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The small heat shock protein αB-crystallin (CRYAB) has been impli-
cated in multiple sclerosis (MS) pathogenesis. Earlier studies have in-
dicated that CRYAB inhibits inflammation and attenuates clinical
disease when administered in the experimental autoimmune enceph-
alomyelitis model of MS. In this study, we evaluated the role of
CRYAB in primary demyelinating events. Using the cuprizone model
of demyelination, a noninflammatory model that allows the analysis
of glial responses inMS,we show that endogenous CRYAB expression
is associated with increased severity of demyelination. Moreover, we
demonstrate a strong correlation between the expression of CRYAB
and the extent of reactive astrogliosis in demyelinating areas and in in
vitro assays. In addition, we reveal that CRYAB is differentially phos-
phorylated in astrocytes in active demyelinating MS lesions, as well as
in cuprizone-induced lesions, and that this phosphorylation is required
for the reactive astrocyte response associated with demyelination.
Furthermore, taking a proteomics approach to identify proteins that
are bound by the phosphorylated forms of CRYAB in primary cultured
astrocytes, we show that there is clear differential binding of protein
targets due to the specific phosphorylation of CRYAB. Subsequent
Ingenuity Pathway Analysis of these targets reveals implications for
intracellular pathways and biological processes that could be affected
by these modifications. Together, these findings demonstrate that
astrocytes play a pivotal role in demyelination, making them a poten-
tial target for therapeutic intervention, and that phosphorylation of
CRYAB is a key factor supporting the pathogenic response of astro-
cytes to oligodendrocyte injury.
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Multiple sclerosis (MS) is an autoimmune demyelinating dis-
ease of the central nervous system (CNS) and is the major

cause of neurological disability among young adults in Western
countries. Its pathology is characterized by infiltration of inflam-
matory cells, localized destruction of myelin, oligodendrocyte cell
death, and axonal degeneration (1, 2). Although the role of in-
filtrating lymphocytes and macrophages has been well described in
the (late) active stages of demyelination, the exact mechanism of
oligodendrocyte pathology and early demyelinating events are not
well understood.
In addition to infiltrating macrophages and lymphocytes, astrocytes

have been implicated in the pathogenesis of MS (3). The most
abundant cell type in the brain, astrocytes perform an array of phys-
iological functions, including maintenance of CNS homeostasis, reg-
ulation of blood–brain barrier integrity, modulation of blood flow, and
support of synaptic transmission (4). In addition, upon activation by
danger signals, astrocytes actively participate in the CNS innate im-
mune response and are the main source of inflammatory mediators,
including several complement components, cytokines, and chemo-
kines (5). Astrocyte (dys)function has been implicated in many neu-
rodegenerative and neuroinflammatory diseases (4, 6). Although it is
well established that chronic stages of MS lesions are characterized by
the abundant presence of fibrous astrocytes (7), the role of astrocytes
in early demyelinating events remains conjectural.

αB-crystallin (CRYAB) is a member of the small heat shock
protein family and is constitutively expressed in the vertebrate
lens, striated muscle tissue, and the CNS (8). In addition, ex-
pression of the protein can be induced by a variety of stress stimuli
(9, 10), and altered expression of CRYAB has been implicated in
many neurological diseases (11). CRYAB is the most abundantly
enriched gene transcript in active demyelinating MS lesions and is
present in oligodendrocytes and astrocytes at different stages of
MS lesions (12–16). Expression of CRYAB in astrocytes has been
shown to protect these cells from apoptosis, by binding to medi-
ators of cell death and inhibiting caspase activity (17–19). Phos-
phorylation is an important posttranslational modification of
CRYAB, affecting both the localization and function of the pro-
tein (19–23). CRYAB can be phosphorylated at three serine res-
idues, Ser-19, Ser-45, and Ser-59, and although the former does
not contribute to cytoprotection, Ser-59 and Ser-45 phosphoryla-
tion are required for the protective function of CRYAB, with a
dominant role being reported for Ser-59 (19, 20, 22, 23).
Here, we reveal a role for CRYAB in astrocyte cell function.

We demonstrate that CRYAB enhances the local astrocyte re-
sponse to oligodendrocyte injury induced by the toxin cuprizone.
Moreover, we show that this reactive astrogliosis response is a key
aspect in cuprizone-induced demyelination and that interfering
with this response by abolishing CRYAB expression significantly
reduces CNS pathology. In addition, we show that preferential
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phosphorylation of CRYAB at Ser-59 is present in astrocytes in
actively demyelinating MS tissue and cuprizone-induced lesions
and that this phosphorylation, mediated through activation of the
protein kinase p38 pathway, supports reactive astrogliosis in vitro.
Finally, applying a proteomics approach, we demonstrate that
CRYAB displays differential binding to protein targets upon
phosphorylation, which has implications for its role in various bi-
ological processes. Together, these findings indicate that reactive
astrogliosis may play a prominent role in primary demyelination
and that phosphorylation of CRYAB at Ser-59 supports this role.
Consequently, specific targeting of the reactive astrocyte pool
might prove efficacious at specific stages of demyelination.

Results
CRYAB Expression Correlates with Severity of Cuprizone-Induced
Demyelination. The cuprizone model of demyelination is based
on the oligodendrocyte-toxic properties of the copper chelator
bis-(cyclohexanone)-oxaldihydrazone (cuprizone). Chronic ex-
posure to cuprizone results in demyelination in preferential areas
in the rodent brain (24, 25). To evaluate the impact of endoge-
nous CRYAB on primary demyelination in vivo, we applied
the cuprizone model of demyelination to Cryab-null (Cryab−/−)
mice, which are maintained on a 129S6 background, a strain in
which cuprizone-induced pathology has not been described be-
fore. Luxol fast blue (LFB) staining of myelin revealed that
treatment with cuprizone leads to distinct demyelinating lesions
in the brains of wild-type (WT) 129S6 mice, which were partic-
ularly substantial in the cerebellum (Fig. 1 A and C). Moreover,
presence of CRYAB impacted the severity of demyelination
greatly, resulting in smaller lesions upon cuprizone treatment in
Cryab−/− mice (Fig. 1 B and D). Quantification of lesion size
revealed that, after 4.5–8 wk of cuprizone treatment, lesion size
was significantly decreased in Cryab−/− mice, compared with WT
mice (Fig. 1E, 71.55, 55.63, and 49.95% reduction at weeks 4.5,
6, and 8, respectively). Immunofluorescent staining for myelin

basic protein (MBP) confirmed the effect of CRYAB expression
on the severity of demyelination (Fig. S1 A–D).
It has been reported before that cuprizone-induced toxicity leads

to motor skill deficiencies (26). We therefore assessed how CRYAB
affects motor skill performance by rotarod testing during cuprizone
treatment. Correlating with demyelination severity, WT mice dis-
played significantly more severe motor skill impairment after 8 wk
of cuprizone treatment than Cryab−/− mice (Fig. 1F; 16.6% re-
duction in motor skill performance). The increased severity of
cuprizone-induced pathology in the presence of CRYAB was also
evident from a delayed gain of body weight, which was much more
pronounced in WT mice than in Cryab−/− mice (Fig. S1 E and F).
We have previously shown that CRYAB, in addition to its in-

tracellular function, can also act when delivered exogenously, by
binding misfolded and unfolded proteins in the blood as a molecular
chaperone (27). To investigate whether the effect of CRYAB is due
to intracellular expression in CNS-resident cells, or an extracellular
effect of circulating CRYAB, we assessed whether administration
of exogenous CRYAB affected cuprizone-induced demyelination.
Treatment of mice with CRYAB did not affect severity of de-
myelination, motor skill impairment, or gain of body weight (Fig. S1
G–J), indicating that the observed effect of endogenous CRYAB is
likely due to its intracellular expression by CNS-resident cells.

CRYAB Expression Correlates with the Extent of Cuprizone-Induced
Reactive Astrogliosis. Microglial activation and, to a lesser extent,
reactive astrogliosis have been described as possible secondary ef-
fector mechanisms of cuprizone-induced demyelination (25). We
therefore assessed how the glial response to cuprizone-induced
pathology is affected by CRYAB. Cuprizone treatment resulted in a
profound microglial and astrocyte response in demyelinating areas,
characterized by macrophage-like morphology of ionized calcium
binding adaptor molecule 1 (Iba1)-positive microglia and the presence
of large hypertrophic glial fibrillary acid protein (GFAP)-expressing
reactive astrocytes, respectively, which was more pronounced in

Fig. 1. CRYAB expression determines severity of cuprizone-induced demyelinating pathology. (A–D) LFB staining of myelin in cerebellar tissue of control
mice (A and B) or mice treated with cuprizone for 8 wk (C and D) shows that cuprizone-induced demyelination is more severe in WT mice (A and C) than in
Cryab−/− mice (B and D). (E) Quantification of cerebellar lesion size, as percentage of white matter area, in WT (closed symbols) and Cryab−/− mice (open
symbols) after 4.5, 6, and 8 wk of cuprizone diet, reveals that at all time points lesions in WT mice are significantly larger than in Cryab−/− mice. Shown are
data points representing individuals animals, mean ± SEM, and P values determined by unpaired t test (n = 4; *P ≤ 0.05, **P < 0.01). (F) Motor skill per-
formance, as measured by a rotarod assay and depicted as percentage change from baseline performance, reveals that WT mice (blue boxes) are more
susceptible to cuprizone-induced motor skill deficits than Cryab−/− mice (red boxes). Data are shown as box-and-whisker plots, with whiskers depicting
minimal and maximal values. P values were determined by unpaired t test (n = 8–16; †P < 0.1, *P < 0.05).
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WT lesions than Cryab−/− lesions (Fig. 2 A–D). Assessment of
reactive astrocyte and microglia cell numbers revealed that
CRYAB affected the response of both cell types to the cuprizone-
induced insult (Fig. 2 E and F), whereas cell numbers in healthy
control tissue (animals on normal diet) were not affected. Re-
active astrocyte cell numbers were affected to a greater extent
(56.0 ± 7.36% reduction in Cryab−/−) than microglia cell numbers
(32.6 ± 14.7% reduction in Cryab−/−). This difference in the extent
of the decrease in cellular response between astrocytes and
microglia was also reflected by the ratio of reactive astrocyte cell
numbers inside lesions over numbers in unaffected areas, which
was reduced in Cryab−/− animals to a significantly greater extent
than the ratio of microglia numbers inside lesions over unaffected
areas (Fig. S2). Together, these data indicate that reactive astro-
gliosis is the most pronounced determinant of the diminishing
effect of CRYAB expression on the severity of cuprizone-induced
demyelination.

CRYAB Enables Reactive Astrogliosis in Vitro. Considering the pro-
tective role that has been described for CRYAB in astrocyte
biology, we next hypothesized that CRYAB, as a consequence of
this cytoprotective function, enables the reactive astrocyte re-
sponse. To confirm this, we performed an in vitro reactive
astrogliosis assay after down-regulation of CRYAB expression by
siRNA transfection in primary cultured astrocytes. We found
that knockdown of CRYAB expression resulted in a less efficient
response to an in vitro scratch insult (Fig. 3 A and B, and Fig.
S3). Both the area that was repopulated after the insult as well as
the number of astrocytes repopulating the scratched area were
significantly reduced in astrocytes with reduced CRYAB ex-

pression (Fig. 3C and Fig. S3), which indicates that CRYAB
expression facilitates reactive astrogliosis in vitro.
In addition, considering that proinflammatory cytokines, such

as interleukin-6 (IL-6), are harmful when present in high con-
centrations in the brain parenchyma, and astrocytes are the main
source of IL-6 in the CNS (5), we evaluated whether IL-6 pro-
duction by astrocytes was affected by CRYAB expression. Down-
regulation of CRYAB expression resulted in significantly reduced
secretion of IL-6 upon stress induced by LPS stimulation (Fig.
3D), indicating that secretion of cytokines might be one of the
effector mechanisms contributing to the pathogenic reactive as-
trocyte response observed in the presence of CRYAB.

CRYAB Expression Correlates with Reactive Astrogliosis in Vivo. In addi-
tion to in vitro analysis of reactive astrogliosis, we analyzed whether
CRYAB expression affects reactive astrogliosis in vivo. To investi-
gate this, we assessed signs of active proliferation of astrocytes, the
main hallmark of reactive astrogliosis, by immunostaining for the
proliferation marker Ki67. Under homeostatic conditions, the as-
trocyte pool in the CNS is stable. However, in cuprizone-induced
demyelinating lesions, we found many Ki67-immunopositive, GFAP-
expressing, astrocytes, indicating an active proliferative response in
response to the cuprizone insult (Fig. 3E). Many Ki67-positive as-
trocytes were present in WT lesions, whereas they were not detect-
able in Cryab−/− animals (Fig. 3F), indicating that the in vivo reactive
astrocyte response is impaired in the absence of CRYAB.

CRYAB Is Differentially Phosphorylated in MS Lesions. Considering the
importance of phosphorylation for the cytoprotective function of
CRYAB, we determined the phosphorylation status of CRYAB in
active demyelinating MS lesions and healthy control brain samples.

Fig. 2. Astrocyte cell number is the primary determinant of cuprizone-induced pathology. (A–D) Immunofluorescent staining for GFAP (red) and Iba1 (blue)
shows a dramatic astrocyte and microglial response in cerebellar lesions induced by 8 wk of cuprizone diet in WT mice (A and B), which is reduced in Cryab−/−

mice (C and D). Shown are composite images of tile scans performed with a 40× objective. (B and D) Magnified images of the boxed areas in A and C, re-
spectively. DAPI counterstain of nuclei is shown in white. (E and F) Quantification of reactive astrocyte and microglia cell numbers, by counting nuclei as-
sociated with GFAP or Iba1 staining, respectively, in control tissue, outside and inside cuprizone-induced lesions reveals that the number of reactive astrocytes
(E) is significantly higher in WT lesions than in Cryab−/− lesions and more severely affected than the number of microglia (F). Shown are data points rep-
resenting individual animals, mean ± SEM, and P values determined by Mann–Whitney test (n = 4; *P < 0.05).
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For this, we analyzed data from a phosphoproteomic screen of
posttranslationally modified proteins in phosphopeptide-enriched
brain lysates obtained from active MS lesion tissue and healthy
control tissue (28). Mass-spectrometric analysis of these phospho-
peptide-enriched lysates yielded three phosphopeptides derived
from CRYAB that were present in both MS and healthy control
tissue. All three peptides mapped to the same region in the protein,
containing Ser-59. Two peptides (peptides 1 and 2) contained
phosphorylated Ser-59, whereas the third peptide contained
unphosphorylated Ser-59. The peptides that included P-Ser-59
were present at medium (peptide 2, 30 spectral counts) to high
(peptide 1, 40 spectral counts) levels in control brain tissue and
were increased 2.5- to 3.5-fold, respectively, in active demyelinating
MS tissue (peptide 2, 74 spectral counts; peptide 1, 140 spectral
counts; Table 1) (29). In contrast, the peptide containing unphos-

phorylated Ser-59 was only present at low levels in both control and
MS tissue.
We then evaluated the expression and phosphorylation status of

CRYAB in active MS lesions and surrounding normal-appearing
white-matter (NAWM) tissue of MS patients by immunohisto-
chemistry. We found that native CRYAB is present in cells with
astrocyte and oligodendrocyte morphology in NAWM and that this
expression is noticeably increased in cells with reactive astrocyte
morphology in areas with active demyelination (Fig. 4 A and B).
Immunolabeling with specific antibodies detecting CRYAB phos-
phorylated either at Ser-59 or Ser-45 revealed that phosphorylation
of Ser-59 is dramatically increased in astrocytes in active demye-
linating MS lesions, whereas it is not present in NAWM (Fig. 4 C
and D). In contrast, phosphorylation of Ser-45 is constitutively
present in astrocytes in NAWM and was not altered in areas with
active demyelination (Fig. 4 E and F). Together, this indicates that
CRYAB is preferentially phosphorylated at Ser-59 in reactive as-
trocytes inside active demyelinating MS lesions.

P38 and ERK Are Activated and CRYAB Is Preferentially Phosphorylated at
Ser-59 in Reactive Astrocytes in Cuprizone Lesions. We additionally
investigated the phosphorylation status of CRYAB in cuprizone-
induced lesions. Similar to our findings in MS lesions, immunolab-
eling with phosphospecific antibodies revealed that phosphorylation
of Ser-59 is highly abundant in reactive astrocytes in areas with active
demyelination (Fig. 5A). The localization of P-Ser-59-CRYAB in
these reactive astrocytes is exclusively cytoplasmic. In contrast, we
found that P-Ser-45-CRYAB is present mainly in axonal structures
within lesions, and in nuclei of cells that were identified as oligo-
dendrocytes (Fig. 5B and Fig. S4). No presence of P-Ser-45-CRYAB,
either cytoplasmic or nuclear, could be found in astrocytes.
CRYAB is preferentially phosphorylated through the activation

of different mitogen-activated protein kinase (MAPK) pathways
in response to specific stress stimuli: p38 preferentially phosphor-
ylates Ser-59, whereas activation of the extracellular-regulated
kinase (ERK) pathway leads to preferential phosphorylation of
Ser-45 (19, 21, 22, 30, 31). We therefore assessed the activation of
these pathways inside cuprizone-induced lesions. Immunostaining
for the phosphorylated forms of p38 and ERK revealed that both
pathways are activated in cells inside demyelinating areas. Particu-
larly intense staining for phosphorylated p38 was present in many
nuclei inside lesions, including those of a subset of GFAP-positive
astrocytes (Fig. 5C). Likewise, staining for phosphorylated ERK was
present, both cytoplasmic and nuclear, in a subset of GFAP-positive
astrocytes (Fig. 5D).

Fig. 3. Expression of CRYAB affects reactive astrogliosis. (A–C) Represen-
tative pictures of an in vitro scratch assay with primary astrocyte cultures
transfected with either control (A) or CRYAB (B) siRNA smartpools, revealing
that loss of CRYAB in astrocytes results in a significantly reduced response to
a scratch insult, quantified as area of the scratch occupied by invading cells
(C). Data are representative of three independent experiments, values de-
pict mean + SEM of triplicate culture wells and P values determined by
unpaired t test (*P < 0.05). (D) IL-6 secretion by primary astrocyte cultures
transfected with either control (light gray bars) or CRYAB siRNAs (dark gray
bars), measured by ELISA, shows that loss of CRYAB results in a reduced
cytokine response upon stress induced by stimulation with LPS. Shown is a
representative of four experiments, values depict mean + SEM of duplicate
measurements and P values determined by two-way ANOVA (*P < 0.05,
***P < 0.001). (E and F) Proliferating astrocytes, identified as cells colabeled with
GFAP (red) and nuclear staining of Ki67 (blue), are present in demyelinating
areas in cuprizone-treated WT mice (E, arrows) but are not present in similar
areas in Cryab−/− mice (F). DAPI counterstain of nuclei is shown in white.

Table 1. Phosphorylation of serine-59 is markedly up-regulated
in MS lesions

No. Sequence* Modifications

Spectral
counts†

Con MS

1 57-APsWFDTGLSEmR-70 S59 (P), M69 (O) 40 140
2 57-APsWFDTGLSEMR-70 S59 (P) 30 74
3 57-APSWFDtGLSEmR-70 T63 (P), M69 (O) 1 2

Depicted are three peptides, derived from CRYAB, that were identified in
a mass spectrometry screen for posttranslationally modified proteins present
in brain tissue from healthy controls or active demyelinating areas from MS
brain tissue.
*Residues that were modified are shown in the peptide sequences (bold
lowercase), as well as their modification (P, phosphorylation; O, oxidation)
and location in the CRYAB sequence (UniProt ID P02511).
†Spectral counts for each peptide in control (Con) and MS tissue depict low
(0–5 counts), medium (6–33 counts), and high (>33 counts) levels, according
to Huttlin et al. (29).
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Phosphorylation of Ser-59, Mediated by p38, Is Required for Reactive
Astrogliosis in Vitro. To further investigate the role of CRYAB phos-
phorylation in astrocyte reactivity, we assessed the phosphorylation of
Ser-59 and Ser-45, and of p38 and ERK, upon stress in primary
cultured astrocytes. Phosphorylation of Ser-59, localized primarily in

the cytoplasm, was markedly increased upon oxidative stress and
stress induced by LPS treatment (Fig. S5 A–C), and this increase was
sustained for up to 24 h (Fig. 6 A and B). In contrast, constitutive
phosphorylation of Ser-45, exclusively present in the nucleus of cul-
ture astrocytes, was not altered by either stress stimulus (Fig. S5 D–F,

Fig. 4. CRYAB in astrocytes in MS lesions is preferentially phosphorylated at serine-59. (A and B) Immunohistochemical analysis of CRYAB in NAWM (A) and areas
with active demyelination (B) demonstrates that CRYAB is expressed by astrocytes (arrows) and oligodendrocytes (arrowheads) in NAWM (A), and that expression of
CRYAB is increased in astrocytes with reactive morphology in active demyelinating areas (B). (C–F) Analysis of CRYAB, phosphorylated at Ser-59 (C and D) and Ser-45
(E and F), in NAWM (C and E) and active demyelinating areas in MS tissue (D and F), reveals that phosphorylation of Ser-59 is not present in NAWM (C) and is
dramatically increased in cells with reactive astrocyte morphology in active demyelinating lesions (D), whereas phosphorylation of Ser-45 is present in both NAWM
(E) and active demyelinating areas (F). Nuclei were counterstained with hematoxylin. Insets depict magnified images of positive-staining astrocytes.

Fig. 5. Phosphorylation of serine-59, and the MAP
kinases p38 and ERK, is present in reactive astrocytes
in cuprizone lesions. (A–D) Immunofluorescent stain-
ing for CRYAB, phosphorylated at Ser-59 (A, red), or
Ser-45 (B, red), and phosphorylated p38 (C, red) or
ERK (D, red) and GFAP (C and D, blue) of a cuprizone-
induced cerebellar lesion (8-wk treatment). Shown are
composite images of tile scans performed with a 40×
objective. DAPI counterstain of nuclei is shown in
white. (A and B) Phospho-Ser-59 is abundant in the
cytoplasm of cells with reactive astrocyte morphology,
characterized by large translucent nuclei and hyper-
trophic cell bodies (A, Inset, arrows), whereas phos-
pho-Ser-45 is present in nuclei of cells identified as
mature oligodendrocytes (B, Inset, arrows; Fig. S7) and
axonal structures (B, Inset, arrowheads). (C and D)
Phosphorylated p38 is abundant in the nucleus of
many cells, including a subset of astrocytes (C, Inset,
arrows), inside the lesion, whereas phosphorylated
ERK is present in the cytoplasm and the nucleus of a
subset of reactive astrocytes (D, Inset, arrows, arrow-
heads: ERK-negative astrocytes). DAPI counterstain of
nuclei is shown in white.
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and Fig. 6 C and D). In parallel, phosphorylation of p38 was induced
upon stress, whereas phosphorylation of ERK was not affected by
these stimuli (Fig. S5 G–L).
To determine how p38 and ERK-mediated phosphorylation of

CRYAB affects its function in the reactive astrocyte response, we
analyzed production of IL-6 by primary astrocytes after treatment
with specific inhibitors of p38 (SB203580) and ERK (PD98059),
which results in reduced phosphorylation of Ser-59 and Ser-45,
respectively (Fig. S6). Inhibition of p38 activity resulted in a dra-
matic reduction of both constitutive and LPS-induced IL-6 pro-
duction, indicating that Ser-59 phosphorylation is required for
reactive astrogliosis in vitro (Fig. 6E). Inhibition of ERK also re-
duced IL-6 production, however to a lesser extent than p38 in-
hibition, and inhibiting both pathways resulted in an additional
reduction of IL-6 production, suggesting that phosphorylation of
Ser-45 has an additional role in vitro astrocyte activation.

Phosphorylated CRYAB Binds Differential Sets of Proteins in Astrocytes.
Considering the nature of CRYAB to bind other proteins as a
molecular chaperone (27), we next aimed to identify protein tar-

gets that are bound by different phosphorylation states of CRYAB
in astrocytes, to obtain clues as to which other cellular functions
might be affected by the phosphorylation of CRYAB. To this end,
we coimmunoprecipitated CRYAB-bound proteins in lysates of
primary astrocyte cultures using the same phosphorylation-specific
antibodies used for immunohistochemistry and identified these
binding targets by mass spectrometry. This yielded a list of 240
protein targets, 84 of which are bound by native CRYAB and 131,
96, and 71 bound by CRYAB phosphorylated at Ser-19, Ser-45,
and Ser-59, respectively (Fig. 7 and Dataset S1). Unsupervised
clustering of all targets bound by (phosphorylated) CRYAB
revealed that there are distinct sets of proteins that are bound by
the different phosphorylated states of CRYAB (Fig. S7). We then
determined which known biological pathways were enriched for
these differential targets, using the Web-based gene set analysis
toolkit WebGestalt (32) and the WikiPathways platform of curated
biological pathways. For this analysis, all bound target proteins for
each phosphorylated form of CRYAB were assessed, without
taking the extent of enrichment into account. This analysis revealed
that there are distinct pathways that are enriched for either native,
P-Ser-59, and P-Ser-45 CRYAB targets (Fig. 7 and Table S1).
Pathways enriched for native CRYAB targets greatly overlapped
with those for P-Ser-19 CRYAB. They include many cytoplasmic
ribosomal proteins and are mainly involved in mRNA processing
(Fig. 7 and Table S1, Native CRYAB and P-Ser19 CRYAB).
Conversely, pathways enriched for P-Ser-59 CRYAB binding tar-
gets are involved in energy metabolism, such as glycolysis and
gluconeogenesis, and the tricarboxylic acid (TCA) cycle, as well as
stress/immune-activated pathways such as the T-cell receptor and
FAS signaling pathways (Fig. 7 and Table S1, P-Ser59 CRYAB),
whereas P-Ser-45 CRYAB binding targets are enriched in path-
ways involved in DNA replication and cell cycle control, as well as
proteasome degradation (Fig. 7 and Table S1, P-Ser45 CRYAB).
Next, using Ingenuity Pathway Analysis (IPA), we assessed how

phosphorylation of CRYAB differentially affects its binding in a
quantitative way and the possible implications of these changes for
signaling networks and biological functions. For this analysis, we
used quantitative protein values (spectral counts) of native CRYAB-
bound targets and values of phosphorylated CRYAB-bound targets
relative to native CRYAB binding values (phosphorylated CRYAB
spectral counts minus native CRYAB spectral counts) and determined

Fig. 6. Stress-induced serine-59 phosphorylation is necessary for CRYAB-
dependent IL-6 production by astrocytes. (A–D) Immunocytochemical stain-
ing for phospho-Ser-59 (A and B, red) or phospho-Ser-45 (C and D, red) and
unphosphorylated CRYAB (A–D, blue) of primary astrocytes either untreated
(A and C) or treated with LPS (B and D; 1,000 ng/mL, 24 h) reveals that
phosphorylation of Ser-59, localized in the cytoplasm, is enhanced upon
stress, whereas Ser-45 phosphorylation, localized in the nucleus, is not af-
fected. (E) ELISA analysis of IL-6 secretion by primary astrocyte cultures
treated with inhibitors of p38 (SB203580; 10 μM) and ERK (PD98059;
100 μM), shows that inhibition of p38 and, to a lesser extent, ERK reduces
constitutive and stress-induced secretion of IL-6 (1,000 ng/mL LPS; 24 h),
depicted as percentage of unstimulated control values. Values depict mean +
SEM of four independent experiments and P values determined by unpaired
t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Fig. 7. Overview of protein binding by (phosphorylated) CRYAB. Venn di-
agram depicting the number of identified proteins bound by the different
phosphorylated states of CRYAB. Also indicated are the biological pathways
that are associated with the target proteins bound by native and/or phos-
pho-Ser-19 CRYAB, phospho-Ser-45 CRYAB, and phospho-Ser-59 CRYAB.
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the canonical pathways and biological functions that were pre-
dicted to be affected by CRYAB binding and phosphorylation.
Table 2 provides an overview of the main pathways (more de-

tailed description in Table S2) and functions (more detailed de-
scription in Table S3) predicted to be affected by protein binding to
native, phospho-Ser-59, and phospho-Ser-45 CRYAB. In line with
the preliminary pathway analysis, pathways and functions predicted
to be affected by Ser-19 phosphorylation do not differ substantially
from those associated with native CRYAB binding (Tables S2,
P-Ser19–induced changes, and S3, P-Ser19–induced changes).
Protein targets bound by native CRYAB are mainly associated with
differential Rho signaling (reduced RhoGDI signaling, increased
RhoA signaling), inhibition of cell death and cell morphological
changes, and an increase in EIF2 signaling, cytoskeleton signaling
and reorganization, cell differentiation and proliferation, and
integrin signaling (Table 2 and Tables S2, Native CRYAB binding
targets, and S3, Native CRYAB binding targets). Protein targets
that are differentially affected by Ser-59 phosphorylation are as-
sociated with reduced EIF2 and eNOS signaling, cytoskeletal or-
ganization and proliferation, and an increase in integrin signaling,
cell death, and ATP metabolism (Table 2 and Tables S2, P-Ser59–
induced changes, and S3, P-Ser59–induced changes). Protein tar-
gets affected by Ser-45 phosphorylation are associated with reduced
HIPPO signaling, cytoskeletal rearrangement and proliferation,
and an increase in 14-3-3, PKA, and PI3K/AKT signaling, necrosis,
protein metabolism, and cell cycle progression (Table 2 and Tables
S2, P-Ser45–induced changes, and S3, P-Ser45–induced changes).
These data suggest that many cellular functions might be affected
in astrocytes, depending on the phosphorylation state of CRYAB.

Discussion
In this study, we aimed to further uncover the role of CRYAB in
demyelination in MS. Using the cuprizone model, we were able to
evaluate the function of CRYAB in the glial response to a primary
oligodendrocyte insult and in subsequent demyelination. We find
that, in the context of cuprizone-induced damage to oligodendro-
cytes, CRYAB expression supports a reactive astrogliosis response
that contributes to demyelination. Concordantly, using a combi-
nation of phosphoproteomics and immunohistochemistry, we show
that astrocytes in active demyelinating MS lesions display a similar
phenotype to that of astrocytes in cuprizone-induced lesions, de-
fined by enhanced and preferential phosphorylation of CRYAB at
Ser-59. Finally, we demonstrate that this phosphorylation, medi-
ated by the p38 MAPK pathway, is required for the reactive as-
trocyte response and has implications for the activation of a range
of biological pathways. Together, this suggests that, in astrocytes,
phosphorylation of CRYAB serves to support their pathogenic role
in the early events underlying demyelination in MS.
Historically, the role of astrocytes in MS has been thought to

be limited to the chronic stage of lesion development, where
they populate the hypocellular areas that remain after active

demyelination has expanded and died out, resulting in a glial scar.
Our findings, however, point toward an active role for reactive as-
trocytes in early demyelinating events and/or perpetuating the cas-
cade of myelin destruction. This hypothesis is supported by the report
that astrocyte-specific inhibition of NF-κB activation leads to a re-
duction in the astrocyte response and subsequently reduced cupri-
zone-induced demyelination (33), as well as the notion that ablation
of reactive astrocytes during cuprizone treatment dramatically di-
minishes demyelination, due to reduced recruitment of microglia,
which remove myelin debris (34). In addition, recent reports using the
experimental autoimmune encephalomyelitis (EAE) model of MS,
demonstrate an instrumental role for astrocytes in regulating neuro-
inflammation (35, 36). Therefore, the pathogenic role of astrocytes
we describe here is not unprecedented.
We propose that, during the course of reactive astrogliosis in

the context of demyelination, stress-induced activation of, among
others, p38 and ERK MAPK pathways leads to the phosphory-
lation of CRYAB, altering its intracellular localization and func-
tion and ultimately leading to a stronger reactive response. We
further argue that phosphorylation of Ser-59 has a dominant role
in this reactive response, considering the observation that Ser-59
phosphorylation is increased upon stress in vitro, whereas Ser-45
phosphorylation is not affected. In addition, phosphorylation of
Ser-59 is highly abundant in reactive astrocytes in MS and cupri-
zone-induced lesions, whereas Ser-45 phosphorylation is unaf-
fected in MS lesions and not present in astrocytes in cuprizone-
induced lesions. Moreover, inhibition of p38, resulting in reduced
Ser-59 phosphorylation, has a greater effect on in vitro reactivity
than inhibition of ERK, which directs Ser-45 phosphorylation.
Some discrepancies in our findings warrant further discussion,

though. We show that, in MS brain tissue, as in cuprizone-induced
lesions, phosphorylation of Ser-59 is present exclusively in reactive
astrocytes in areas with active demyelination, whereas in vitro,
phosphorylated Ser-59 is constitutively present at low levels and is
enhanced by stress stimuli. In contrast, phosphorylation of Ser-45
is present in astrocytes in both NAWM and active MS lesions and
in cultured primary astrocytes, whereas it is not found in astrocytes
in cuprizone-induced lesions. Interestingly, localization of phos-
pho-Ser-45 in astrocytes seems to be species specific. We find
cytoplasmic localization in human astrocytes in vivo and in human
astroglioma-derived cells (own observations), whereas phospho-
Ser-45 is confined to the nucleus in murine cultured astrocytes. In
contrast, phospho-Ser-59 is exclusively localized in the cytoplasm
in both human and murine astrocytes. An additional discrepancy
lies in the observed activation of the MAPK pathways responsible
for CRYAB phosphorylation. In vitro, the level of phosphoryla-
tion of both Ser-59 and Ser-45 correlates with the activation of p38
and ERK, respectively. In vivo, however, we observe that p38
activation is present in a subset of reactive astrocytes, whereas
many reactive astrocytes contain phosphorylated Ser-59. Likewise,
activated ERK is present in a subset of reactive astrocytes, although

Table 2. Summary of canonical pathways and biological functions predicted to be differentially affected by binding to native and
phosphorylated CRYAB, identified by IPA

Protein state Canonical pathways affected Biological functions affected

Native CRYAB
⇓ RhoGDI signaling ⇓ Cell death and survival, cell morphology
⇑ EIF2 signaling, RhoA signaling, actin

cytoskeleton signaling, integrin signaling
⇑ Cellular assembly and organization, cell proliferation and

differentiation, cell movement

P-Ser-59 CRYAB
⇓ EIF2 signaling, eNOS signaling ⇓ Cellular assembly and organization, cell growth and proliferation
⇑ Integrin signaling ⇑ Cell death and survival, cell morphology, ATP metabolism

P-Ser-45 CRYAB
⇓ EIF2 signaling, HIPPO signaling ⇓ Cellular assembly and organization, cell growth and proliferation
⇑ 14-3-3-mediated signaling,

protein kinase A signaling, PI3K/AKT signaling
⇑ Cell death and survival, cell morphology, protein synthesis, cell

cycle control

⇓ depicts pathways and functions enriched for CRYAB binding targets, expression of which is associated with pathway inhibition or reduction of function.
⇑ depicts pathways and functions enriched for CRYAB binding targets, expression of which is associated with pathway activation or increase in function.
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phosphorylated Ser-45 is not present in astrocytes in either cupri-
zone-affected or unaffected tissue. These incongruities might be
explained by the highly versatile system of differential phosphor-
ylation upon specific types of stress that regulates the activity,
localization, and function of CRYAB (30), and that might be af-
fected by species and context-driven differences. These variations
could also explain the discrepancy of the current data with our
previous findings in the EAE model of neuroinflammation, where
administration of recombinant CRYAB attenuates disease and
reduces proinflammatory cytokine production by T cells (17). We
observed there that expression of ERK and p38 is increased in
Cryab−/− astrocytes, compared with WT astrocytes, correlating with
increased IL-6 production, as well as cell death, of these cells.
However, phosphorylation of ERK is induced in WT cells 72 h
after stimulation with TNF, as well as phosphorylation of CRYAB
Ser-59, but not Ser-45, whereas phospho-ERK levels are slightly
lower in Cryab−/− astrocytes and phospho-p38 was not detected in
either type of cells. This suggested that, in the setting of this
stimulus and within this time frame, other signaling pathways, as
well as possible feedback and/or compensatory mechanisms, might
contribute to the susceptibility of astrocytes to stress and their
production of cytokines. More insight in the kinetics of MAPK
signaling, as well as of potential, currently unknown, phosphatases
involved in the dephosphorylation, of CRYAB could also further
illuminate the regulation of CRYAB in astrocytes.
In addition, as pointed out before, in EAE the binding of ex-

ogenously administered CRYAB to proinflammatory factors in the
blood underlies its therapeutic effect (27). The same might provide
the basis for the beneficial outcome that has been shown in a re-
cent clinical trial in MS patients after i.v. administration of
CRYAB. In this trial, repeated administration of CRYAB resulted
in decreased lesion activity on MRI, which the investigators sug-
gested was due to an alteration of peripheral immune cell re-
sponses (37). In contrast to this, we propose that the effect of
CRYAB we describe here is due to its intracellular expression and
impact on signaling pathways in astrocytes, rather than an effect on
peripheral immunologic mechanisms. This contention is supported
by the fact that administration of exogenous CRYAB has no effect
on cuprizone-induced pathology.
The versatility in functions of (phosphorylated) CRYAB is also

highlighted by our analysis of the proteins it binds to, which shows
clear differences in binding targets and associated functions based
on the state of phosphorylation. However, our analyses merely
reveal associations with previously described functional interac-
tions of the protein binding targets bound by (phosphorylated)
CRYAB, not necessarily how this binding affects downstream
pathways and functions. If binding by (phosphorylated) CRYAB
hinders the normal function of these targets, though, our results
predict that native CRYAB might suppress the integration of
stress signals to regulate mRNA translation, associated with EIF2
signaling (38), whereas signals inducing Ser-59 or Ser-45 phos-
phorylation could lift this inhibition (Table 2).
Phosphorylation of Ser-59 might promote the antiapoptotic

function of eNOS and its described role in neurovascular coupling
by astrocytes (39, 40), as well as enable proliferation and cyto-
skeletal rearrangement to support cellular movement, whereas it
might inhibit integrin-linked kinase signaling, cell death, and ATP
metabolism (Table 2 and Tables S2, P-Ser59–induced changes,
and S3, P-Ser59–induced changes). In contrast, phosphorylation of
Ser-45 could support HIPPO signaling, which is involved in the
regulation of proliferation and a key component of which has been
shown to inhibit reactive astrogliosis (41), whereas it might inhibit
cell cycle and metabolism control by affecting 14-3-3, PKA, and
PI3K/AKT signaling (Table 2 and Tables S2, P-Ser45–induced
changes, and S3, P-Ser45–induced changes).
Together, these observations strengthen our hypothesis that Ser-59

phosphorylation has a dominant role in supporting reactive astro-

gliosis. However, further in-depth analyses of the pathways impli-
cated here in the regulation of astrocyte functioning are warranted.
Many studies show a correlation between astrocyte activation and

CRYAB levels in reactive astrocytes in injury or disease, such as
intracerebral hemorrhage, stroke, and Parkinson’s disease (42–44).
In most models, however, CRYAB is reported to have a protective
role. In spinal cord contusion injury (SCI), for example, treatment
with CRYAB improves recovery (45). Interestingly, this beneficial
effect of CRYAB treatment is accompanied by enhanced GFAP
immunoreactivity around the lesion and enhanced levels of several
cytokines and chemokines, possibly representing—in the context of
SCI—a beneficial acute reactive astrocyte response, which subsides
at the chronic stage. As important initiators of the inflammatory
response after SCI, astrocytes might be the source of (some of)
these inflammatory mediators, which is consistent with our finding
that CRYAB supports the production of IL-6 by reactive astrocytes.
In addition, a series of studies recently reported a central role for
CRYAB in the dopamine D2 receptor (DRD2)-mediated sup-
pression of the inflammatory astrocyte response (42, 43, 46). They
demonstrate how CRYAB prevents NF-κB and STAT3 signaling,
resulting in reduced neuroinflammation. This discordance with our
findings could reflect differences in the activation state induced by
different kinds of stress and/or regional differences in the astrocyte
response, given that dopamine signals through Gi, which might have
diverse downstream effects, depending on the area of the brain and
the signals received (47). Furthermore, these studies did not address
how CRYAB phosphorylation is affected by altered DRD2 ex-
pression or signaling. Interestingly, however, activation of several
kinases, including p38 and ERK, was increased in the striatum of
DRD2−/− mice, indicating that phosphorylation of CRYAB might
be affected in these mice (46).
Phosphorylation of CRYAB has been associated with several

neurodegenerative diseases, such as Alexander’s disease, Alzheimer’s,
and Down syndrome (48, 49). Here, we provide an evaluation,
however, of the phosphorylation status of CRYAB in MS lesions
and its function in demyelination. Exploring this additional level
of complexity in the regulation of key proteins implicated in MS
pathogenesis, by investigating the posttranslational modifications
that might lead to altered function of these proteins, might ul-
timately lead to new targets for therapeutic intervention.
Moreover, in doing so, we have uncovered a potential pivotal
role for astrocyte activation in the pathogenesis of MS. Consid-
ering this role of astrocytes in the process of active de-
myelination, these findings open up alternative avenues in the
development of treatments for MS. It is becoming clear that
there is a fine balance of astrocyte activation stages that result in
either beneficial or detrimental functions during demyelinating
events. A better understanding of the extracellular and in-
tracellular factors that determine the reactive astrocyte pheno-
type is needed to target this delicate balance. Phosphorylation of
CRYAB, as one of the main regulators of reactive astrogliosis,
could prove to be one of those defining factors controlling the
tipping point of the pathogenic astrocyte response.

Materials and Methods
Mice. All animal procedures were approved by the Stanford University Ad-
ministrative Panel on Laboratory Animal Care. Cryab−/− mice were first gen-
erated on a 129S4/SvJae background and maintained on a 129S6/SvEvTac ×
129S4/SvJae background (50). At the ages used for this study, Cryab−/−mice are
fertile and viable with normal lens transparency and without any apparent
prenatal defects. Colonies of Cryab−/− mice and WT controls were maintained
and bred in our animal colony according to regulations approved by the
Stanford University Institutional Animal Care and Use Committee.

Cuprizone Feeding and Rotarod Testing. Eight- to 10-wk-old 129S6 WT and
Cryab−/− were fed a diet containing 0.2% cuprizone for 4.5–8 wk to induce
demyelination. Motor skill was tested by rotarod assay twice a week from
week 0.5 before start of the cuprizone diet. Rotor speed increased from 5 to
45 rpm over 300 s, and animals were tested over four trials with a minimum
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of 5 min rest between trials. Motor skill was scored on a combined 0- to 14-
point scale based on lag time to first fall or flip (0–5 points), total time spent
on the rotarod (0–5 points), and number of flips made (0–4 points), and the
average score from the best three trials was calculated.

Tissue Preparation and Histology. Mice were deeply anesthetized with ket-
amine/xylazine (100 and 7 mg/kg, respectively), and then transcardially per-
fused [cold saline followed by cold 4% (wt/vol) paraformaldehyde in 0.1 M
phosphate buffer], and brains were collected for immunohistochemistry. All
brains were postfixed overnight in 4% (wt/vol) paraformaldehyde at 4 °C, after
which brains were cut in half sagittally. One-half was then cryoprotected in
30% (wt/vol) sucrose and stored at 4 °C until they were embedded in Optimal
Cutting Temperature compound (Tissue-Tek) and frozen at −80 °C. The other
half was transferred to 10% (vol/vol) formalin in PBS and embedded in par-
affin. Paraffin sections (5 μm) were used for analysis of demyelination and
remyelination by LFB staining. Light-microscopic pictures of LFB-stained tissue
(50×) were analyzed using ImageJ (version 1.44; National Institutes of Health).

Cryosections [20 μm, stored at − 20 °C in cryoprotectant consisting of 30%
(vol/vol) ethylene glycol, 30% (vol/vol) glycerin in 0.1 M phosphate buffer] were
stained with free-floating immunohistochemistry. Briefly, sections were in-
cubated in Tris-buffered saline (TBS) with 0.3% Triton X-100 and 1% normal
donkey serum at 4 °C overnight containing the following primary antibodies:
goat anti-GFAP (1:1,000; Abcam; ab53554), mouse anti-Iba1 (1:1,000; Wako;
019-19741), rat anti-MBP (1:500; Millipore; MAB386), rabbit anti-phospho-Ser-
59-CRYAB (1:500; Abcam; ab5577), rabbit anti-phospho-Ser-45-CRYAB (1:500;
Abcam; ab5598), mouse anti-CC1 (1:500; Calbiochem; OP80), rabbit anti-pho-
pho-p38 (1:500; Cell Signaling Technology; 4511), and rabbit anti-phopho-Erk1/
2 (1:500; Cell Signaling Technology; 4370). Species-specific fluorescent secondary
antibodies from donkey conjugated with FITC, Cy3, or Cy5 were obtained from
Jackson Laboratories and all used at 1:500. Fluorescent signals were detected
using a confocal laser-scanning microscope (Zeiss; LSM 700). All analyses were
performed using multichannel configuration with a 40× objective and elec-
tronic zoom of 1. Number of astrocytes and microglia in comparable regions
inside and outside the lesions and in control tissue, were quantified by counting
nuclei associated with GFAP or Iba1 staining, respectively, using ImageJ.

Primary Astrocyte Cultures and Stimulations. Primary astrocyte cultures were
derived from 7-d-old WT mouse pups and enriched using a modified immuno-
panning method described before (51). Briefly, brain tissue was dissected and en-
zymatically dissociated to a single-cell suspension. Microglia were first depleted by
two panning steps on plates coated with BSL-1 (Vector Laboratories). Oligoden-
drocyte progenitor cells were then depleted on an anti-PDGFRα (BD Pharmingen;
558774)-coated plate, and the remaining astrocyte-enriched cell suspension was
plated in uncoated T75 flasks in DMEM (HyClone) containing 10% (vol/vol) FBS,
4.5 g/L glucose, 4mM L-glutamine, 1mM sodium pyruvate, 100 U/mL penicillin, and
0.1 mg/mL streptomycin. Astrocytes were passaged at least once before being used
in the described assays. Serum concentration in the media was lowered in steps
[10, 5, 1% (vol/vol)] to serum-free conditions before start of the stimulation ex-
periments. Cells were stimulated for 24–48 h with increasing doses of LPS (Sigma;
doses indicated in figures) and with 1,000 ng/mL LPS following 16-h pretreatment
with specific inhibitors for p38 (10 μM; SB203580; Calbiochem) and ERK (100 μM;
PD98059; Calbiochem) in serum-free media.

siRNA Transfection. Primary WT astrocytes were transfected with control and
CRYAB ON-TARGETplus SMARTpool siRNAs (mouse CRYAB, 12955, and
nontargeting control pool; Dharmacon) using the Amaxa Nucleofector sys-
tem and a Basic Glial Cell Nucleofector kit (Lonza). Serum concentration in the
media was lowered in steps [10, 5, 1% (vol/vol)] to serum-free conditions
before start of the stimulation experiments. Cells were plated on poly-D-lysine
(PDL) (BD)-coated 12-well plates for in vitro scratch assays or uncoated 6-well
plates and stimulated with LPS for 48 h for analysis of IL-6 secretion by ELISA.

In Vitro Scratch Assay. Transfected cells, grown in PDL-coated 12-well plates until
confluency, were scratched with a 20- to 200-μL pipet tip and left to proliferate
for 48 h. Pictures were taken with light microscopy immediately and 48 h after
the scratch insult. Sets of pictures were then analyzed using ImageJ.

ELISA. Untransfected and transfected cells were stimulated for 24–48 h with in-
creasing doses of LPS (Sigma; doses indicated in figures) and with 1,000 ng/mL LPS
following 16-h pretreatment with specific inhibitors for p38 (10 μM; SB203580;
Calbiochem) and ERK (100 μM; PD98059; Calbiochem) in serum-free media. Cul-
ture supernatants were harvested 48 h after stimulation, and IL-6 was measured
in the supernatants using a commercial ELISA kit (OptEIA mouse IL-6; BD).

Identification of CRYAB Phosphopeptides in Human Brain Tissue. FrozenMS brain
tissue samples were histologically classified as described before in refs. 28 and 52.
Active MS brain lesions (pooled from three MS samples) and control (pooled
from two age-, sex-, and brain region-matched) samples (each with a wet weight
of ∼1 g) were pulverized on dry ice in a Dounce homogenizer in lysis buffer (53).
High-speed supernatants from the tissue extracts were subjected to reduction,
alkylation, protease digestion with trypsin, and phosphoprotein enrichment on
IMAC columns followed by nanoscale liquid chromatography coupled to tandem
mass spectrometry (nano-LC-MS/MS) on an LTQ velos-Orbitrap (Thermo Fisher
Scientific) (29). Mass spectra were searched against a human IPI protein database
(version 3.75) concatenated with a reversed database by the SEQUEST algorithm
(Proteome Discoverer software, version 1.2; Thermo Scientific), and mass addi-
tion for oxidation (15.995 Da) on methionine and phosphorylation (79.966 Da)
on Ser, Thr, and Tyr was tolerated for posttranslational modification. A complete
list with mass spectra is archived in Peptide database PASS00275–phosphopro-
teome of human multiple sclerosis brain lesion (https://db.systemsbiology.net/
sbeams/cgi/PeptideAtlas/PASS_View?identifier=PASS00275).

MS Brain Tissue and Immunohistochemistry.Brain tissue, taken from patients with
clinically diagnosed and neuropathologically confirmed MS, was obtained at
rapid autopsy and immediately frozen in liquid nitrogen (in collaboration with
The Netherlands Brain Bank, Amsterdam, The Netherlands; coordinator, Inge
Huitinga). White-matter MS tissue samples were selected on the basis of post-
mortem MRI. All patients, or their next of kin, had given informed consent for
autopsy and use of their brain tissue for research purposes. The use of tissue
and access to medical records for research purposes was approved by the Ethical
Committee of the VU University Medical Center (Amsterdam, The Netherlands).

For immunohistochemical staining, 5-μm cryosections were air-dried and fixed
in acetone for 10 min. Sections were incubated overnight at 4 °C with primary
antibodies for native CRYAB (Enzo; ADI-SPA-223), phospho-Ser-59-CRYAB or
phospho-Ser-45-CRYAB, all diluted in PBS containing 0.1% BSA (Boehringer-
Mannheim), after which slides were incubated with EnVision Kit mouse/rabbit-
labeled horseradish peroxidase (DAKO) for 30 min at room temperature.
Peroxidase activity was demonstrated with 0.5 mg/mL 3,30-diaminobenzidine
tetrachloride (DAB) (Sigma) in PBS containing 0.02% hydrogen peroxide. Between
incubation steps, sections were thoroughly washed with PBS. After DAB develop-
ment, sections were counterstained with hematoxylin for 1 min and dehydrated
with ethanol followed by xylenes and mounted with Entellan (Merck).

Immunocytochemistry. Cells were cultured on glass coverslips and stimulatedwith
1,000 ng/mL LPS alone or following 16-h pretreatment with specific inhibitors for
p38 (10 μM; SB203580; Calbiochem) and ERK (100 μM; PD98059; Calbiochem) in
serum-free media. After stimulation, cells were fixed in 4% (wt/vol) para-
formaldehyde in PBS for 10 min and then washed with PBS and kept in PBS until
immunocytochemistry. Fixed cells were stained with the following primary anti-
bodies: mouse anti-CRYAB (Abcam; ab13496), rabbit anti-phospho-Ser-59-CRYAB,
and rabbit anti-phospho-Ser-45-CRYAB. Species-specific fluorescent secondary
antibodies from donkey conjugated with Al488, Cy3, or Cy5 were obtained from
Jackson Laboratories and all used at 1:500. Fluorescent signals were detected using
a confocal laser-scanningmicroscope (Zeiss; LSM 700). All analyses were performed
using multichannel configuration with a 40× objective and electronic zoom of 1.

Coimmunoprecipitation and Protein Identification by Mass Spectrometry. Astrocyte
cultures were grown up in bulk in T175 flasks, and lysates were made and coim-
munoprecipitated with the following antibodies: rabbit anti-CRYAB, phospho-Ser-
59-, phospho-Ser-45-, phospho-Ser-19-CRYAB (Thermo Fisher; PA1-20795, PA1-012,
PA1-011, PA1-010, respectively), above using a Pierce Co-IP kit, according to
manufacturer’s directions. An isotype control was used to identify background
binding. The resulting eluates were subjected to reduction, alkylation, and pro-
tease digestion with trypsin followed by nano-LC-MS/MS on an LTQ velos-Orbitrap.
Proteins were identified using Scaffold4 software, with peptide and protein
thresholds of 95.0% minimum and 1 peptide minimum, and peptide and protein
false-discovery rates of 0.9 and 0.7%, respectively. Quantitative values, corrected
for background binding (as determined by binding to the isotype control), using
total spectra outputs, were used for subsequent analyses.

AutoSOME Clustering of Protein Binding Targets. AutoSOME (autosome.
stanford.edu) (54) clustering was performed with all protein targets and
background-corrected quantitative values (240 entries) over 100 ensemble
runs, using a minimum spanning tree approach with unit variance normal-
ization, a Euclidean distance matrix, and a P-value cutoff of 0.05.

WebGestalt Identification of Enriched Protein Pathways. WebGestalt, a Web-
based enrichment tool for the functional annotation and pathway analysis of
sets of genes or proteins, was performed, and enrichment analysis of GO
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terms and pathways in the sets of proteins bound by (phosphorylated) CRYAB
that were identified by mass spectrometry, using theWikipathways database
of biological pathways (www.webgestalt.org). A hypergeometric test was
performed with Mus musculus as organism, and using identified entrezgene
number as ID types and the entrezgene_protein-coding reference set, fol-
lowed by Benjamini–Hochberg adjustment for multiple testing. An adjusted
P value of 0.05 was considered significant and pathways containing a min-
imum of two identified proteins were included.

IPA of Predicted Differentially Affected Pathways and Functions. IPA (Qiagen;
www.ingenuity.com/) was used to identify curated canonical pathways and
biological pathways and disease annotations that were enriched for binding
targets of native CRYAB, as well as changes to binding patterns induced by
phosphorylation of Cryab, by subtracting quantitative protein values (spec-
tral counts) bound by native CRYAB from those bound by phosphorylated
CRYAB. Analysis was run using the Ingenuity Knowledge Base reference set
containing genes and endogenous chemicals, considering direct and indirect

relationships. Confidence was set at experimentally observed in data curated
from all human, mouse, and rat tissue and cell line sources.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
software, version 5.0a. A Kolmogorov–Smirnov test was used to verify normality of
samples. In samples with Gaussian distribution, an unpaired t test was used to
determine significant differences between groups, or a two-way ANOVAwas used
to identify effects ofmultiple parameters. In samples without Gaussian distribution,
a nonparametric Mann–Whitney test was used to determine significant differ-
ences. Values of P < 0.01, < 0.05, and < 0.1 are indicated in the figures.
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