated group. Figures 3B and 3C show 

that there was no change in median nuclear area after the 2nd hit by itself or after dual hits. 

When we examined average nuclear size, we observed a slight decrease in this measure in 

cells hit with dual hits relative to the cells hit with the 1st hit alone (Figure 3D, E). The data 

in these two figures are expressed both with (Figure 3D) and without (Figure 3E) the 

fragmented, small nuclei that occupy sizes less than ~50 μm2. Although this nuclear 

shrinkage may indicate an increase in cellular stress levels in the dual hit group, the 

difference was notably slight. Furthermore, the data demonstrate that the 1st hit elicits no 

decrease in average or median nuclear size.

As dying cells often stain more intensely with the Hoechst nuclear stain because of 

chromatin condensation, we also measured the intensity of the Hoechst nuclear stain 

(defined in ImageJ as the gray value of all pixels in a nucleus divided by the number of 

pixels in that nucleus) and expressed the values as a frequency histogram (Figure 3G–I). The 

histograms reveal no change in median nuclear staining intensity with any MG132 

treatment. Similarly, there was also no change in average nuclear staining intensity, whether 

or not we included the smallest, fragmented nuclei in this analysis (Figure 3J, K). Taken 

together, these results suggest that we are not counting dying, condensed nuclear profiles in 

the MG132-treated groups in our viability assays and that the vast majority of cells killed by 

MG132 have already detached from the plate at the time of fixation.

Next we determined the relationship between nuclear size and staining intensity (Figure 3L–

O). According to the scatterplots, MG132 treatment eliminated a distinct population of cells 

with small, intensely-staining nuclei [nuclear sizes ranging between 50 and 150 μm2 and 

staining intensity greater than 20 arbitrary units (A.U.) for the mean gray value 

measurements]. In order to confirm this observation, we counted the number of cells with 

small, bright nuclei in each treatment group and compared it to the number of cells with 

Gleixner et al. Page 8

Mol Neurobiol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



large nuclei (nuclear size greater than 150 μm2). The raw data from this analysis are 

illustrated in Supplementary Figure 2 and show once again that severely stressed cells were 

less vulnerable to a 2nd hit, but that cells with small, bright nuclei appeared to be all the 

more vulnerable to MG132. To verify the latter observation statistically, we expressed the 

data as a percentage of the vehicle-treated groups in Figure 3P, which shows clearly that 

small, bright cells were indeed more vulnerable to proteotoxic stress than the cells with 

larger nuclei, consistent with the scatterplots. Nevertheless, both groups of small and large 

cells were less vulnerable to subsequent insults after exposure to the 1st hit.

Nuclei that are dying can be assessed by labeling the terminal end of nucleic acids in 

fragmented DNA [71, 72]. Therefore, we counted the number of TUNEL+ profiles in 

astrocytes hit once or twice with MG132 as a function of total cell numbers (Figure 3Q–S). 

Only a small fraction of nuclei were TUNEL+ even after MG132 treatment, suggesting that 

most dying cells wash off the plate by the time of fixation and that we are largely reporting 

live cells when presenting Hoechst+ cell numbers. Because of extremely low numbers of 

TUNEL+ cells, there was some variability in this measure in the raw data (Figure 3Q). Thus, 

we also present the data as a function of the 0 μM 2nd hit group in Figure 3R to control for 

inter-experimental variability. In the latter analysis, there was a significant increase in 

TUNEL+ profiles with the 2nd hit of MG132 whether or not the cells had been previously 

stressed. In other words, the 1st hit did not increase cellular vulnerability to DNA 

fragmentation when followed by the second challenge. These data are consistent with the 

analyses of nuclear size and intensity and demonstrate that the 1st hit does not increase 

vulnerability to the 2nd hit when measuring either live or dead cells.

Stressed astrocytes are not completely refractory to the MG132 toxin and express higher 
Hsp70 levels

Misfolded proteins may be attached to ubiquitin molecules to target them for proteasomal 

degradation [73]. When proteasome function is inhibited, one expects to elicit an increase in 

ubiquitinated proteins because they can no longer be degraded. Thus, we examined 

ubiquitinated proteins by Western blot analysis (Figure 4A, B). As expected, the 1st hit 

elicited a significant increase in ubiquitinated proteins 24h later, at the time that the 2nd hit 

would normally have been applied (Figure 4A). This finding confirms that the 1st hit elicits 

protein misfolding stress. We also examined ubiquitinated proteins 24h after the 2nd hit, and 

found that ubiquitinated proteins were greatly increased by the 2nd hit regardless of whether 

the cells had been previously stressed (Figure 4B). When the MG132 concentrations are 

even higher, synergistic ubiquitinated protein responses are elicited in response to dual hits, 

as shown previously [11]. The current and previous findings strongly suggest that the 

astrocytes that survive the 1st hit are still somewhat responsive to the 2nd hit and not simply 

refractory to the MG132 poison, otherwise there would have not been any increase in this 

measure after dual hits. In Figure 4B, the 1st hit did not raise ubiquitinated protein levels 48h 

later, perhaps because the 1st hit of MG132 had to be removed from the media 24h earlier, at 

the time of the 2nd hit, in a full media exchange. This protocol was instituted so that we 

could rigorously compare the effects of the 1st hit alone (24h in duration) to that of the dual, 

sequential hits (each also 24h in duration) and because a fresh media exchange was essential 

for complete removal of the 1st hit of MG132.
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If exposure to the 1st proteotoxic hit elicits protection against the 2nd hit, then one might 

expect the 1st hit to raise levels of pro-survival proteins, such as the heat shock proteins and 

proteins involved in antioxidant defense. To test this hypothesis, we performed a series of 

Western blotting experiments for proteins involved in self-defense (Figure 4C–N). No 

significant change in the anti-apoptotic protein DJ-1, the heat shock proteins Hsp40 (p = 

0.093), Hsp32 (also known as HO1, p = 0.058), Hsp25 (better known as Hsp27 in humans), 

Hsc70 (p = 0.070), Hsp90, or Hip was observed. However, phosphorylated Hsp25 was 

significantly higher in stressed astrocytes when expressed as a function of α-tubulin and 

there was a trend towards an increase in phosphorylated Hsp25 levels as a function of total 

Hsp25 (p = 0.0833). Furthermore, we observed a significant increase in Hsp70 after MG132 

application (Figure 4L). When we examined Hsp70 and HO1 levels 24h after the 2nd hit, the 

patterns appeared similar to the ubiquitinated protein data (Figure 4M, N). Once again, these 

data confirm that stressed cells still do respond to the proteotoxicity of the 2nd hit, in that 

they still react with robust stress-induced increases in Hsp70 and HO1. Thus, we are not 

selecting for cells that are completely unresponsive to MG132 and, as a result, fail to 

respond to the 2nd hit with additional cell loss.

Finally, it is noteworthy that there is an increase in Hsp70 24h after the 1st hit alone (Figure 

4L) that wanes within 48h (Figure 4M). These findings reveal that the increase in Hsp70 

after the 1st hit is transient. The ubiquitin Western blots show a similar transient increase in 

protein ubiquitination after the 1st hit. The transient increase in Hsp70 is not consistent with 

the view the 1st hit leaves behind cells that exhibited higher expression of protective proteins 

to begin with and did not respond with any further adaptive changes. Instead, all the data–

including the transient increases in Hsp70 and protein ubiquitination–suggest that stressed 

astrocytes respond actively to proteotoxicity and are not simply refractory to the MG132 

poison from the beginning.

Loss of glutathione but not Hsp70 unmasks the toxic impact of the 2nd hit in previously 
stressed cells

Because of the significant increase in Hsp70 levels after the 1st MG132 hit, we tested the 

hypothesis that a decrease in Hsp70 activity would abolish stress resistance against the 2nd 

hit. For these experiments we used the Hsp70/Hsc70 activity inhibitor VER155008 (Figure 

5A–C). The data are also expressed as a percentage of the 0 μM 2nd hit group in Figure 5B. 

As a positive control, we included the glutathione synthesis inhibitor buthionine 

sulfoximine, because our previous report had shown that stressed astrocytes resist a 2nd 

MG132 hit in a glutathione-dependent manner [11]. Guo and colleagues have shown that 

Hsp70 overexpression increases glutathione-related enzyme activities, such as glutathione 

peroxidase and glutathione reductase, after oxygen glucose deprivation, suggesting that there 

might also be a link between glutathione and Hsp70 in our model [74]. VER155008 failed to 

abolish the resistance of stressed astrocytes against a 2nd hit, although it significantly 

reduced basal viability. As expected, buthionine sulfoximine rendered stressed astrocytes 

vulnerable to a 2nd hit. Combining both inhibitors led to an overall reduction in viability 

(due to VER155008) and an increased sensitivity to the 2nd hit in previously stressed 

astrocytes (due to buthionine sulfoximine). In other words, the impact of VER155008 and 

buthionine sulfoximine appeared to be additive and not synergistic. In the dual hit group 
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treated with VER155008 and buthionine sulfoximine, the survival rate was only 24.58%, 

approximately half of the survival rate in the 1st hit group. Furthermore, there was a trend 

towards reduced viability in the dual hit group in the presence of both VER155008 and 

buthionine sulfoximine relative to cells treated only with dual hits of MG132 (p = 0.064). 

Taken together, these data suggest that glutathione, but not Hsp70, is essential for stress-

induced protection against a 2nd hit in astrocytes. In other words, forced glutathione loss 

unmasks the underlying toxic impact of the 2nd hit, suggesting again that astrocytes 

surviving the 1st hit of MG132 are simply refractory to the MG132 toxin but are quite 

vulnerable to proteasome inhibition when they are prevented from mounting active 

glutathione defenses.

Similar to the Hsp70 data, inhibition of HO1 did not abolish stress-induced protection in 

astrocytes (Supplementary Figure 3), confirming the robust nature of the stress resistance in 

these cells. Notably, neither VER155008 nor the HO1 inhibitor SnPPx exacerbated the 

toxicity of single hits of MG132, suggesting that stressed astrocytes can rely on other 

molecules for protection against proteotoxic stress.

Next, we determined with the In-Cell Western technique whether MG132 raised glutathione 

levels and buthionine sulfoximine reduced glutathione levels (Figure 5D, E). We found that 

glutathione levels rose significantly with the 2nd hit and that there was a trend towards an 

increase in glutathione with the 1st hit (p=0.059). VER155008 greatly increased glutathione 

levels in cells stressed with the 1st and dual hits, perhaps explaining why stressed astrocytes 

were still able to resist a 2nd hit even after loss of Hsp70 activity.

The In-Cell Western assay shown in Figures 5D and E cannot distinguish between reduced 

(GSH) and oxidized (GSSG) glutathione. However, glutathione exists primarily in the 

reduced state [75], suggesting that total glutathione measures are likely to coincide with 

reduced glutathione levels. To confirm this, reduced glutathione levels were measured by the 

GSH-Glo assay, both intracellularly and in the extracellular media. A significant increase in 

intracellular but not extracellular reduced glutathione levels was observed 24h after the 1st 

hit (Figure 5F, G). We also measured reduced glutathione levels 24h after the 2nd hit and 

found similar trends as shown by the In-Cell Western assay (Figure 5H), supporting the view 

that most glutathione molecules are indeed in the reduced form. Thus, reduced glutathione 

levels were significantly higher after the 1st and 2nd hits compared to the untreated group. 

Furthermore, there was no additional change in glutathione levels in cells hit twice with 

MG132 relative to cells treated with the 1st hit alone.

In order to understand how glutathione defenses may be boosted in stressed cells, the rate-

limiting enzyme in glutathione synthesis, glutamate cysteine ligase, was measured by 

Western blot analysis for the modifier and catalytic subunits of this protein. As the modifier 

subunit of glutamate cysteine ligase has been shown to increase the efficiency of the 

catalytic subunit [76], higher modifier subunit levels may be sufficient to permit an increase 

in glutathione synthesis. We also measured an enzyme responsible for the detoxification of 

xenobiotics in the presence of reduced glutathione, glutathione S-transferase. The family of 

cytosolic glutathione S-transferase enzymes are subdivided into classes based upon the 

composition of their N-terminal domain, such as π and μ [77]. Glutathione S-transferase μ is 
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primarily found in astrocytes but glutathione S-transferase π, normally found in 

oligodendrocytes, has also been identified in reactive astrocytes [78–80]. Significant 

increases in the modifier subunit of glutamate cysteine ligase and glutathione S-transferase μ 

were observed 24h following the 1st hit of MG132, at the time the 2nd hit would normally 

have been applied (Figure 5I, J). No significant change in glutamate cysteine ligase catalytic 

subunit or glutathione S-transferase π was detected (Supplementary Figure 4).

ATP is important for fueling defensive responses in stressed cells and for supplying energy 

for glutathione synthesis and heat shock protein activity [76, 81–83]. Therefore, we 

examined ATP levels after MG132 and buthionine sulfoximine treatments to determine if 

there was a stress-induced increase in ATP and whether this was abolished when glutathione 

synthesis was disrupted to account for the loss of protection. There was a significant 

increase in ATP levels (expressed as a function of cell numbers) in cells hit with the 1st or 

2nd hits alone (Figure 5K). However, no additional change in ATP was observed in cells hit 

twice with MG132, unless glutathione synthesis was inhibited with buthionine sulfoximine. 

That is, in the presence of buthionine sulfoximine, an unexpected rise in ATP output per cell 

was apparent after the dual hits. These findings suggest that in the absence of a stress 

responsive increase in glutathione, ATP levels are raised in a compensatory fashion to help 

the astrocytes survive. Without this ATP response to glutathione loss, astrocytes hit twice 

with MG132 might have been all the more vulnerable. Once again, these findings point to 

the general resilience of this cell type.

Stressed astrocytes can protect neighboring neurons from proteotoxicity in a glutathione-
independent manner

Astrocytes are well known to provide support to neighboring cells, especially neurons. Thus, 

the major role of astrocytic adaptations to severe proteotoxic stress might be to continue to 

protect their injured neighbors. If this was true, severely stressed astrocytes should still be 

able to protect neurons from proteotoxic injury. To test this novel hypothesis, we developed 

a neuron/astrocyte co-culture model. First we treated astrocytes with MG132 or vehicle the 

day after plating. Twenty-four hours after this insult, we washed off the MG132 and plated 

primary cortical neurons on top of the astrocyte layer or in empty wells (neurons only 

group). As in our previous report [11], we have shown that the vulnerable astrocyte 

population has already died and detached from the plate by 24h after the 1st hit (data not 

shown), the time of addition of neurons in the present study. Two days following the plating 

of neurons, we treated the co-cultures with toxic concentrations of MG132, in this case a 2nd 

hit for the previously stressed astrocytes. Control primary neurons not plated on top of 

astrocytes were highly vulnerable to MG132 according to the In-Cell Western assay for the 

specific neuron marker MAP2 (Figure 6A, B). However, neurons plated on top of previously 

stressed astrocytes were significantly less vulnerable to MG132. Unstressed astrocytes were 

not significantly neuroprotective in these experiments, probably because the effect size was 

smaller. Surprisingly, this neuroprotection was not at all attenuated in the presence of 

buthionine sulfoximine. Thus, glutathione does not appear to be essential for astrocyte-

mediated protection of neurons from proteotoxicity although it is essential for protection of 

previously stressed astrocytes from subsequent insults. In other words, the few astrocytes 
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surviving dual hits of MG132 as well as glutathione loss can still robustly protect 

neighboring cells.

To ensure that buthionine sulfoximine successfully inhibited glutathione synthesis in the co-

cultures, we also measured glutathione levels (Figure 6C–E). Buthionine sulfoximine 

significantly reduced glutathione levels in all neuron/astrocyte co-cultured groups. This 

analysis also revealed that glutathione levels were significantly increased by the presence of 

astrocytes in all the “neuron + astrocyte” groups and that high levels of proteotoxic stress 

from 1.68 μM MG132 further increased glutathione levels in all the neuron/astrocyte co-

cultures. Taken together, these results reveal stress-induced increases in glutathione, 

astrocyte-induced increases in glutathione, and successful inhibition of glutathione synthesis 

by buthionine sulfoximine in neuron/astrocyte co-cultures.

One limitation of the co-culture experiments is the potential for incomplete wash-off of the 

MG132 toxin from the plate before neurons were added on top of the pretreated astrocytes. 

This could have inadvertently affected neuronal integrity in the group plated on top of 

MG132-pretreated astrocytes. To address this confound, we treated empty wells with vehicle 

or 0.16 μM MG132 and plated neurons in these wells immediately after wash-off of the 

MG132 toxin. Compared to vehicle treatment, the neurons in these previously treated wells 

exhibited no change in viability (data not shown), suggesting that there were no lingering 

effects of the previous MG132 treatment in the co-culture experiments.

It must be noted that our primary neuronal cultures have a small proportion of astrocytes 

(~9.5%) because they are harvested from postnatal brains [60, 61]. This presence of a small 

number of astrocytes in the control group was revealed by immunostaining for the astrocyte 

marker GFAP (Figure 6F, G). GFAP levels remained strikingly high in the presence or 

absence of MG132 in all the groups containing previously plated astrocytes. We have shown 

previously in multiple reports that the In-Cell Western assay for MAP2 is in linear 

proportion to the number of neurons [63, 66]. However, GFAP is a stress-responsive protein 

and, as a result, the In-Cell Westerns cannot be viewed as an approximation of astrocyte cell 

numbers. In other words, a lack of loss of GFAP+ signal does not signify a lack of loss of 

astrocyte numbers. Taken as a whole, these findings suggest that severely stressed astrocytes 

maintain or increase overall GFAP levels and can still protect neighboring neurons against 

MAP2 loss in response to severe proteotoxic stress.

Stressed astrocytes can protect neurons from the synergistic toxicity of proteasome and 
Hsp70 inhibitors

Although stressed astrocytes do not rely on Hsp70 activity for protection against subsequent 

proteotoxic insults, Hsp70 levels were shown to be higher in MG132 treated astrocytes in 

Figure 4 and may be released from these cells through exosomes in order to protect 

neighboring neurons from proteotoxicity [84, 85]. Thus, we tested the hypothesis that loss of 

Hsp70 activity would lead to loss of astrocytic neuroprotection and applied the Hsp70/Hsc70 

inhibitor VER155008 to MG132-treated neuron/astrocyte co-cultures. As shown in our 

recent work in olfactory bulb and cortical neurons, we found strikingly synergistic effects of 

inhibitors of proteasomal activity and Hsp70/Hsc70 activity [86, 87]. Remarkably, severely 

stressed astrocytes protected neurons robustly against this synergistic, profound toxicity 
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(Figure 7). That is, VER155008 greatly exacerbated the toxicity of MG132 in neurons, and 

astrocytes protected against the severe stress of simultaneous inhibition of proteasome and 

chaperone function. We have also presented the data as a function of 0 μM VER155008 in 

Figure 7B so that the synergy between MG132 and VER155008 can be fully appreciated. In 

these experiments, MG132 was less toxic to neurons than in Figure 6, probably due to 

variability either in the MG132 stock solutions or in the neuron culturing procedures. 

Because of lower toxicity of MG132, even unstressed astrocytes were able to protect 

neurons against MG132 toxicity. However, in the neurons treated with the higher 

concentration of MG132 (1.68 μM), only astrocytes that were previously stressed with 

MG132 were able to significantly protect against the synergy of MG132 and VER155008. 

Taken together, these data support the view that astrocytes are still highly neuroprotective 

even when they and the neurons have been exposed to severe proteotoxic stress, such as 

combined effects of proteasome and Hsp70/Hsc70 inhibitors.

In the VER155008 + MG132 experiments, an examination of GFAP levels showed a similar 

pattern as in the BSO experiments, with GFAP levels being very high in all groups 

containing pre-plated astrocytes (Figure 7D, E). VER155008 had no impact upon GFAP 

levels. When we treated co-cultures with VER155008 in combination with buthionine 

sulfoximine, no additional impact beyond that observed with VER155008 was apparent 

(data not shown). In other words, buthionine sulfoximine continued to have no impact on 

MAP2 levels in neuron/astrocyte co-cultures, even when applied together with an Hsp70/

Hsc70 activity inhibitor.

Astrocyte-conditioned medium from stressed astrocytes fails to protect neurons against 
MG132 toxicity

Astrocytes are known to secrete diffusible substances that protect nearby cells from injury. 

We therefore examined whether astrocyte-conditioned medium from stressed or unstressed 

astrocytes would be sufficient to protect neurons from MG132 toxicity. The 1st hit of 

MG132 or an equivalent volume of vehicle was delivered for 24h to two groups: conditioned 

media (astrocytes present) and unconditioned media (astrocytes absent; empty wells with 

media only). Unconditioned media was used as a negative control and lacked any diffusible 

factors that might be released from astrocytes. Conditioned and unconditioned media–both 

still containing the 1st hit of MG132 or vehicle–were then transferred to neurons at a 1:1 

dilution in Neurobasal media. The 2nd MG132 hit was administered to the neurons at the 

time of media transfer. As MG132 was still present from the 1st hit in transferred media, 2nd 

hit concentrations were reduced relative to the co-culture experiments described above. 

Neuronal viability was assessed 48h after the 2nd hit by the In-Cell Western assay for MAP2 

levels.

We did not find that astrocyte-conditioned medium elicited neuroprotection against 

proteotoxic stress (Figure 8). Because the astrocyte media was diluted 1:1 in neuron media 

in these experiments, we also concentrated the factors in the astrocyte media by 

centrifugation and added them as a 10× stock to the neuron media. However, there was no 

protection with diffusible astrocyte factors using this alternative protocol either (data not 
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shown). Therefore, the data support the view that stressed astrocytes must be in physical 

contact with stressed neurons to help prevent severe proteotoxic injury in the neurons.

Discussion

The findings of the present study support the novel view that astrocytes have the capacity to 

adapt to severe stress in order to retain their neurosupportive roles in the brain. This finding 

is somewhat reminiscent of the well-established preconditioning phenomenon, whereby cells 

that survive sublethal stress learn to tolerate subsequent challenges better than naïve cells. 

For the fraction of astrocytes that manage to survive high concentrations of MG132, the 1st 

hit was, by definition, also sublethal. Thus, our findings suggest that the definition of 

preconditioning in astrocytes should be expanded to include protective responses to severe 

stress, with severe stress being defined as stress that is lethal to some fraction of the cellular 

population under study. Recent findings in our lab further suggest that astrocytes surviving 

high concentrations of the oxidative toxin paraquat are also protected against subsequent 

challenges (Pant et al., in preparation), supporting the view that stress-induced protection in 

astrocytes is generalizable and can be achieved with multiple types of injury. Unlike what 

we observed in astrocytes, severe stress has been observed to weaken surviving neurons in 

previous studies, consistent with the dual hit hypothesis of neurodegeneration, whereby dual 

hits synergize in their toxic effects on neurons [68, 88–95]. In other words, the effect of 

stress is likely to be both injury and cell-type dependent and may also vary with age, among 

other variables [96]. Thus, in all likelihood, cell fate is determined by genetic determinants 

of susceptibility as well as a convergence of all previous stressors.

Astrocytes have been observed to upregulate heat shock proteins in a number of 

neurodegenerative disorders, supporting the view that they are exposed to some degree of 

proteotoxic injury in these conditions, because the major stimulus for heat shock protein 

induction is protein denaturation [97–107]. We discovered that severely stressed astrocyte 

survivors exhibit an increase in Hsp70 levels and a trend towards an increase in HO1 (p = 

0.058) 24h after the first hit. However, the inhibitor experiments do not support the view that 

either Hsp70 or HO1 activity plays a role in mediating astrocytic resistance to proteotoxic 

stress. Furthermore, the rise in Hsp70 levels after the first hit appears to be transient in 

nature, in contrast to the stress-induced protection, which lasts for at least 96h after the first 

hit, further suggesting that Hsp70 molecules are not essential for stress adaptations in this 

model. On the other hand, the antioxidant thiol glutathione was essential for the protective 

effects of severe stress, as shown previously [11]. In the present study we established that 

stressed astrocytes raise glutathione levels by two independent assays for glutathione. These 

assays also verified that the glutathione synthesis inhibitor, buthionine sulfoximine, was 

indeed effective at reducing glutathione levels. Thus, the loss of a natural increase in 

glutathione helped to unmask the underlying, severely toxic effects of dual hits. This 

unmasking of vulnerability in the remaining astrocytes is inconsistent with the view that we 

were only selecting for “MG132 refractory” cells that do not take up the proteasome 

inhibitor in the first place.

Many studies have shown that glutathione levels are lowered in vulnerable brain regions in 

Parkinson’s disease [108–111]. However, one study from Mythri and colleagues suggests 
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that resistant brain regions have higher glutathione levels in Parkinson’s patients than in 

control subjects [112]. Furthermore, there is evidence supporting a decrease in glutathione 

levels in Alzheimer’s patients [113, 114]. However, one study reported higher reduced and 

oxidized glutathione levels in the hippocampus of Alzheimer’s disease patients while 

another study reported age-related increases in glutathione levels in Alzheimer’s patients but 

not control subjects [115, 116]. If glutathione levels fall in vulnerable brain regions in 

neurodegenerative disorders, this loss may unmask the toxic impact of severe stressors, 

especially sequential, unremitting stress as in our dual hit model. If, on the other hand, 

glutathione levels are increased in some cells in neurodegenerative disorders, this might 

explain their lack of vulnerability to protein misfolding stress. Our data further support the 

view that the natural increase in glutathione in response to proteotoxic stress may depend on 

a slight increase in the modifier subunit of the enzyme glutamate cysteine ligase, an essential 

player in the rate-limiting step in glutathione synthesis, although RNA interference studies 

are needed to confirm this. Although one study did not find any changes in the activity levels 

of glutamate cysteine ligase in Parkinson’s patients [117], male Alzheimer’s patients exhibit 

lower glutamate cysteine ligase activity in erythrocytes [118].

Polymorphisms in glutathione S-transferase π have been associated with an increased risk 

for developing Parkinson’s disease in smokers [119] and glutathione S-transferase π loss is 

associated with increased susceptibility to experimental Parkinson’s disease in vivo [120]. 

Furthermore, patients lacking glutathione S-transferase μ 1 may experience an earlier onset 

of Parkinson’s disease [121]. A positive association has also been found between glutathione 

S-transferase μ 1 null genotypes and Alzheimer’s disease [122]. In the present study 

MG132-treated astrocytes expressed slightly higher levels of glutathione S-transferase μ, 

supporting the view that glutathione defenses are higher in astrocytes surviving severe 

proteotoxic stress than in stress-naïve astrocytes. Consistent with our findings on 

glutathione-mediated adaptations and the abovementioned clinical observations, many 

investigators view raising glutathione levels as a reasonable therapeutic strategy in 

neurodegenerative conditions [123–125].

In addition to an increase in glutathione levels, we also found an increase in ATP levels in 

stressed astrocytes. One major difference between our present report and our previous 

investigation [11] is that ATP levels here are expressed as function of cell numbers, 

reflecting ATP output per cell. In the absence of this type of normalization, one cannot be 

certain whether a loss or increase in ATP is due to changes in cell numbers, changes in ATP 

production, or both. The results of the present study therefore support the hypothesis that 

astrocytes fuel compensatory adaptations to stress with energy from ATP. However, when 

glutathione synthesis was inhibited in stressed astrocytes by buthionine sulfoximine, ATP 

levels did not fall in parallel with the loss of cell numbers. Instead, there was a striking 

increase in ATP output in cells hit twice with MG132 when treated with buthionine 

sulfoximine, the most vulnerable group of all. It is possible that these cells would be even 

more vulnerable to dual hits and loss of glutathione synthesis if ATP levels had not risen in 

this manner. Taken together, these findings are consistent with a robust ability of astrocytes 

to compensate against and survive injuries in the brain.
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In the present study, we performed a rigorous and extensive validation of our viability assays 

by measuring nuclear area and staining intensity in Hoechst+ MG132-treated cells. 

Furthermore, the stress of the first hit did not increase the number of TUNEL+ profiles 

following the second hit, a finding that supports the Hoechst nuclear count data. The 

examination of nuclear profiles and TUNEL staining further suggest that the vast majority of 

astrocytes remaining behind after MG132 treatment are indeed viable. Indeed, this may be 

the very reason they are still able to protect neighboring neurons, as discussed further below. 

As an additional positive control, we verified that a different proteasome inhibitor, 

lactacystin, has the same protective effects as MG132. The microbial metabolite lactacystin 

covalently and irreversibly binds the β-subunit of the proteasome and inhibits chymotrypsin, 

trypsin, and caspase activities [69, 126]. In contrast, the peptide aldehyde MG132 

competitively and reversibly binds to the β-subunit of the proteasome to primarily inhibit 

chymotrypsin-like activities [70, 127, 128].

Severe proteotoxic stress upregulated the levels of ubiquitinated proteins in our model, as 

one would expect from a toxin that inhibits the degradation of misfolded proteins. The 

second hit elicited this robust response regardless of exposure to the first hit, supporting the 

view that we had not simply selected for astrocytes that did not take up the MG132 poison or 

were somehow refractory to its effects on protein misfolding. One caveat of our measure is 

that all ubiquitinated proteins are not necessarily misfolded, as protein ubiquitination also 

plays a role in normal turnover of a number of properly folded proteins [129]. Nevertheless, 

Hsp70 and HO1 expression patterns after dual MG132 hits were similar to the pattern of 

ubiquitinated proteins, further supporting the view that severely stressed astrocytes continue 

to respond to the stress of the second hit but that they do not die because of natural 

adaptations to this injury.

A recent study demonstrates that selective loss of GFAP+ astrocytes initiates neuronal loss 

[130], consistent with many previous studies showing that astrocytes can protect neurons, 

including in co-culture models [131–139]. Furthermore, astrocytes may protect neurons with 

the help of glutathione and Hsp70, the two molecules examined closely here [132, 134, 140–

147]. Beta-amyloid has been shown to stimulate glutathione release from astrocytes [148] 

and astrocytes exposed to endogenous hydrogen peroxide can subsequently protect neurons 

from glutathione depletion [139]. Of special relevance to the present study are prior 

observations that astrocytes may mediate some of the protective effects of preconditioning 

stimuli [1, 149, 150]. Indeed, preconditioning with sublethal stress may render astrocytes all 

the more neuroprotective [151]. However, other studies have suggested that stressed 

astrocytes are neurotoxic, especially under conditions of severe stress [139, 152–155]. Thus, 

one of the major new findings of the present study is that severely stressed astrocytes can 

still protect neighboring neurons against proteotoxic injury, even when chaperone and 

proteasome functions are simultaneously compromised and when there is moderate 

glutathione loss. Considering that the stressed astrocytes have been exposed to an injury that 

is severe enough to kill a fraction of their population, the degree of neuroprotection by 

stressed astrocytes was unexpectedly robust. When astrocytes and neurons are injured, they 

may support neighboring neurons by releasing trophic factors, antioxidant support 

molecules, and metabolic precursors. Contrary to previous studies showing that glutathione 

is essential for astrocyte-mediated neuroprotection against oxidative stress (see above), our 
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results with buthionine sulfoximine support the view that astrocytic protection of neurons 

against proteotoxicity is not necessarily dependent upon glutathione synthesis. Furthermore, 

astrocyte-induced neuroprotection against MG132 was also independent of Hsp70/Hsc70 

because VER155008 did not attenuate the protective effects either. Instead, VER155008 

exacerbated the toxicity of MG132 in neurons and stressed astrocytes greatly inhibited the 

synergistic toxic effects of the proteasome and Hsp70/Hsc70 inhibitors. This leads us to 

conclude that severely stressed astrocytes can protect neurons that are also severely injured. 

We did not gather support for the notion that stressed astrocytes protect neurons from 

proteotoxic injury through a diffusible signal. Instead, it seems more likely that the stressed 

astrocytes need to be in physical contact with injured neurons in the current co-culture 

model in order to elicit neuroprotective effects. However, they do not need to be in physical 

contact with neurons to protect themselves against second hits.

Some important limitations of our study must be conceded. First, our studies rely on very 

young cells to model the glial and neuronal pathology that characterize age-related 

proteotoxic disorders. It is quite possible that astrocytes from aged animals would not have 

the capacity to adapt to stress or protect neurons as observed in the present study. For 

example, astrocytes aged in culture are known to be less neuroprotective [156]. Although 

our cells were treated with MG132 to mimic the loss of protein homeostasis that is evident 

in neurodegenerative conditions, aged astrocytes might show different responses than young 

MG132-treated astrocytes and exacerbate proteotoxic injury in neighboring neurons. 

Second, the evolutionary divergence of humans and rats and the lack of any spontaneous 

model of proteinopathic disorders in aged rodents weaken interpretations of data in rodent 

models and negatively impact their predictive validity. Third, the present study relied on 

pharmacological inhibitors, all of which surely suffer from off-target effects. For example, 

MG132 also inhibits cathepsins and calpains in addition to the proteasome, thereby leading 

to further loss of protein homeostasis and exacerbation of proteotoxicity [157]. Fourth, it is 

not possible to verify loss of Hsp70 ATPase activity in whole cellular lysates after 

VER155008 treatment, because many cellular molecules besides Hsp70 also exhibit ATPase 

activity. Finally, our studies examine astrocytes in isolation from other glial cell types such 

as microglia, which are often found in close association with protein deposits and may either 

propel or prevent neurotoxicity in neurodegenerative disorders [158–160]. Indeed, astrocytes 

might have similar dualistic roles, particularly in the aged brain.

The novelty of the present study lies in showing for the first time that severely stressed 

astrocytes can still protect severely stressed neurons from proteotoxic injury, in contrast with 

traditional studies of the stress response, where adaptive defenses are engaged only with 

low-dose injury and inhibited with high-dose injury [4]. Our studies therefore extend the 

neuroprotective capacities of injured astrocytes and provide concrete evidence that stress 

does not need to be low in concentration to elicit adaptive defenses. Indeed, most authors 

would argue that severe or high-dose stress only weakens cells, consistent with the two-hit 

hypothesis of neurodegeneration [88, 90, 96, 161–164]. Furthermore, many authors have 

suggested that stressed astrocytes exacerbate injury in neighboring neurons [14–19] and that 

astrocytes have a strong potential for dysfunction despite their normal roles in cellular 

defense and homeostasis [165]. An additional novel finding is that astrocyte-mediated 

neuroprotection against proteotoxicity is not necessarily dependent upon glutathione as 
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suggested previously for other insults [140]. Finally, it was also previously unknown that 

astrocytes can robustly protect neurons against the synergistic loss of chaperone and 

proteasome functions. Further studies to determine the mechanism underlying the impact of 

highly stressed astrocytes on highly stressed neurons are warranted, as stressed astrocytes 

might speed up or slow down the demise of neighboring neurons depending upon the 

cellular context and age of the organism. In addition, future studies to determine what 

distinguishes those astrocytes that survive the first hit from those that succumb and die 

might also be fruitful.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Primary cortical astrocyte culture purity. A) Primary cortical astrocytes were stained with 

the nuclear marker Hoechst and immunolabeled for the glial markers glial fibrillary acid 

protein (GFAP) and S100β. B) The percentage of Hoechst+ cells that were immunolabeled 

for GFAP or S100β proteins or were immunonegative were quantified. C) Representative 

image of Hoechst-stained nuclei in untreated astrocytes. White arrow points to one cell with 

a condensed nucleus. D) The image in C was converted to a binary image using the 

threshold function in Image J. Nuclear cross-sectional areas appear next to each cell in 
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square microns. Cells with nuclear areas under 350 pixels (53 μm2, see black arrow) were 

excluded from the counts of viable cells in subsequent figures
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Fig. 2. 
MG132-mediated severe proteotoxic stress preconditions astrocytes against subsequent 

insults. A) Primary cortical astrocytes were treated with indicated concentrations of the 

proteasome inhibitor MG132 one day after plating (1st hit) or an equal v/v of vehicle 

(dimethyl sulfoxide). Twenty-four hours later, astrocytes were challenged with a 2nd hit of 

MG132 (3.125 μM) or vehicle. Astrocyte viability was assessed 24h after the 2nd hit by 

counting viable Hoechst+ nuclei in blinded fashion. B) Data in panel A were expressed as a 

percentage of each 0 μM 2nd MG132 hit group (i.e., each gray bar was expressed as a 
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percentage of the adjacent black bar). C) Representative images of Hoechst-stained astrocyte 

nuclei from the groups shown in A. The interval between the 1st hit and the 2nd hit was 

prolonged to 48h in D–F and to 96h in G–I. E and H illustrate data in D and G, respectively, 

expressed as a percentage of the 0 μM 2nd MG132 hit group. Representative Hoechst-stained 

nuclei are shown in F and I. J–K) The interval between the 2nd hit and the viability assay 

was extended to 72h. The data in panel J were expressed as a percentage of the 0 μM 2nd 

MG132 hit group and presented in panel K. L) Representative images of Hoechst-stained 

nuclei from groups shown in J. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs 0 μM 2nd MG132 

hit; + p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs 0 μM 1st MG132 hit, two-way ANOVA 

followed by Bonferroni post hoc correction
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Fig. 3. 
Nuclear viability in stressed astrocytes. Astrocytes were treated with the indicated 

concentrations of MG132 24h (1st hit) and 48h (2nd hit) after plating. On the third day, 

astrocytes were stained with the nuclear marker Hoechst and analyzed by a blinded observer 

using ImageJ software. A–C) Frequency distributions of the number of nuclei corresponding 

to the indicated nuclear area. The vehicle-treated group is included on all three figures for 

comparison. D) Average nuclear size of all cellular profiles. E) Average size of all nuclei 

except those smaller than 53 μm2. F) Representative high-power image of Hoechst-stained 
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nuclear profiles. G–I) Frequency distribution of the number of nuclei as a function of 

Hoechst nuclear staining intensity. The vehicle-treated group is included on all three figures 

for comparison. J) Average nuclear staining intensity of all cellular profiles. K) Average 

nuclear staining intensity of all profiles except cells with nuclei smaller than 53 μm2. L–O) 
Nuclear staining intensity as a function of nuclear size. P) Astrocytes were divided into two 

groups: those with small, bright nuclei (50–150 μm2; staining intensity greater than 20 

arbitrary units for the mean gray value measurements) or large nuclei (greater than 150 μm2; 

all staining intensities). Raw data for this graph are shown in Supplementary Figure 2. Q) 
Number of TUNEL+ cells relative to the total number of Hoechst+ nuclei. R) Data presented 

in panel Q were expressed as a function of the 0 μM 2nd MG132 hit groups. S) 
Representative images of TUNEL staining. * p ≤ 0.05, ** p ≤ 0.01 vs 0 μM 2nd MG132 hit; 

+ p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs 0 μM 1st MG132 hit; ^ p ≤ 0.05, ^^ p ≤ 0.01 vs 

small, bright nuclei; two- or three-way ANOVA followed by Bonferroni post hoc correction
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Fig. 4. 
MG132 increases protein misfolding stress and upregulates Hsp70 and HO1 levels. 

Astrocytes were treated with indicated concentrations of MG132 (1st hit) and probed for a 

number of stress-sensitive proteins 24h later (A, C–L). Astrocytes were treated with single 

or dual hits of MG132 and assayed for levels of ubiquitinated proteins and heat shock 

proteins Hsp70 and HO1 24h after the 2nd hit (B, M–N). *** p ≤ 0.001 vs 0 μM 2nd MG132 

hit; + p ≤ 0.05, ++ p ≤ 0.01 vs 0 μM 1st MG132 hit, two-way ANOVA followed by 

Bonferroni post hoc correction for B, M, and N. The one-tailed, paired Student’s t-test was 

used for A, C–L
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Fig. 5. 
Inhibition of glutathione synthesis but not Hsp70/Hsc70 activity abolishes stress-induced 

protection against the 2nd MG132 hit. A) Primary cortical astrocytes were treated with the 

indicated concentrations of MG132 in the absence or presence of the Hsp70/Hsc70 inhibitor 

VER155008 and glutathione synthesis inhibitor buthionine sulfoximine (BSO). Viable 

Hoechst+ nuclei were quantified 24h after the 2nd hit to measure viability. B) Data from 

panel A were expressed as a percentage of the 0 μM 2nd MG132 hit groups (i.e. all gray bars 

were expressed as a percentage of the adjacent black bars). C) Representative images of 

Hoechst-stained nuclei from data shown in panel A. D) Total glutathione levels were 

measured 24h after the 2nd MG132 hit by the In-Cell Western technique and expressed as a 

function of the corresponding number of Hoechst+ nuclei to control for differences in cell 

density. E) Representative image of total glutathione In-Cell Western. F–H) Reduced 

glutathione levels were measured intracellularly and in the extracellular media by the 
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Glutathione-Glo assay and luminescence was expressed as a function of the number of 

Hoechst+ nuclei on parallel plates. All glutathione assays in F–H were performed 24h after 

the final MG132 hit. I–J) Western blot analysis of glutamate cysteine ligase modifier subunit 

(GCLM) and glutathione S-transferase μ (GST-μ) in lysates collected 24h after the 1st 

MG132 hit. K) Astrocytes were treated with single and dual hits of MG132 in the absence or 

presence of BSO and ATP levels were measured by the CellTiter-Glo assay 24h after the 2nd 

MG132 hit. ATP levels are expressed as a function of Hoechst+ cell numbers on parallel 

plates. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 vs 0 μM 2nd MG132 hit; + p ≤ 0.05, ++ p ≤ 

0.01, +++ p ≤ 0.001 vs 0 μM 1st MG132 hit; ^ p ≤ 0.05, ^^ p ≤ 0.01 vs 0 μM VER155008 

and/or 0 μM BSO, two- or three-way ANOVA followed by Bonferroni post hoc correction. 

For F–G and I–J, the two-tailed paired Student’s t test was employed
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Fig. 6. 
Severely stressed astrocytes can protect neurons from proteotoxic stress. A) Astrocytes were 

treated with the 1st MG132 hit or vehicle 24h prior to introduction of neocortical neurons, in 

the absence or presence of the glutathione synthesis inhibitor buthionine sulfoximine (BSO). 

Two days after the introduction of neurons, the neuron/astrocyte co-cultures were treated 

with MG132 as a 2nd hit or vehicle in the absence or presence of BSO. Two days after the 

2nd hit, neuronal viability was measured by the In-Cell Western assay for the specific 

neuronal marker MAP2. B) Representative image of MAP2 In-Cell Western. C) Changes in 
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glutathione levels were measured by In-Cell Western analyses and expressed as a function of 

the infrared nuclear stain DRAQ5 to control for changes in cell density. Representative 

images of glutathione immunostaining (D) and DRAQ5 levels (E) are included. F) The 

astrocytic marker GFAP was measured by In-Cell Western analysis in neuron/astrocyte co-

cultures 48h after the 2nd MG132 hit or vehicle treatment in the absence or presence of BSO. 

G) Representative image of GFAP In-Cell Western. ** p ≤ 0.01, *** p ≤ 0.001 vs 0 μM 2nd 

MG132 hit; + p ≤ 0.05, ++ p ≤ 0.01, +++ p ≤ 0.001 vs neurons; ^ p ≤ 0.05, ^^ p ≤ 0.01, ^^^ 

p ≤ 0.001 vs 0 μM BSO, three-way ANOVA followed by Bonferroni post hoc correction
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Fig. 7. 
Stressed astrocytes prevent the synergistic, severe toxicity of proteasome and Hsp70/Hsc70 

inhibitors in stressed neurons. A) Astrocytes were treated with the 1st MG132 hit or vehicle 

24h prior to introduction of neocortical neurons, in the absence or presence of the Hsp70/

Hsc70 inhibitor VER155008. Two days after the introduction of neurons, the neuron/

astrocyte co-cultures were treated with vehicle or MG132 as a 2nd hit in the absence or 

presence of VER155008. Two days after the 2nd hit, neuronal viability was measured by the 

In-Cell Western assay for MAP2. B) Data from panel A were expressed as a percentage of 

the 0 μM VER155008 groups to illustrate the exacerbation of MG132 toxicity by 

VER155008. C) Representative image of MAP2 In-Cell Western. D) The astrocytic marker 

glial fibrillary acidic protein (GFAP) was analyzed by In-Cell Western analyses 48h after the 

2nd hit in the same neuron/glia co-cultures as shown in panels A–C. E) Representative image 

of GFAP In-Cell Western. * p ≤ 0.05, *** p ≤ 0.001 vs 0 μM 2nd MG132 hit; + p ≤ 0.05, ++ 

p ≤ 0.01, +++ p ≤ 0.001 vs neurons; ^ p ≤ 0.05, ^^ p ≤ 0.01, ^^^ p ≤ 0.001 vs 0 μM 

VER155008, three-way ANOVA followed by Bonferroni post hoc correction
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Fig. 8. 
Stressed neurons are not protected from proteotoxicity by astrocyte-conditioned media. A) 
The 1st MG132 hit or an equivalent v/v of vehicle was added for 24h to wells in the presence 

of astrocytes (conditioned media) or in their absence (unconditioned media). Conditioned 

and unconditioned media (still containing 1st hit of MG132 or vehicle) were then delivered 

to neocortical neurons by diluting them 1:1 in neuron media. The 2nd MG132 hit or vehicle 

was administered at the time of media transfer. Neuronal viability was measured by the In-

Cell Western assay for MAP2 48h after media transfer. B) Representative image of MAP2 

In-Cell Western. *** p ≤ 0.001 vs 0 μM 2nd MG132 hit, three-way ANOVA followed by 

Bonferroni post hoc correction
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