7974 - The Journal of Neuroscience, July 25,2007 - 27(30):7974-7986

Neurobiology of Disease

Demyelination, Astrogliosis, and Accumulation of
Ubiquitinated Proteins, Hallmarks of CNS Disease in
hsf1-Deficient Mice

Sachiko Homma,* Xiongjie Jin,'* Guanghu Wang,"* Naxin Tu,'* Jinna Min,' Nathan Yanasak,? and Nahid F. Mivechi'>
ICenter for Molecular Chaperone/Radiobiology and Cancer Virology, 2Department of Radiology, Medical College of Georgia, Augusta, Georgia 30912

The heat shock transcription factors (Hsfs) are responsible for the heat shock response, an evolutionarily conserved process for clearance
of damaged and aggregated proteins. In organisms such as Caenorhabditis elegans, which contain a single Hsf, reduction in the level of Hsf
is associated with the appearance of age-related phenotypes and increased accumulation of protein aggregates. Mammalian cells express
three hsfs (hsf1, hsf2, hsf4) and their role in CNS homeostasis remains unclear. In this study, we examined the effects of deletion of single
or multiple hsfgenes in the CNS using mutant mice. Our results show that hsfl ~'~ mice display progressive myelin loss that accompanies
severe astrogliosis and this is exacerbated in the absence of either the hsf2 or hsf4 gene. Magnetic resonance imaging and behavioral
studies indicate reduction in the white matter tracts of the corpus callosum, and deficiencies in motor activity, respectively, in aged
hsfl '~ mice. Concomitantly, hsfl ~'~ aged CNS exhibit increased activated microglia and apoptotic cells that are mainly positive for
GFAP, an astrocyte-specific marker. Studies based on the expression of short-lived ubiquitinated green fluorescent protein (GFPu) in
living hsfl =/~ cells indicate that they exhibit reduced ability to degrade ubiquitinated proteins, accumulate short-lived GFPu, and
accumulate aggregates of the Huntington’s model of GFP containing trinucleotide repeats (Q103-GFP). Likewise, hsfl '~ brain and
astrocytes exhibit higher than wild-type levels of ubiquitinated proteins, increased levels of protein oxidation, and increased sensitivity
to oxidative stress. These studies indicate a critical role for mammalian hsf genes, but specifically hsfl, in the quality control mechanisms
and maintenance of CNS homeostasis during the organism’s lifetime.
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Introduction

Heat shock proteins (Hsps) or molecular chaperones play an
important role in protein folding and degradation and, as such,
play a central role in the pathophysiology of several of the neuro-
degenerative diseases (Soti and Csermely, 2002; Barral et al.,
2004; Muchowski and Wacker, 2005). Inducibility of Hsps by
environmental insults (e.g., heat shock or oxidative stress) is in
part regulated by heat shock factors (Hsfs) (Wu, 1995; Mori-
moto, 1998). Hsfs bind to heat shock elements present on the
promoters of Hsps and other genes, but the mechanisms respon-
sible for Hsf transcriptional activation are diverse (Wu, 1995;
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Morimoto, 1998). In yeast, Drosophila, and Caenorhabditis el-
egans, there is a single hsf gene. Hsf in yeast is an essential gene,
whereas in Drosophila, Hsf deficiency leads to defects during early
development and lack of stress response (Wu, 1995; Morimoto,
1998). Reduction in the level of Hsf in C. elegans leads to reduced
life span and increased age-related phenotypes, such as accumu-
lation of protein aggregates, suggesting a critical role for Hsf dur-
ing aging (Hsu et al., 2003). In mammals, there are three Hsfs
(Hsf1, -2, and -4), with Hsf1 being the critical factor whose acti-
vation is dependent on the environmental stresses such as ele-
vated temperature, oxidative stress, or conditions that increase
protein misfolding in cells (Wu, 1995; Morimoto, 1998). Hsf2
and Hsf4 participate in similar processes through activation of
perhaps the same target genes, but the modes of their activation
are less well defined. Hsf2 activity has been shown to be required
during radial glial migration and spermatogenesis (G. Wang et
al,, 2003, 2004; Chang et al., 2006). Hsf4 activity has been dem-
onstrated during lens fiber cell differentiation (Fujimoto et al.,
2004; Min et al., 2004). On the basis of recent studies using mice
deficient in individual Hsfs, there is now clear evidence that all
Hsfs play an important role during development and
differentiation-related processes (Xiao et al., 1999; G. Wanget al.,
2003, 2004; Fujimoto et al., 2004; Min et al., 2004). hsfI = cells
are susceptible to cytotoxic effects of heat shock because these
cells undergo increased apoptosis when exposed to multiple heat
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exposures (McMillan et al., 1998; Xiao et al., 1999; Zhang et al,,
2002; Santos and Saraiva, 2004; G. Wang et al., 2004; Takaki et al.,
2006). This lack of adaptive response to heat shock is attributable
to the absence of stress-inducible Hsps (Zhang et al., 2002).

Process of aging in the CNS is associated with variety of cellu-
lar changes. These cellular modifications implicate the oxidative
stress and reduction in the ubiquitin (Ub) proteasome function
as critical factors leading to protein aggregation and increased cell
death in the aged CNS (D. S. Wang et al., 2004; Mariani et al.,
2005). Age-related neurodegenerative diseases such as Alzhei-
mer’s disease and trinucleotide repeat diseases (such as Hunting-
ton’s disease) exhibit increased oxidative damage in different
compartments of the brain and they are associated with neuronal
cells harboring inclusion bodies, resulting in neuronal loss (Price
etal., 1998; Butterfield et al., 2001). The inclusion bodies contain
protein aggregates that are immunoreactive for 19S and 26S pro-
teasomes, ubiquitin, and molecular chaperones, suggesting that
the Ub-proteasome system and molecular chaperones are in-
volved in the degradation of such protein aggregates (Price et al.,
1998; Goldberg, 2003; Muchowski and Wacker, 2005). Molecular
chaperones or Hsps have been implicated to protect cells against
oxidative damage and they affect protein aggregation of diseased
proteins such as polyQ-containing proteins or AB peptide (Gold-
berg, 2003; Barral et al., 2004). Overexpression of specific Hsps
has been shown to reduce neuronal toxicity [e.g., mice overex-
pressing Ataxin 1 82Q crossed with an Hsp70-expressing trans-
genic line improves the neuropathological phenotypes of Ataxin
1 Q82 mice (Cummings et al., 1998)]. In addition, genetic screens
in Drosophila melanogaster and C. elegans models of polyglu-
tamine aggregation have identified Hsp40 and Hsp70 as suppres-
sors of polyQ-related neurotoxicity (Kazemi-Esfarjani and Ben-
zer, 2000; Auluck et al., 2002; Goldberg, 2003). Reduction in
myelin is also a common occurrence of aging and is observed in
age-related neurodegenerative diseases such as Alzheimer’s dis-
ease (D. S. Wang et al., 2004). In elderly brains, ubiquitin immu-
noreactivity and degenerative myelin is detected, perhaps as a
result of an age-related increase in protein damage and delayed
rate of remyelination because of the decline in oligodendrocyte
progenitor recruitment and their differentiation to mature oligo-
dendrocytes (Franklin et al., 2002; D. S. Wang et al., 2004). In
addition to oligodendrocytes, both neurons and glia are inti-
mately involved in myelin biogenesis. These cells release factors
such as IGF1 (insulin-like growth factor), FGF2 (fibroblast
growth factor), PDGF (platelet-derived growth factor), and
CNTF (ciliary neurotrophic factor) that control cell growth and
survival of oligodendrocytes (Simons and Trajkovic, 2006). Elec-
trical stimulation leads to secretion of promyelinating factors
such as leukemia inhibitory factor from astrocytes and adenosine
from neurons changing the expression level of adhesion mole-
cules of axonal cell (Simons and Trajkovic, 2006). Therefore,
balance of factors released by cells and proper cellular cofactors
are necessary for appropriate production and maintenance of
CNS during the organism’s lifetime.

In this study, we analyzed the requirement of Hsfl and other
two Hsfs in the CNS homeostasis. We show that Hsf1 is an essen-
tial Hsf that helps to retain some of the features of normal aging
brain. As such, hsfl ’~ mice exhibit accelerated demyelination
and astrogliosis as well as accumulation of ubiquitinated pro-
teins, and increased protein oxidation, suggesting that the reduc-
tion in expression and activity of Hsfl can accelerate aging-
related brain pathology.
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Materials and Methods

Generation of mice deficient in hsf genes. The generation of hsfl ',
hsf2~'~, or hsf4~'~ mice have been reported previously (Zhang et al.,
2002; G. Wang et al., 2003, 2004; Min et al., 2004). Double- and triple-
mutant mice were generated by crossing hsfl '~ mice with hsf2- or hsf4-
deficient mice followed by intercrosses taking into consideration that
hsfl =/~ female mice are infertile, and hsflhsf2-deficient male and female
mice are infertile. The genetic background of all of the mouse lines was
(129Sv/Ev-C57BL/6)F,, as a result of the partial embryonic lethality ob-
served in hsfl ~/~ mice in the pure genetic background. All procedures
involving mice were conducted using the Institutional Animal Use and
Care Committee with approved protocols.

Genotype analysis. Genotyping of hsfl-, hsf2-, and hsf4-deficient mice
was performed by PCR. For detection of wild-type hsfl, PCR was per-
formed with primer 1, 5'-GAGATGACCAGAATGCTGTGGGTG, and
primer 2, 5'-GCAAGCATAGCATCCTGAAAGAG (annealing to intron
1 and exon 1, respectively). For hsfl '~ mice, primer 1, 5'-ATAC-
ACGTGGCTTTTGGCCGCAGA, and primer 2, 5'-ACTGGCCGAAG-
CCGCTTGGAATAA (annealing to the IRES sequence) were used. The
expected PCR products for wild-type and targeted hsfl loci are fragments
of 420 and 285 bp, respectively. For detection of the hsf2 ™/~ genotype,
multiplex PCR was performed with common primer 1, 5'-GTGG-
TGTGCGTTCCCCGGAG, primer 2, 5'-TGACTCCAGGTGATGAACTC
(annealing to hsf2 coding sequence), and primer 3 (annealing to the EGFP
gene, 5'-CTTCGGGCATGGCGGACTTG). The expected PCR products for
wild-type and targeted hsf2loci are fragments of 200 and 406 bp, respectively.
For detection of hsf4 '~ mice, we used the following: primer 1, 5'-
GCAAACGCAGCACTTTCGCG annealing to the hsf4 promoter region;
primer 2, 5'-CGGATCTTGAAGTTCACCTTGAT annealing to the EGFP
gene; and primer 3, 5'-TGGACAGGGGTGTTCACGACA binding to the
hsf4 allele on the distal arm. The expected PCR products for wild-type and
targeted hsf4 loci are fragments of 260 and 600 bp, respectively (Zhang et al.,
2002; G. Wang et al., 2003, 2004; Min et al., 2004).

Transient transfection assays. Transient transfection assays were per-
formed using Mirus Trans IT-Ltl (Mirus, Madison, WI). Transfected
DNA mixes included 4—8 ug of expression plasmid DNA and, when
required, empty plasmid DNA added to a total of 8 ug. The DNA mixes
wereadded to 5 X 107 cells. The transfection efficiency varied between 60
and 70% in all experiments, as determined by immunofluorescence anal-
ysis (Hu and Mivechi, 2006; Tu et al., 2006).

Flow cytometric analyses. Cells were rinsed twice with PBS and resus-
pended in 500 ul of PBS followed by the addition of 5 ml of methanol.
The mixture was incubated for at least 2 h at 4°C. Cells were rinsed with
PBS and resuspended in 400 wl of PBS containing 20 ul propidium
iodide (1 mg/ml) and 2 ul of RNase (50 mg/ml). After 30 min of incu-
bation at 25°C, flow cytometric analyses were performed using CellQuest
Pro with luminescence spectrophotometer (excitation at 480 nm and
emission at 510 nm) (Tu et al., 2006).

Immunofluorescence, histology, immunohistochemistry, terminal deoxy-
nucleotidyl transferase-mediated biotinylated UTP nick end labeling, and
electron microscopy. For immunofluorescence analyses of astrocytes and
neurons, cells were fixed in 4% paraformaldehyde (PFA), incubated with
primary antibodies to glial fibrillary acidic protein (GFAP) (N1506;
1:400; DakoCytomation, Carpinteria, CA), neuronal nuclei (NeuN)
(MAB377; 1:250; Chemicon International, Temecula, CA), or ubiquitin
(sc-8017; 1:250; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at
25°C, and then with fluorescent-labeled secondary antibody. Sections
were stained with 4,6-diamidino-2-phenylindole (DAPI) before analy-
ses. For histological analyses, tissues were either frozen in OCT or were
fixed in 4% PFA in PBS, embedded in paraffin, sectioned at 10 um, and
stained with hematoxylin and eosin and subjected to gross and micro-
scopic pathologic analysis. Immunohistochemistry was performed by
incubating fixed tissue sections with primary antibody against GFAP
(N1506; 1:400; DakoCytomation), O4 (1:250; gift from Dr. P. Fredman,
Goteborg, Sweden), myelin basic protein (MBP) (MAB386; 1:500;
Chemicon International), MAC3 (14-5989; 1:250; eBioscience, San Di-
ego, CA), NG2 (catalog #AB5320; 1:250; Chemicon International), CC1
(anti-APC) (Ab-7; clone CC-1; 1:50; Calbiochem, La Jolla, CA), or
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5-bromo-2'-deoxyuridine (BrdU) (DakoCytomation) at 4°C overnight.
Sections were incubated with fluorescent or alkaline phosphatase (AP)-
conjugated secondary antibody. In the case of AP, the antigen—antibody
complexes were developed with NBT (nitroblue tetrazolium chloride)/
BCIP (5-bromo-4-chloro-3-indolyl phosphate, toluidine salt) in 67%
DMSO (v/v) (Roche Applied Science, Indianapolis, IN). For the quanti-
tation of the immunopositive cells in the tissue sections, number of im-
munopositive cell bodies was counted by an observer blinded to geno-
type and treatment using a 20X objective containing an optical grid.
Unbiased stereological cell counts were obtained using a computer-
assisted image analysis system and Zeiss (Oberkochen, Germany) Axio-
vision 4.4 image analysis software, including Axiovision Interactive Mea-
surement Module. The counting frame was placed over the counting
area, and then systematically moved across the tissue section until the
entire area was covered. The tissue area was measured using same system
and cell number was standardized per unit area (square millimeter). For
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) assays, we used ApopTag Red In Situ Apoptosis
Detection kit (Chemicon) that stains cleaved DNA and chromatin con-
densation associated with apoptosis. Tissue sections were first stained to
detect apoptotic cells, and then immunostained with the indicated intra-
cellular markers. For electron microscopy, tissues were fixed in 2.5%
glutaraldehyde for 24 h and treated with osmification solution (2%
0s0,) for 24 h. After standard dehydration, tissues were embedded,
sectioned, and subjected to electron microscopy analyses (Min et al.,
2004).

Immunoblot analyses and protein oxidation detection. Whole-cell or
tissue extracts (30 ug) were subjected to SDS-PAGE and immunoblot-
ting as previously described (Min et al., 2004). The primary antibodies
used were specific to GFAP (1:1000), MBP (1:800), proteolipid protein
(PLP) (MAB388; 1:100; Chemicon International), or B-actin (CP01;
1:20,000; Calbiochem). The protein oxidation was determined using
Chemicon’s OxyBlot Oxidized Protein Detection kit and protocols pro-
vided. Briefly, protein lysates were derivatized (carbonyl groups) using
DNPH (2,4-dinitrophenylhydrazine) reagents. Lysates were separated by
SDS-PAGE, and after transfer to blotting membrane, blots were incu-
bated with primary antibody to attached 2,4-dinitrophenol (DNP) moi-
ety of the proteins. Oxidized molecular weight markers were also in-
cluded in the kit. Detection sensitivity is 10 fmol of dinitrophenyl
residues on a single protein.

Mouse embryo fibroblasts, primary astrocyte and neuronal cultures, stress
treatments, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assays. Mouse embryo fibroblasts (MEFs) were prepared from
embryonic day 13.5 (E13.5) after timed pregnancies. MEFs were trans-
formed using plasmids containing SV40 large T antigen and were cul-
tured in DMEM supplemented with 10% heat-inactivated fetal calf se-
rum (FCS) (Tu et al., 2006). Cortical astrocyte cultures were established
from postnatal day 2 mice. Brains were extracted and separated from
meninges, and the cortices were minced and treated with 0.09% trypsin
for 20 min at 37°C. After centrifugation, cells were resuspended in me-
dium containing Eagle’s MEM (EMEM) supplemented with 20% heat-
inactivated FCS, 21 mum glucose, and 10 ng/ml EGF (epidermal growth
factor) (Peprotech, Rocky Hill, NJ). For primary neurons, we used cor-
tices from E18 embryos. Cortices were digested with papain and tissue
digestion was inhibited with trypsin inhibitor and cells were plated on
poly-L-lysine-coated six-well plates or coverslips. Plating medium con-
sisted of EMEM supplemented with 10% FCS and N2 supplement (In-
vitrogen, Carlsbad, CA). Cultures were used after 3 d and the percentage
of astrocytes (GFAP positive) in neuronal cultures was <<10%. For stress
treatments, astrocytes were seeded in 60 mm dishes until subconfluent,
and then trypsinized and replated on coverslips precoated with poly-p-
lysine at a density of 5 X 10* cells. Cultures were subjected to specific
stress conditions as follows: for glucose deprivation, the growth medium
was exchanged with a balanced salt solution (BSS) that lacked glucose.
For anoxia treatment, cells were plated in an anoxic chamber (0% oxy-
gen) in an atmosphere of 95% nitrogen and 5% CO,. For ischemia treat-
ment, cells were placed in an anoxic chamber and incubated in the
medium with glucose-free BSS. Untreated control cells were plated in
complete medium. For 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
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zolium bromide (MTT) assays, the Vibrant MTT (V13154) Cell Prolif-
eration Assay kit (Invitrogen) was used. The medium was removed from
culture plates and 100 wl of DMEM without phenol red containing MTT
was added. Cells were incubated at 37°C plus 5% CO, for 4 h. The
MTT-containing medium was resolved, and purple formazan crystals
were dissolved by adding 100 ul of SDS-HCI solution (1 g SDS/10 ml of
0.01 M HCI). The microplates were incubated at 37°C for 6 h, and absor-
bance was measured at 570 nm.

BrdU labeling. To determine cellular proliferation in situ, 0.05 mg of
BrdU per gram of body weight was injected intraperitoneally into mice.
Two hours after injection, spinal cords were postfixed overnight in 2%
PFA containing 0.1 M lysine and 0.01 M sodium meta-periodate. After
cytoprotection of tissues in 0.1 M phosphate buffer (pH 7.4) containing
15% sucrose, tissues were frozen in OCT and cryosectioned (10 mm).
The Animal Research kit (K3954; DakoCytomation) was used to detect
BrdU-positive cells.

Magnetic resonance imaging. Images of mice were acquired using a
Bruker (Billerica, MA) 7T PharmaScan MRI. Two sets of high-
resolution, T2-weighted coronal images were acquired for four wild-type
and six hsfl ~'~ mice for use in brain segmentation, using a rapid acqui-
sition with relaxation enhancement sequence (echo time, 42 ms; repeti-
tion time, 5 s; echo train, 8; field of view, 30 X 30 mmy; 16 slices; slice
thickness, 0.5 mm; skip, 0.5 mm; 256 X 256 matrix; number of excita-
tions, 4; scan duration, 10 min 40 s). The position of the first slice for the
second set was offset from the first set by 0.5 mm, allowing both sets to be
incorporated into a single, interleaved three-dimensional image volume.
This composite image volume covered a 16 mm length of brain tissue
along the coronal axis, encompassing most or all of the olfactory lobe to
the anterior cerebellum. Image intensity for each image set was slightly
different, resulting mainly from receiver gain settings determined during
an automatic prescan stage in the scanning sequence. The process of
combining the two image sets into one proceeded as follows. Histograms
of pixel image intensity were calculated for each image set using identical
intensity bins, after multiplying one of the images sets by a gain factor
( g). If the two histograms were identical after multiplication with a gain
factor, the number of pixels in a given bin should be equal between both
histograms. The logarithm of the number of pixels belonging to each bin
(In,;,) was taken, and the difference in In,;, between both histograms was
computed for each bin. The absolute values of these differences were
summed over all bins, giving a measure of difference between the histo-
grams (hg;q) that should be minimized for the appropriate gain factor.
Finally, g was adjusted in steps between 0.6 and 1.2; the value of g yielding
the minimum of hy;, was accepted and the intensity of even-numbered
slices was multiplied by g. After adjustment of the slice-to-slice intensi-
ties, both lateral ventricles and third ventricle (dorsal and medial) were
segmented using MRIcro (Rorden and Brett, 2002). The fourth ventricle
was not measured, because it was not fully present in all mouse images.
After the image intensity was thresholded to segment ventricles coarsely,
segmented regions of interest were drawn manually to define the ventric-
ular boundaries more precisely. Additionally, the mouse cerebrum was
segmented. A significant portion of the cerebrum was used to calculate a
ventricular volume fraction, consisting of the ventricular volume divided
by the partial brain volume. The brain volume used for normalization
covered a region beginning with the first slice posterior to the juncture of
the olfactory bulb to the most posterior slice that displayed the corpus
callosum distinctly. This volume was defined for ease of measurement
and was visible for all mice.

Behavioral studies. To test for motor function, we measured the ability
of mice to balance on a 1.2 cm diameter round bar fixed at a height of 40
cm (Sereda et al., 1996). We assessed hsfl '~ and age-matched controls
from 4 weeks to 18 months of age. The time in seconds that animals
remained on the bar was monitored. In a series of four trials, a maximum
of 3 min per trial was allowed, and the longest time each animal remained
on the bar was recorded. Number of mice used were as follows: 7 wild
type and 10 hsfl '~ at 4—12 weeks of age; 7 wild type and 10 hsfl ~/~ at
3-6 months of age; 7 wild type and 11 hsfl ~/~ at 6—12 months of age;
and 10 wild type and 32 hsfl ~/~ at 12-18 months of age.

Statistical analyses. All experiments were performed at least three
times. Number of embryos or mice used for each time point and/or
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Figure 1.

genotype was n = 3—10. Multiple sections of tissues were analyzed for
each histological or immunohistological analyses. For statistical analyses,
we used mean * SD and unpaired two-tailed Student’s ¢ test unless
otherwise indicated.

Results

Age-dependent demyelination and astrogliosis in

hsf-deficient mice

Hsfl is expressed in neurons, astrocytes, and oligodendrocytes
(Walsh et al., 1997; Stacchiotti et al., 1999), whereas Hsf2 is ex-
pressed in neurons and glia and the developing cerebral cortex
(Stacchiotti et al., 1999; G. Wang et al., 2003; Chang et al., 2006)
and Hsf4 is expressed in CNS of developing embryos, certain
neuronal cell population, but not in astrocytes (Hu and Mivechi,
2006) (data not shown). To examine the consequences of hsf
deficiency in the CNS, we examined cross sections of the spinal
cord after immunohistochemical staining of MBP, a component
of the myelin membrane. We found reduced MBP immunostain-
ing in 8-week-old hsfl /"~ mice, and more severely in 8-week-old
mice deficient in either hsfl and hsf2, or hsfl and hsf4 genes (Fig.
1 A, B, left panels; high magnification of the posterior funiculi is
presented). The observed demyelination in 8-week-old hsfl ~'~
mice was mild, but progressed with age (described below). The
reduced myelination was not observed in the wild-type mice, or
mice that were deficient in either the hsf2 or hsf4 gene (Fig. 1 A).
As the high magnification of the data presented in the left panel of
Figure 1A indicate, the hsfl ~'~ spinal cord also exhibited weaker
Luxol Fast Blue staining, which is an indication of the presence of
less myelin (Fig. 1C, arrows; portion of the posterior funiculi is
presented). In addition, MBP immunostaining of the sections of
the entire spinal cord of hsfl /™ mice indicated that the posterior
funiculi were most affected (Fig. 1 C, bottom panel; area labeled
as “p”). The lateral funiculi were also affected as presented in low
(Fig. 1C, area labeled as “1”) and high magnifications (Fig. 1C,
bottom right panel). There were numbers of vacuolated myelin
sheath in the spinal cord of hsfl '~ mice in addition to demyeli-
nated areas (Fig. 1 C, bottom right panel, arrowheads). The ante-
rior funiculi were less affected (Fig. 1 C, labeled as “a”). Extensive
analyses of sections derived from cervical, thoracic, or lumbar
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Luxol Fast Blue

Demyelination and astrogliosis in Asf7 —/~ mice. A, B, Cross sections of the cervical region of the spinal cords (entire or the posterior funiculus) from wild-type (WT), hsf1, hsf2, hsf4,
hsf1hsf2, hsf2hsf4, or hsf1hsf4-deficient mice at 8 weeks of age. Tissue sections were analyzed afterimmunohistochemical staining using antibodies to MBP, GFAP, or NeuN. Scale bars: MBP, 50 m;
GFAP, 500 em; NeuN, 100 wm. €, High magnification of the spinal cord (posterior funiculus) presented for wild-type (WT) and hsf7 ~/~ mice to show that Luxol Fast Blue (LFB) staining of myelin
is less pronounced in hsf7 '~ mice (arrows). Scale bar, 50 wm. €, Bottom panels, Cross section of the spinal cord of hsf7 '~ mouse immunostained with MBP. p, a, and | indicate three areas of
the spinal cord: p, posterior funiculus; a, anterior funiculus; and |, lateral funiculus. p and | depict areas with reduced MBP immunostaining in sf7 ~/~ spinal cord. The right panel depicts higher
magpnification of a section of lateral funiculus presented in the left panel. The arrowheads in the right panel indicate demyelinated (less MBP stained) and vacuolated myelin sheath. Scale bars: left
panel, 100 wm; right panel, 50 wm.

regions of the spinal cord from the cohort of 8- to 10-week-old
mice deficient in single or multiple hsfs revealed that the onset of
demyelination is after P18 and can be detected at 8—10 weeks of
age, and hsfI is the critical hsf that is required for the proper
maintenance of myelin. However, we observed some dysmyeli-
nation in the sections of the CNS at P18, a peak period of myeli-
nation in the absence of both hsfl and hsf2 genes (data not
shown). The dysmyelination was not observed in ksfl '~ mice at
P18 (data not shown). The mechanism of dysmyelination in
hsfl ~'~hsf2 ™'~ mice could not be pursued further because of the
reduced live birth in this genetic combination.

To further investigate whether there were gross alterations in
astrocyte or neuron cell populations in mice deficient in hsfl, or
other hsfs, we immunostained sections of the adult spinal cord
prepared from wild-type or hsfl '~ mice using antibodies to
GFAP, an astrocyte-specific marker, or to NeuN, a neuron-
specific marker. Astrogliosis was observed in the tissues prepared
from cross sections of the spinal cord (and brain) (see below)
after staining with GFAP in the absence of the hsfl gene, when
compared with age-matched control mice (Fig. 1 A, middle pan-
els). Astrogliosis was also severe in other knock-out mice combi-
nations that also lacked the hsfl gene, that is, mice deficient in the
hsflhsf2, or hsflhsf4 genes (Fig. 1 B, middle panels). No compa-
rable defects were observed in hsf2, hsf4, or hsf2hsf4-deficient
mice (Fig. 1A, B, middle panels). These results indicate the pres-
ence of demyelination and astrogliosis in hsfl ~'~ mice, which we
found to be progressive and more severe at older age in these mice
(see below). Close examination and quantitation of the NeuN
staining of the tissue sections of the spinal cord showed no obvi-
ous neuronal cell loss (Fig. 1 A, B) (data not shown). Immunobhis-
tochemical staining and quantitation of the NeuN-positive cells
in the hippocampus area where neurons spread evenly, as well as
other regions of the brain also showed no gross changes in neu-
ronal cell populations (data not shown). This result indicates that
neuronal death is not a prominent phenotype in hsfl ~/~ adult
mice.

To further determine whether there was an age-dependent
astrogliosis, analyses were performed where the numbers of as-
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trocytes were quantitated in cross sections
of the spinal cord after immunostaining
with GFAP (Fig. 2A,B). Results indicate
that there was an age-dependent increase
(2- to 2.5-fold) in the numbers of astro-
cytes in the spinal cord of hsfl '~ mice or
in mice deficient in hsflhsf2 or hsflhsf4
(Fig. 24, B).

Because hsfI proved to be the critical hsf
gene whose deficiency leads to demyelina-
tion and astrogliosis, we conducted the
subsequent experiments with hsfl /"
mice. Therefore, we quantitated the num-
ber of NG2- or NeuN-positive cells in the
cross sections of the spinal cord at PO and
P18, or in 8-week- or 3- to 5-month-old
wild-type and hsfl ~'~ mice. We found no
statistically significant differences in the
number of these cells between wild-type or
hsfl ~'~ mice (Fig. 2C,D).

To determine the high-resolution
structural abnormalities in the spinal cord
of hsfl =/~ mice, we performed transmis-
sion electron microscopic analyses. Thus,
we analyzed mice at P18, the age that is the
peak of myelination, young adult mice at
10-14 weeks of age, and mice at 5.5-16 C
months of age. Results indicate that
hsfl '~ and wild-type mice exhibited
comparable levels of myelination at P18
(data not shown). These results also sug-
gest that the developmental program of
myelination in Asfl '~ mice is essentially
unaffected and compact myelin of similar
thickness is assembled surrounding both
small and large axons. However, an age-
dependent demyelination was evident in
the spinal cord of hsfl =/~ mice at 10-14 0t
weeks of age and at 5.5-16 months of age
compared with wild-type mice. At 10-14
weeks of age and older, we observed ax-
ons with reduced myelin in hsfl /'~
mice. These abnormalities were not ob-
served in wild-type mice (Fig. 3A).
Quantitation of the number of axons
with affected myelin (thinning or ab-
sent) in sections of the spinal cord that
we examined revealed that hsfl '~ mice contained signifi-
cantly higher percentages of axons with reduced myelin at 14
weeks of age and older (Fig. 3B).

The age-dependent demyelination and astrogliosis observed
in hsfl ~'~ mice was not unique to the spinal cord, but was also
observed in histological sections prepared from the brain (Fig. 4).
Coronal sections of the brains of 8-week- or 1.5-year-old hsfl '~
or wild-type mice were immunostained with antibody to GFAP
(Fig. 4A) or MBP ( B). The results indicate evidence of hypertro-
phic astrocytes and areas of severe demyelination prominently in
hsfl =/~ 1- or 1.5-year-old mice (Fig. 4, arrows). Astrogliosis was
detected in the region surrounding the lateral ventricles (Fig.
4A). Areas rich in myelinated axons such as corpus callosum were
specifically affected in aged mice (Fig. 4B, arrows depict retro-
splenial granular cortex/corpus callosum, hippocampus area).
The GFAP immunostaining of the sections of the cerebellum of
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Figure 2.  Age-dependent astrogliosis in hsf7 ~/~ mice. A, B, Cross sections of the cervical region of the spinal cords from
wild-type (WT), hsf1-, hsf2-, hsf4-, hsfThsf2-, hsf2hsf4-, or hsf1hsf4-deficient mice at 8 weeks of age immunostained with GFAP
(A) (red fluorescent) and quantitative analyses of astrocyte number (per square millimeter) in hsfs-deficient mice at PO, P18, and
8weeks or3—5months of age (B) (n = 5mice). Scale bar, 50 m. Nuclei are stained with DAPI (blue). €, D, Immunohistochemical
staining of cervical region of the spinal cord from PO, P18, 8-week-old, or 3- to 5-month-old wild-type or Asf7 ~/~ mice using
antibody to NG2 or NeuN. The number ofimmunopositive cells in each section was quantitated and reported per square millimeter
(n = 3 mice). Error bars indicate SEM.

8- to 13-week-old wild-type or hsfl ~’~ mice also indicated the
presence of activated astrocytes in hsfl /=~ mice (data not
shown). Structural abnormalities were also confirmed using
magnetic resonance imaging (MRI) of 1.5-year-old hsfl '~ or
wild-type mice. Interestingly, MRI analyses of the aged hsfl '~
mice show an ill defined corpus callosum consistent with the
reduction of MBP immunostaining (Fig. 5A). Quantitative anal-
yses of MRI images showed significant enlargement of the lateral
and third ventricles in brain of hsfl '~ mice compared with wild-
type mice (Fig. 5B).

To determine whether the levels of GFAP and MBP expression
in the brains of 8-week-old adult hsfl ~/~ mice is consistent with
immunohistochemistry data presented in Figures 1 and 2, immu-
noblot analysis of whole-brain extracts of wild-type or hsfl '~
mice were performed using antibodies to each protein. The re-
sults indicate an increase in GFAP levels by 30% in total brain
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not show significant alterations from the
heterozygous littermates in other tests,
such as Y-maze (spontaneous alter-

(%) ations or two-trial recognition memory

14-weeks  S-months  tests), fear conditioning (context-
[ % p<0.05 dependent freezing or cue-dependent
I freezing), or locomotor activity (data
not shown). Interestingly, the 8-week-
old hsfl1 '~ hsf2~'~ mice that exhibit a
more severe phenotype in terms of de-

=

8-months

myelination showed significant defi-
ciencies in Y-maze recognition memory
task (total arm entries) (sensitive to hip-
pocampal damage) and rotarod tests (in
both days 1 and 2). The hsfl '~ hsf2 '~
mice did not show significant defects in
fear-conditioning tests or prepulse inhi-
bition tests (data not shown).

WrThsfi~~  WThsfl-/~

Figure3. Electron microscopicanalyses of hsf7 ~/~ spinal cord show demyelination with age. 4, Electron microscopy analyses

of cross sections of the thoracic region (anterior funiculus) of the spinal cord from wild-type (WT) (a) or hsf1 ~/~ (b) mice at 14 Oligodendrocytes appear normal in
weeks of age, or WT (c) or hsf1 ~/~ (d) at 8 months of age. The arrows in @ and b indicate the presence of axons with reduced hsfl —/~ mice

myelin in young hsf7 '~ mice, and the arrows in ¢ and d indicate the presence of axons with reduced myelin in old hsf1 —/~ Oligodendrocyte progenitor cells (OPCs)

mice. Scale bar, 1 wm. B, Axons with reduced myelin were counted in EM sections of the spinal cord prepared from wild-type or
hsf1 '~ mice at 14 weeks of age and 8 months of age, and the graphs are reported as percentages of axons with reduced myelin.
Note that most affected axons in terms of reduced myelin were those between Tand 5 um in diameter. Myelination in axons >5
{wm was less affected. The quantity of axons <<1 wm in hsf7 ~/~ mice appeared reduced compared with wild-type mice. Error

bars indicate SEM.

extract derived from 8-week-old hsfl /~ compared with wild-
type mice (Fig. 6A). A reduction in 21.5 kDa (26%), 18.5 kDa
(36%), 17 kDa (40%), and 14 kDa (48%) MBP species were evi-
dent in hsfl ~'~ mice compared with wild-type mice (Fig. 6A).
Reduction in the level of PLP was less evident in hsfl '~ com-
pared with wild-type brain (4%). An indication of changes in
GFAP and MBP expression was observed in immunoblot analy-
ses of different regions of the brain of an 8-week-old wild-type
and hsfl ~/~ mice (Fig. 6 B). The results indicate that the increase
in GFAP staining in hsfl ~/~ mice are pronounced in hippocam-
pus (61%), cortex (92%), and cerebellum (80%) compared with
wild type. Reductions in the level of PLP were less pronounced,
whereas there was reduction in 14 kDa MBP isoform in hsfl '~
brain extracts from hippocampus (18%) and cortex (28%) (Fig.
6B).

hsfl ~'~ mice exhibit deficiencies in motor control tests

hsf1-deficient mice do not exhibit age-dependent paralysis or
shortened life span. However, we wanted to determine
whether there was any behavioral deficit in hsfl '~ mice rang-
ing from 1-3 to 12-18 months of age (Fig. 7). Specifically, we
performed motor control tests in a cohort of hsfl '~ and
wild-type mice. Analyses of the data indicate that at 1-3
months of age, there was no significant difference in motor
behavior between wild-type and hsfI ~/~ mice. However, at
6-18 months of age, hsfl '~ mice had significantly reduced
ability to grasp with their hindlimb and stay on the bar when
compared with the wild-type mice. This test is sensitive to
damage to hippocampal and basal ganglia and hindlimb dys-
function. We also performed more extensive behavioral stud-
ies with hsfI ~/~ mice at 5.5 months of age. The results show
that hsfl '~ mice exhibited significant deficiencies in the first
trial of the rotarod test, which requires a high degree of sensi-
motor coordination and is sensitive to damage to the cerebel-
lum and basal ganglia. However, at this age, hsfI ~/~ mice did

are generated in the ventricular zone of the
embryonic spinal cord and undergo mat-
uration to myelin-producing oligoden-
drocytes by P18. In Figure 2C, we pre-
sented quantitative analyses showing that
the NG2-positive cells in the cervical re-
gion of the spinal cord in hsfl '~ mice are comparable with
wild-type mice at PO to 5 months of age. Proliferating OPCs can
also be identified by specific immunostaining of proteoglycan
NG2 and BrdU labeling. To investigate whether hsfl '~ mice
were deficient in the number of OPCs generated during develop-
ment, we determined the number of OPCs and BrdU-positive
cells in the multiple regions of the spinal cord at P10 (Fig. 8).
Quantitation analyses showed that the number of OPCs and
BrdU-positive cells in wild-type versus hsfl '~ mice was not
significantly different (data not shown). Coimmunostaining of
NG2 and TUNEL to detect apoptotic OPCs in the sections of the
spinal cord did not reveal any significant increase in OPCs un-
dergoing apoptosis in hsfl ~/~ versus wild-type young mice (data
not shown). Immunostaining and quantitation of the number of
more mature oligodendrocytes using O4-positive cells in sections
of the spinal cord of 8- to 13-week-old wild-type or hsfl '~ mice
also indicated no significant difference (data not shown). We also
performed quantitative analyses of O4-positive and TUNEL-
positive oligodendrocytes in cervical region of the spinal cord at
8—13 weeks of age in wild-type or hsfl '~ mice. The results in-
dicated no O4 and TUNEL-positive cells in either wild-type or
hsfl ~'~ mice at this age (data not shown). However, at 1.5 years
of age, there was a significant number of TUNEL-positive cells in
tissue sections of the spinal cord in hsfl '~ mice, few of which
were also CC1 positive (oligodendrocytes), but the differences
between hsfl '~ and wild-type mice were not statistically signif-
icant (Fig. 9).

As noted earlier, while performing TUNEL assays in aged
hsfl '~ spinal cord sections, we noted many apoptotic cells in the
anterior white matter of the spinal cord that did not colocalize
with CCl-positive cells. To identify these apoptotic cells, we per-
formed double immunostaining with GFAP and TUNEL, or
NeuN and TUNEL, and quantitated the number of apoptotic
cells positive for each staining. The results are presented in Figure
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9, and the data indicate that the majority of A
the cells undergoing apoptosis were posi-

tive for GFAP. Together, these results in-
dicate that, in hsfl =/~ aged mice, preoli-
godendrocytes, or CC1-positive oligoden-
drocytes, do not undergo substantial death

but that GFAP-positive astrocytes do.

Presence of reactive microglia in aging
hsfl ~'~ spinal cord

Because the sections of the spinal cord in WT
8-week-old hsfl /" mice exhibited astro- 8 weeks
gliosis, we determined the presence of ac-
tivated microglia cell population in sec-
tions of the spinal cord of these mice, using
antibody to Mac3. The results showed no
significant numbers of activated microglia
in the hsfl '~ compared with wild-type
mice. However, there was a significant
number of Mac3-immunoreactive cells in
the spinal cord of hsfl '~ mice at 1 year of
age (Fig. 10). Therefore, progressive de-
myelination in hsfl '~ mice is accompa-
nied by an increase in activated microglia.

hsfl ~'~ MEFs exhibit deficiency in
protein degradation and accumulate
ubiquitinated green fluorescent protein
and aggregated polyQ-green

fluorescent protein

Hsfl regulates the stress inducibility of
Hsps, and number of Hsps has been shown
to be involved in ubiquitin proteasome-
dependent protein degradation, and re-
duction in their level of expression in cells
has been shown to affect both protein deg-
radation and folding, leading to the forma-
tion of insoluble protein aggregates. To
examine whether hsfl ~/~ cells exhibit de-
fects in protein quality control mecha-
nisms, we transiently transfected wild-type
or hsfl ~'~ MEFs with plasmids containing
Ub-M-green fluorescent protein (GFP),
which does not possess a degradation sig-
nal and therefore is as stable as the unmodi-
fied GFP, or with plasmids containing Ub-
R-GFP, which contains an arginine as a
destabilizing amino acid and therefore has a
short half-life (Dantuma et al., 2000). Forty-
eight hours after transfection, flow cytomet-
ric analyses were performed to detect the
number of GFP-positive cells. The results in-
dicate that hsfl /~ cells expressed higher
percentages of both Ub-M-GFP (wild type,
10.2%, vs hsfl ~'~, 15%)- or Ub-R-GFP
(wild type, 1.1%, vs hsfl ~'~, 10.4%)-posi-
tive cells (Fig. 11 A). These results were also
confirmed using immunoblotting and pulse-chase experiments to
detect the level of Ub-R-GFP accumulation and its rate of decay in
wild-type versus hsfl '~ cells. Immunoblotting experiments indi-
cated a 25% increase in Ub-M-GFP expression in hsfl '~ versus
wild-type cells. In the case of Ub-R-GFP, there was a sevenfold in-
crease in the level of Ub-R-GFPin hsfl ~'~ cells versus wild-type cells
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Figure4. Age-dependent degeneration of hsf7 —/~ brain. A, B, Inmunohistochemical staining of coronal section of the brain
(corpus callosum and lateral ventricles, dotted lines) using antibodies to GFAP (A) (red fluorescent) or MBP (B) from wild-type
(WT)and hsf7 ~/~ mice at 8 weeks or 1-1.5 years of age as indicated. The bottom panels of A are higher magnification of boxed
areas. The arrows in A depict areas with increased astrocytes in hsf7 '~ brain. The arrows in Bindicate areas of demyelination in
hsf1 /" brain compared with wild type. Magnification: 4, 25X (top), 100X (middle), 250 (bottom); B, 400 X. The nucleiin
Ahave been stained with DAPI (blue).
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Figure 5.  Aged hsf7 '~ mice show structural abnormality by magnetic resonance imaging analyses. 4, MRl images of the
coronal (left) and sagittal (right) sections from the brain of wild-type (WT) or hsf7 '~ miceat 1.5 years of age. B, Quantitation
(relative units) of lateral and third ventricles (V) of MRI images of wild-type and hsf7 ~/~ brain. The bars indicate median values.
The p value for total ventricle ratioin hsf7 ~/~ mice was significantly larger than wild type (=0.05). The p values for left and total
mice were significantly larger than wild type (=0.05). The p values for dorsal and total third
ventricles in hsf7 '~ mice were significantly larger than wild type (=0.05). Note that some of the ventricle volumetric mea-
surements are correlated. White bars, Wild type; filled bars, hsf7 -

(Fig. 11B). Pulse-chase experiments revealed that Ub-R-GFP de-
cayed with a half-life of ~70 min in wild-type cells, whereas at this
time point, 80% of the Ub-R-GFP was still present in hsfl '~ cells
(Fig. 11C). These experiments suggest that hsfl ~'~ cells exhibit de-
fects in the ubiquitin proteasome system and do not efficiently de-
grade ubiquitinated proteins compared with wild-type cells.
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Figure 6. Alterations in the levels of GFAP and MBP in hsf7 ~/~ brain. A, B, Inmunoblot
analyses of total brain extracts (30 1.q) or extracts prepared from different regions of the brain
(30 wq) from 10-week-old wild-type (WT) or hsf1 /= mice to detect GFAP, MAG (myelin-
associated glycoprotein), MBP, or PLP. MBP contains multiple isoforms. B-Actin is shown as
loading control.
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Figure 7.  Defects in motor activity in aging hsf7 ~/~ mice. A, Photographs show the per-
formance of 12- to 18-month-old wild-type (WT) and hsf7 ~/~ mice on bar tests. B, Data for
mice at 2 weeks to 18 months of age are plotted as time in seconds that mice were able to hold
on to the bar. The asterisk indicates that hsf7 ~/~ mice were able to hold on to the bar for a
significantly ( p << 0.05) shorteramount of time than the wild-type mice of the same age group.
Error bars indicate SEM.

BrdU+/NG2+

Figure 8.  Normal proliferation of OPCs in hsf7 ~/~ mice. Immunofluorescence analyses of
BrdU-labeled (green fluorescent) and NG2 (red fluorescent) OPCs in the cross sections of the
spinal cord of wild-type (WT) and hsf7 —/~ mice at P10. Scale bar, 50 um.
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Figure 9. Increased apoptotic cells in the CNS of hsf7 ~/~ aged mice. A~C, Immunohisto-
chemical staining of sections from cervical region of the spinal cord using antibody to CC1,
NeuN, or GFAP to detect oligodendrocytes, neurons, or astrocytes, respectively. Apoptotic cells
were stained with TUNEL (red fluorescent). Merged is the overlap of TUNEL, specific staining
(green fluorescent) as indicated in each panel, and DAPI (blue fluorescent) to detect nucleus.
Scale bar, 100 m. B shows quantitation of the TUNEL-positive cells in tissue sections obtained
from wild-type or hsf1 ~/~ mice at 1.5 years of age. *p << 0.05.  presents quantitation of the
TUNEL-positive cells in A of each cell type as indicated. Error bars indicate SEM.

Previous studies indicate that cells expressing proteins with an
abnormal number of polyglutamines exhibit aggregation, and
such aggregates cause toxicity to cells by sequestering the proteins
that harbor normal numbers of polyglutamine repeats (Schaffar
et al., 2004). Because hsfl '~ MEFs accumulate ubiquitinated
proteins, we performed experiments to determine whether cells
deficient in hsfl exhibit an increase in the accumulation of abnor-
mal glutamine repeats (Q103-GFP) when compared with wild-
type cells. Wild-type or hsfl '~ MEFs were transiently trans-
fected with expression constructs encoding either Q25-GFP
(normal number of glutamines) or Q103-GFP. Forty-eight hours
after transfection, cells were analyzed by immunofluorescent mi-
croscopy and FACS analyses (Fig. 12). Quantitation of the results
show that, whereas 3 = 0.5% of wild-type cells showed aggregates
of Q25-GFP, 12 * 1% of hsfl '~ cells showed Q25-GFP aggre-
gates. The percentage of cells exhibiting aggregates increased sig-
nificantly in hsfl =’ cells that expressed Q103-GFP when com-
pared with wild-type cells (15 = 1 vs 73 * 2%) ( p < 0.05) (Fig.
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12A,B). The intensity of the GFP-positive A
hsfl ~'~ cell populations expressing Q25-
GFP (wild-type, 1%, vs hsfl /", 3%) or
Q103-GFP (wild-type, 5%, vs hsfl '~
29%) was significantly higher compared
with wild-type cells when analyzed by flow
cytometry (Fig. 12C). Striking accumula-
tion of large granules of Q103-GFP aggre-
gates was evident in hsfl '~ cells com-
pared with smaller aggregates that
accumulated in wild-type cells, which are
presented in Figure 12A.

WT (8 wk)

WT (1 yr)

hsfl ~'~ brain cells, primary astrocytes,
and neurons exhibit higher than wild-
type levels of ubiquitinated proteins,
and hsfl =/~ astrocytes show increased
sensitivity to

oxidative stress

The demyelination and astrogliosis that
are observed in hsfl '~ mice could poten-
tially be the results of defects in some cell
populations in the CNS (Scherer, 1997;
Baumann and Pham-Dinh, 2001). Because

Figure 10.
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Reactive gliosisin hsf1 ~/~ aged mice. 4, B, Immunohistochemical analysis of sections of the cervical region of the
spinal cord from 8-week-old or 1-year-old wild-type or hsf7 /™ mice using antibody to Mac3. Scale bar, 50 p.m. Quantitation of
the data are presented in B. Error bars indicate SEM.
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hsfl =/~ MEFs exhibit reduced ability to

degrade ubiquitinated proteins and accu- WT
mulate higher levels and larger aggregates
of proteins with an abnormal number of
glutamines, we considered the possibility
that hsfl ~'~ brain may also exhibit higher
than normal levels of ubiquitinated pro-
teins. Therefore, we compared the levels of
ubiquitin in extracts of 8-week-old wild-
type, or hsfl ~/~ brain by immunoblotting.
The data indicate that hsfl ~'~ total brain
extracts show 50% increase in ubiquiti-
nated proteins (Fig. 13). This increase in
ubiquitinated proteins was also associated
with an increase in the accumulation of
higher molecular-weight species (Fig. 13;
note the difference in the intensity be-
tween lanes indicated as wild type and
hsf1 ~/~, and the arrow).

To further analyze whether hsfl '~
cells derived from the CNS exhibit in-
creased ubiquitinated proteins, primary astrocyte and neuronal
cultures were established from wild-type or hsfl ~/~ mice. The
accumulation of ubiquitinated proteins in the primary neuronal
cultures prepared from wild-type or hsfl ~'~ mice was not signif-
icantly different (Fig. 13, middle panels). In addition, exposure of
neurons to 2 h of anoxia did not change the level of ubiquitinated
proteins (Fig. 13). However, untreated astrocytes showed 30%
increase in the ubiquitinated proteins in hsfl '~ compared
with wild-type, and ubiquitinated protein levels further in-
creased by 30% after exposure of wild-type or hsfl '/~ astro-
cytes to 2 h of anoxia (Fig. 13).

Immunofluorescence analyses of primary astrocyte cultures
also indicated a significant increase in the cytoplasmic staining of
ubiquitinated proteins after exposure of the cells to 2 h of anoxia
in hsfl '~ cells compared with wild type (Fig. 14A,B). These
results indicate that brain and astrocytes derived from hsfl '~
mice accumulate elevated levels of ubiquitinated proteins and
that astrocytes are more sensitive to oxidative stress and further
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Figure 11.  hsf1 /™ cells exhibit defects in ubiquitin-proteasome pathway. 4, Flow cytometric analysis of transiently trans-
fected wild-type or hsf7 ~/~ MEFs expressing constructs containing Ub-M-GFP or Ub-R-GFP cotransfected with plasmids contain-
ing B-galactosidase as internal control for transfection frequency. GFP-positive cells are indicated in the top panel of each
quadrant. Fluorescent mean intensity and percentage of positive cells are indicated. B, Equal amounts of protein (30 wg) from
samples in A were analyzed by immunoblotting using antibody to GFP or 3-actin for loading control. Wild-type MEFs expressing
Ub-M-GFP or Ub-R-GFP (lanes 1 and 2, respectively) and hsf7 ~'~ MEFs expressing Ub-M-GFP or Ub-R-GFP (lanes 3 and 4,
respectively) are shown. €, Wild-type or hsf7 ~/~ MEFs were transiently transfected with plasmids encoding Ub-R-GFP. After 48 h,
cells were labeled with [ >*SJmethionine for 2 h. Cells were then rinsed and chased in fresh medium for the indicated times. Cell
lysates were subjected to immunoprecipitation using antibody to GFP, and appropriate bands were quantitated for the presence
of [*SImethionine. The y-axis indicates the percentage of [ **SJmethionine remaining compared with original labeled protein at
the end of the labeling period.

accumulate ubiquitinated proteins in the cytoplasm; these often
appeared as punctated granules and aggregates (Fig. 14B,C).

Hsfl is a stress-inducible transcription factor and is activated
in response to heat shock and oxidative stress. To determine
whether hsfl ~/~ astrocytes exhibit increased sensitivity when
they encounter low levels of glucose [glucose deprivation (GD)]
or oxygen (anoxia) or both [oxygen—glucose deprivation
(OGD)], primary astrocyte cultures were exposed to different
periods of time to such culture conditions. A significant decrease
in the viability of hsfl ~/~ primary astrocytes was observed after
exposure to low oxygen and glucose (OGD), or to low oxygen
conditions when compared with wild-type cells (Fig. 15A). No
significant differences were found between wild-type or hsfl ~'~
cells when cells were exposed to low glucose (GD). Exposure of
primary neuronal cultures to 4 and 8 h of anoxia indicate that
hsfl ~'~ neurons were also more sensitive to anoxia treatment
compared with wild-type cells; however, the increased sensitivity
was not statistically significant (Fig. 15B).
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Figure12. hsf1 '~ cellsexhibitincreased aggregation of polyglutamine repeat proteins. A, €, Immunofluorescence analyses
of wild-type or hsf1 ~/~ MEFs transiently transfected with expression vectors containing polyQ25-GFP or polyQ103-GFP. Trans-
fected cells were fixed in 4% paraformaldehyde for 15 min and visualized using fluorescent microscopy (A). The percentage of cells
containing polyQ-GFP aggregates from a total of 250 GFP-positive cells in wild-type or hsf7 /"~ cells were quantitated (C). Error
bars indicate SEM. B, Flow cytometric analyses of wild-type or hsf7 ~/~ MEFs 48 h after transient transfection with expression
vectors containing polyQ25-GFP or polyQ103-GFP and 3-galactosidase as an internal control of transfection frequency. The top
panels show cell number versus fluorescent intensity in wild-type versus hsf7 ~/~ cells expressing Q25GFP or Q103-GFP. The
bottom two panels show GFP-positive cells (and percentages) in top panel of each quadrant for wild type versus hsf7 ~/~ for cells

expressing Q25GFP or Q103-GFP.
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Figure13.  Increased accumulation of ubiquitinated proteinsin hsf7 ~/~ brain and primary

astrocytes. Inmunoblot analyses (30 r.g) using antibody to detect ubiquitinated proteins in
total brain extracts (left panels), cultured neurons (middle panels), or cultured astrocytes (right
panels) prepared from wild-type or hsf7 ~/~ mice at 8 weeks of age (for total brain extract) or
E18 (for neuron cultures) or P2 (for astrocyte cultures). Immunoblot analyses of samples after
exposure to anoxia (0% oxygen) for 2 h are also presented. 3-Actin was used as loading control.

Elevated levels of protein oxidation in hsfl ~’~ brain, primary
astrocytes,
and neurons
One of the essential functions of Hsfl is to protect cells against
environmental insults such as oxidative stress. Because we deter-
mined that hsfl ~/~ astrocytes were significantly more sensitive to
oxidative stress than the wild-type cells, we performed analyses to
determine whether proteins extracted from hsfl '~ brain exhib-
ited higher levels of protein oxidation compared with wild-type
mice (Halliwell and Gutteridge, 1990). The results are presented
in Figure 16 A, and the data indicate that there are significantly
higher levels of protein oxidation in hsfl ~/~ brain extracts com-
pared with wild-type examined at 5 months of age. Brain extracts
from hsfl ™/~ mice showed intermediate levels of protein oxida-
tion. These results indicate that the cellular proteins in the brain
of hsfl =/~ mice exhibit higher than wild-type levels of oxidized
proteins.

To investigate whether neuron and astrocyte cultures estab-
lished in vitro from E18 embryos, or P2 mice also exhibit in-
creased protein oxidation, immunoblot analyses of cells prepared
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from wild-type or hsfl =/~ mice were per-
formed as above. Interestingly, both neu-
rons and astrocytes derived from hsfl '~
mice exhibit increased levels of protein ox-
idation compared with cells prepared
from wild-type mice (Fig. 16 B). These ex-
periments could not be performed with

T 2 r:}:d ;'ch mature primary oligodendrocytes because
+ + Qlo3-Grp  of their low numbers in the cultures we
¥ Q25-GFP  could prepare.

Discussion

Heat shock transcription factors, specifi-
cally Hsf1, are unique in that they respond
to environmental stressors such as heat
shock and oxidative stress to gain tran-
scriptional competence (Wu, 1995; Mori-
moto, 1998). As such, Hsfs are thought to
protect the cells and tissues of the organ-
ism against environmental stresses over
the organism’s lifetime (Zhang et al.,
2002). In this report, we show that the ab-
sence of the hsfI gene or the absence of hsfl
in combination with genes for other hsfs,
namely the hsf2 or hsf4, leads to alterations in the CNS in young
adult mice, some of which normally are observed in aged organ-
isms. Although the developmental program of myelination ap-
pears normal (Figs. 2, 3, 6), our studies indicate that the young
adult of hsfl '~ mice begin to exhibit demyelination associated
with astrogliosis. In general, the underlying causes of demyelina-
tion are complex and may depend on multiple factors (Berlett
and Stadtman, 1997; Franklin et al., 2002). However, oligoden-
drocytes are the cell types responsible for myelination of axons,
and this process continues throughout the life of the organism.
Our studies looking at oligodendrocyte progenitors cell division
and death during development or in adult hsfl ~'~ mice did not
reveal defects in OPCs division and differentiation in situ. Simi-
larly, we did not detect notable reduction in the number of neu-
rons in hsfl '~ CNS. However, biochemical analyses of hsfl ~'~
cells show evidence that these cells have deficiency in degrading
ubiquitinated model proteins. This appears to lead to accumula-
tion of ubiquitinated proteins, not onlyin hsfl ~'~ MEFs express-
ing model proteins, but also in ksfl ~/~ astrocytes and brain cell
extracts. Neurons appeared to accumulate less ubiquitinated pro-
teins, perhaps because of the fact that Hsfl expression and activ-
ity in neurons is less than it is in astrocytes (Bergeron et al., 1996;
Taylor etal., 2007). Because astrocytes are critical for maintaining
the cellular homeostasis in the brain, such defects in the astro-
cytes alone could potentially lead to defective oligodendrocyte
cell population in hsfl ~'~ mice. However, if all cell types in
hsfl '~ mice exhibit lower than normal levels of ubiquitin-
proteasome-dependent degradation, such consequences as de-
scribed here could also be expected. Indeed, defects in ubiquitin-
proteasome pathway are the underlying cause of many age-
related neurodegenerative diseases. One of the features of
neurodegenerative diseases such as Parkinson’s disease, Alzhei-
mer’s disease, ALS, and prion disorders is the accumulation of
ubiquitin-positive inclusion bodies (Price et al., 1998). The
ubiquitin-positive inclusions in many neurodegenerative dis-
eases also contain various proteasome components as well as
molecular chaperones (Goldberg, 2003). Reports indicate that
there is evidence of demyelination in some of the neurodegenera-
tive diseases with ubiquitin-positive inclusion bodies such as Alz-
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heimer’s disease (D. S. Wang et al., 2004).
The accumulation of ubiquitin-immuno-
reactive granular degeneration of myelin
has also been observed in the human
brain, which has been correlated to age-
related slowing down of motor and cogni-
tive abilities (D. S. Wang et al., 2004).
Studies indicate an extensive, white-
matter axonal demyelination cause of Alz-
heimer’s pathology, and this may repre-
sent the cumulative defects, such as
neuronal degeneration, microgliosis, oli-
godendrocyte injury, and microcircula-
tory disease, observed in Alzheimer’s dis-
ease in humans (Bartzokis, 2004; D. S.
Wang et al., 2004). Surprisingly, we also
detect an increase in protein oxidation in
the 5-month-old hsfl '~ mice and
hsfl =/~ primary astrocytes and neurons
cultured in vitro. This is a significant find-
ing, because this could cause gradual in-
crease in death of all cell types in the brain.
Indeed, we observed significantly higher
than wild-type levels of cell death in the
spinal cord of 1.5-year-old hsfl '~ mice
that coincided mainly with astrocytes (Fig.
9) (Whitman and Cotman, 2004). We be-
lieve, therefore, that lack of hsfl gene
causes accumulation of defects that nor-
mally have been associated with aging
CNS.

As far as reduction in which Hsps could
potentially be involved in slowing down
the ubiquitin-proteasome degradation in
hsfl ~'~ cells is under investigation in our
laboratory. Preliminary results indicate
that deficiency in the individual Hsps does
not recreate hsfl deficiency and pheno-
type; however, a small reduction in multi-
ple Hsps (such as Hsp25 and aB-crystallin)
in hsfl '~ cells could be the cause of this
reduction in ubiquitin-proteasome func-
tion (N. F. Mivechi, unpublished observa-
tion). It should be noted that hsfl /'~ cells
entirely lack the ability to respond to stress
and do not accumulate protective Hsps
such as Hsp105, -90, -70, -60, -40, -25, aB-
crystallin, and Hsp10, and this could be
associated with defects observed in
hsf1 ~/~ mice (Zhangetal., 2002). As such,
immunoblotting analyses of 8-week-old
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Figure 14.  Accumulation of ubiquitinated proteins in the cytoplasm of hsf7 ~/~ primary astrocytes exposed to anoxia. 4, B,
Immunofluorescent analyses of astrocytes prepared from wild-type or hsf7 ~/~ mice using antibodies to GFAP (red fluorescent),
or to ubiquitin (green fluorescent). Nucleus was stained with DAPI (blue). Astrocytes were cultured from wild-type or hsf1 '~
littermates at P2. After 7 d in culture, astrocytes were exposed to normoxia () or anoxia for 2 h (B). Cells were fixed with 4%
paraformaldehyde and immunostained. Magnification, 400 X. C, Quantitiation of cells stained with both GFAP and ubiquitin in
the nucleus or cytoplasm. *p << 0.05. Note that ubiquitin immunostaining was mainly nuclear under nonstress conditions, but
staining became more cytoplasmic after stress. Interestingly, Asf1 ~/ astrocytes show significantly more ubiquitin staining in
the cytoplasm that appeared punctuated after 2 h exposure to anoxia (B, arrow), suggesting perhaps ubiquitinated/aggregated
proteins. Error bars indicate SEM.
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Figure15. Increased death of hsf7 /™ astrocytes after exposure to ischemia or anoxia. A, Astrocytes were cultured at P2 from

wild-type or hsf1 ~/~ littermates. After 7 d in culture, astrocytes from wild-type or Asf7 ~/~ mice were exposed to ischemia
(0GD), anoxia (0% oxygen), or GD for 4 or 8 h. Astrocyte viability was determined using MTT assays. *p << 0.05. B, Primary neurons
were cultured from E18 wild-type and hsf7 —/~ mice and were exposed to anoxia (0% oxygen) for 2 h, and viability was
determined as in A. Error bars indicate SEM.

tion to take place (Simons and Trajkovic, 2006). Additional re-

brain extracts did not reveal any major changes in the steady-state
levels of major Hsps (data not shown). In terms of hsfI potentially
controlling the expression of genes other than Hsps to generate
phenotype observed here, the microarray analyses of brain at P18
show reduction in Vomeronasal 1 receptor, B1; oxygen-regulated
photoreceptor protein 1; WISNF related, matrix associated,
actin-dependent regulator of chromatin; and proteases such as
Cathepsin Z as some of the genes whose expression are reduced
by twofold or lower in hsfl '~ brain compared with wild-type
mice. hsf1 ~/~ brain at P18 also shows reduced levels (2.3-fold) of
neural cell adhesion molecule 1 (NCAM1) compared with wild
type. NCAM expression is normally reduced, allowing myelina-

ductionin hsfl '~ mice may indicate an early deficient process of
myelination in these mice. Additional studies will be required to
determine which of these genes is regulated by Hsfl.

Although we did not observe excessive inflammatory cell in-
filtrates in the demyelinated areas in hsfI ~'~ brain or spinal cord
at the onset of demyelination (data not shown), Hsfl has been
shown to regulate the expression of leukemia inhibitory factor
(LIF) (Takaki et al., 2006) and other cytokines such as IL-6 (In-
ouye et al., 2004). Hsfl apparently represses LIF expression in
developing olfactory epithelium, and in the absence of hsfI gene
there is a higher level of LIF, which leads to the death of olfactory
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Figure16.  Elevated levels of protein oxidationin hsf7 ~/~ brain. A, Immunoblot analyses of
brain extracts from wild-type (WT), hsf1™/~, or hsf1 ~/~ mice at 5 months of age. Lanes 1and
2are brain extracts from wild-type mice; lane 3s brain extract from hsf1 ™/~ mouse; lanes 4 —7
are brain extracts from hsf7 '~ mice. B, Untreated primary astrocytes (prepared from P2) and
neurons (prepared from E18) cultures prepared from WT, or hsf7 ~/~ mice. Lanes 1and 2 are
extracts from wild-type and hsf1 ~/~ neurons, respectively; lanes 3 and 4 are extracts from
wild-type and hsf7 /™ astrocytes, respectively. Cell extracts were prepared according to the
OxyBlot Oxidized Protein Detection kit; 30 g of protein was fractionated and oxidized proteins
were detected using antibody to DNP (Halliwell and Gutteridge, 1990). Control oxidized molec-
ular weight markers were provided in the kit as a positive control. 3-Actin was used as loading
control.

sensory neurons (Takaki et al., 2006). In the CNS, LIF expression
is required for the survival of oligodendrocytes (Butzkueven et
al., 2002). Whether Hsfl positively or negatively controls LIF
expression in the CNS is unclear; however, hsfl regulation of LIF
expression may contribute to the hsfl ~/~ phenotype observed in
our studies as well.

Interestingly, hsflhsf2-deficient mice exhibit a more severe
phenotype than mice deficient in hsfI alone, and these mice ex-
hibit developmental defects in myelination, perhaps defects in
oligodendrocyte differentiation or myelin synthesis and assem-
bly. hsfl '~ hsf2 ™'~ mice at P18 and at 8 weeks of age showed
high levels of dysmyelination and demyelination both at the level
of immunostaining for MBP as well as electron microscopic anal-
yses of the cross sections of the spinal cord. However, the num-
bers of hsflhsf2-deficient mice were not sufficient to perform
extensive studies between young versus old mice. These results
suggest that both Hsfl and Hsf2 transcription factors play an
overlapping or sequential role in development of CNS. In addi-
tion, Hsfs are required to maintain CNS homeostasis and slowing
down the events that are normally associated with aging.
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