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Abstract Neuronal differentiation of the NG108-15 neuro-
blastoma—glioma hybrid cells is accompanied by a marked
attenuation in the heat shock induction of the Hsp70-firefly
luciferase reporter gene activity. Analysis of the amount and
activation of heat shock factor 1, induction of mMRNA™P, and
the synthesis and accumulation of heat shock proteins
(HSPs) in the undifferentiated and differentiated cells sug-
gest a transcriptional mechanism for this attenuation. Con-
comitant with a decreased induction of the 72-kDa Hsp70
protein in the differentiated cells, there is an increased abun-
dance of the constitutive 73-kDa Hsc70, a protein known to
function in vesicle trafficking. Assessment of sensitivity of
the undifferentiated and differentiated cells against stress-
induced cell death reveals a significantly greater vulnerabil-
ity of the differentiated cells toward the cytotoxic effects of
arsenite and glutamate/glycine. This study shows that
changes in regulation of the HSP and HSC proteins are
components of the neuronal cell differentiation program and
that the attenuated induction of HSPs likely contributes to
neuronal vulnerability whereas the increased expression of
Hsc70 likely has a role in neural-specific functions.
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Introduction

Induction of the heat shock response (HSR; ak.a. stress
response) is a primary and evolutionarily conserved genetic
response to diverse stressors, mediated by activation of the
heat shock transcription factor HSF1, culminating in the
induction of a family of heat shock proteins (HSPs) that
function as chaperones to help in the folding/refolding of
nonnative protein, proteases to help in the degradation of
irreversibly damaged proteins, and other proteins essential
for the protection and recovery from cell damages associ-
ated with perturbation of protein homeostasis (Lis and Wu
1993; Morimoto 1993, 1998; Morimoto et al. 1994;
Voellmy 1994; Hendrick and Hartl 1995; Feige et al. 1996).

Evidence in the literature suggests that induction of the
HSR and ability to upregulate expression of the HSP
chaperones—mechanisms that provide important defense
against the dire consequences of protein mis-folding and
aberrant protein interactions—are decreased in various
brain and spinal cord neurons in vivo and in vitro
(Manzerra and Brown 1996; Marcuccilli et al. 1996;
Nishimura and Dwyer 1996; Guzhova et al. 2001; Batulan
et al. 2003; Chen and Brown 2007); in general, neurons, in
comparison with glial and ependymal cells, have a higher
threshold for induction of the HSR, requiring a greater
intensity or duration of stress for a diminished response.
Given the importance of protein mis-folding and aggrega-
tion in the pathogenesis of various neurodegenerative
diseases—including Alzheimer’s, Huntington’s, Parkinson’s,
Lou Gehrig’s, and prion diseases—it is clear that changes in
expression of the HSP chaperones in neurons would have
significant implications (Welch and Gambetti 1998; Sharp et
al. 1999; Sherman and Goldberg 2001; Bonini 2002;
Muchowski 2002; Benn and Brown 2004; Landsbury
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2004; Westerheide and Morimoto 2005; Morimoto 2006;
Muchowski and Wacker 2005).

We commenced this study to determine if neural dif-
ferentiation may be accompanied by changes in regulation of
heat shock gene expression. Using the NG108-15 tumor
neural progenitor cells as our model, we show in this study
that their differentiation into neuron-like cells is accompa-
nied by a decreased induction of the heat-inducible HSPs and
an increased expression of the constitutive Hsc70 protein.

Materials and methods

Cell culture and induction of neural differentiation Cells of
the NG108-15 mouse neuroblastoma—glioma hybrid lineage
(Nelson et al. 1976; Nirenberg et al. 1983, 1984) were
grown in Dulbecco’s modified Eagle’s medium (Mediatech
Inc.) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Inc.), 50 pg/ml streptomycin, and 50 U/ml of
penicillin. Cells were subcultured at or near confluency by
minimal trypsinization (0.25% trypsin; Mediatech Inc.) and
dispersion into single cell suspension in new growth
medium and plating onto new growing surfaces.

Differentiation of the NG108-15 cells was induced by
the subculturing of cells (1:4 split ratio) into a low serum-
containing medium (2%, as opposed to the normal 10%,
fetal bovine serum) supplemented with 1-mM dibutyryl
cAMP (Meyer et al. 1988). Differentiation, scored by % of
neurite-positive cells (neurite defined as processes>2x
soma diameter), was visible within hours, and >80% of
the cells was neurite-positive 2 days after induction with
dibutyryl cAMP, as compared to <10% of neurite-positive
cells in the undifferentiated culture. Two other parameters
used to confirm the neural differentiation phenotype were
(1) immunocytochemical staining for neural specific tubulin
BHI and neurofilament and (2) voltage clamp recording to
validate the presence of voltage-gated sodium channels in
the differentiated cells but not the undifferentiated cells
(data not shown). In previous studies, it was shown that the
differentiated NG108-15 cells form functional synapse with
muscle cells at relatively high frequency (Nelson et al.
1976; Nirenberg et al. 1983, 1984).

Primary hippocampal neuron culture was obtained from
embryonic day 16 rat embryos according to methods
described (Magby et al. 2006). Briefly, hippocampi were
dissected from surrounding brain tissue, and meninges were
removed. Hippocampi were dissociated by trypsinization,
followed by trituration through fire-polished Pasteur pi-
pettes. Neurons were plated in poly-p-lysine-coated plates
and maintained in serum-free medium composed of a 1:1
mixture of Ham’s F12 and Eagle’s MEM supplemented
with 25 mg/ml insulin, 100 mg/ml transferring, 60 mM
putrescine, 20 nM progesterone, 30 nM selenium, and
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6 mg/ml glucose. Cells were plated at a density of 4x 10°
cells/35 mm plate. Experiments were done on cells after
12-15 days in culture, a time, when the cells formed an
extensive and elaborate neuritic network.

Unless indicated otherwise, the condition for heat shock
was at 42°C for a specified time period. Cells were either
harvested immediately for analysis of HSF1 or mRNAMP or
allowed to recover at 37°C for a specified time period for
analysis of Hsp70-firefly luciferase reporter gene expres-
sion and induction of HSP synthesis and accumulation.

Assay of Hsp70 promoter-driven firefly luciferase reporter The
Hsp70 promoter-driven firefly luciferase reporter was
constructed by ligating a 1,036 bp Kpnl and Ncol re-
striction enzyme fragment of the mouse Hsp70 promoter-
luciferase reporter, pLHSEU4 (Yanagida et al. 2000), to the
Kpnl/Ncol digested pGL3E (5,006 bp; Promega Inc.). For
screening of the effects of heat shock on the Hsp70-
luciferase reporter gene activity, undifferentiated and
differentiated cells in either 35- or 60-mm plates were
transfected with the Hsp70-firefly luciferase reporter along
with the internal control of phRLSV40 (synthetic human-
ized Renilla luciferase DNA; Promega Inc. E6261). Unless
indicated otherwise, the amount of each DNA used was
0.5 pg/35-mm plate or 1.5 pg/60-mm plate, and the amount
of Lipofectamine 2000 used (in microliters) was three times
that of the total amount of DNA (in micrograms). Six hours
after DNA transfection, cells were plated into individual
wells of a 96 Stripwell™ plate (Corning/Costar 9102);
these identically transfected cells allowed for testing of the
effects of different times and temperature of heat shock on
reporter gene expression.

To evaluate heat shock induction of the Hsp70-luciferase
reporter gene, strips of eight wells or designated wells of
cells were placed in a 42°C incubator for 2 h followed by
recovery at 37°C for 4 h before harvesting. Undifferentiated
and differentiated cells were processed in parallel to
minimize experimental noise due to variation in incubator
temperature, quality/amount of the luciferase assay reagent,
and decay of the luciferase luminescence signal. The Dual-
Glo luciferase assay reagent system from Promega Inc.
(E2920) was used to assay for first the firefly then the
Renilla luciferase activity according to manufacturer’s
instructions. We have also used the Bright-Glo luciferase
assay reagent (E2610) from Promega Inc.; qualitatively
similar results were obtained, although the Bright-Glo
reagent gave a stronger signal with a shorter half-life.
Luciferase activity was measured using the Perkin Elmer
Victor 2 multiplate reader equipped with dual injectors.
Result of the Hsp70-firefly luciferase activity was normal-
ized against that of the Renilla luciferase, and, to facilitate
comparison across experiments for statistical analysis, this
ratio was set at 1 for the undifferentiated control. By
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normalizing the Hsp70-firefly luciferase activity against
that of the Renilla luciferase internal control, we effectively
minimized variations in experimental result due to possible
differences in transfection efficiency and cell viability as
well as nonselective and toxic effects of the treatment
conditions/reagents on gene expression.

Analysis of HSF1 by Western blotting and electrophoretic
mobility shift assay Whole cell extract was prepared as
previously described (Huang et al. 1994). Immuno-Western
blot probing for HSF1 was done using a 1:5,000-1:10,000
dilution of a rabbit polyclonal antibody, RTG88, we
generated against a recombinant histidine-tagged human
HSF1 protein. For assessment of the activation of HSF1
DNA-binding activity, electrophoretic mobility shift assay
was done according to methods described using 20 ug of
whole cell extract protein, 0.5 pg of poly(dI-dC).poly(dl-
dC), and [**P]labeled HSE in a total reaction volume of
10 pl (Huang et al. 1994). After 20 min of incubation at
room temperature, 2-pl aliquot of a five times loading
buffer was added and samples analyzed by electrophoresis
in 4% acrylamide gel.

Northern blot quantitation of HSP mRNAs RNA was
isolated from undifferentiated and differentiated cells
incubated under control (37°C) and heat shocked (42°C,
2 h) conditions after the Trizol reagent protocol for RNA
isolation from Invitrogen Inc. Concentration of the RNA
was determined spectrophotometrically. For Northemn blot-
ting, 20 pg of the RNA sample was used. The RNA
membrane was pre-hybridized at 60°C for 1 h in a pre-
hybridization solution of 1% sodium dodecyl sulfate (SDS),
10% dextran sulfate, 1 M NaCl, and 100 pg/ml of sheared
salmon sperm DNA. Probing of the mRNARPe
mRNAM®7 and RNAPP? were done, respectively, by
hybridization with [**P]-labeled pHS801 (for Hsp89«x),
pH2.3 (Hsp 70), and pHS208 (Hsp25) DNA at 60C
overnight in a hybridization oven (Hickey et al. 1986).
After extensive washing, the membrane was exposed to
X-ray film for signal detection.

Assessment of the synthesis of HSPs by K.?;ﬁ(‘]methionine
incorporation Confluent cultures in 35-mm plates were
refurbished with serum-free medium. The condition for heat
shock was 42°C. To assess the induction of HSP synthesis
at various times of heat shock, cells were pulse labeled with
50-100 pCi/ml of [>°S]methionine/cysteine (Amersham
Pro-Mix, a 70:30% mixture of [>°S]methionine and [*°s]
cysteine) for the last.as hour immediately before harvesting.
For example, for cells that were heat shocked for 6 h, >8]
methionine was added at t=5 h, and cells were harvested at
t=6 h. Cells were harvested by first removing the >8]
containing medium, rinsed twice with ice cold phosphate-

buffered saline (PBS), and scraped into 0.2 ml of a buffer of
10 mM Tris, pH 7.4 containing 1 mM ethylenediamine-
tetraacetic acid and 50 pg/ml of phenylmethylsulfonyl
fluoride. Cell homogenate was prepared by freezing and
thawing the cell suspension once and passing it through a 25G
needle. A 5-pl aliquot of the cell homogenate was used to
determine the amount of radioactivity incorporated into total
cellular protein (trichloroacetic acid-insoluble). Aliquots of
the cell extracts containing an equal amount of radioactivity
(50-100 K cpm) were subjected to analysis by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and autoradiography.

Immuno-Western blot detection of the heat inducible Hsp70
and constitutive Hsc70 Immuno-Western blot detection and
quantitation of the heat-inducible Hsp70 and the constitu-
tive Hsc70 were done using (1) the RTG76 rabbit
polyclonal antibody (1:5,000-1:10,000 dilution) that we
generated against a histidine-tagged human Hsp70-recom-
binant protein and that recognizes both the HSP and Hsc70
proteins and (2) a rabbit polyclonal antibody from
Stressgen (SPA816) that specifically recognizes the 73-
kDa Hsc70 protein. Membrane was incubated with the
primary antibody at 4°C overnight followed by horseradish
peroxidase-conjugated secondary antibody for 2 h at room
temperature. The antibodies were diluted in Tris-buffered
saline with 0.1% Tween 20 and 3% nonfat dry milk, and the
immunoblot was probed using Amersham ECL-plus or
Millipore Immobilon Western blot reagent.

Immunochemical staining for Hsc70 Undifferentiated and
differentiated cells in 60-mm plates were fixed with 4%
paraformaldehyde for 30 min at 4°C, permeabilized with
0.1% TritonX100 in PBS for 30 min at 4°C, and washed
three times with cold PBS. Wax pen circled areas (~1 cm in
diameter) of the fixed and permeabilized cells were overlaid
with the Hsc70-specific antibody (Stressgen SPA816 at
1:50 dilution) and incubated at 4°C for 1 h. After washing
off the primary antibody, cells were overlaid with fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit immuno-
globulin G and incubated at 4°C for 1 h. Cells were viewed
using a Nikon Diaphot 300 microscope and phase and
fluorescent images captured with a SPOT camera system
(Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

Assay for cell viability and activation of caspase 3/7 Cells
in 96-well plates were used. To test for vulnerability of
oxidative stress-induced cell death, sodium arsenite was
added to individual wells to final concentrations as
indicated and incubated for time periods specified (12—
24 h). The ability of glutamate to elicit excitotoxic cell
death was evaluated in the presence of 0-, 10-, and 50-uM
glycine and incubation at 37°C for time periods indicated
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(12-24 h). Cell viability was determined using the
CellTiter-Glo luminescent cell viability assay reagent from
Promega Inc., and results were normalized against that of
the untreated control (100%). Caspase 3 and 7 activity was
determined using the Caspase-Glo™ 3/7 assay reagent from
Promega Inc., and the readouts were normalized against
signal from cell viability assay.

Results

Neural differentiation is associated with an attenuated
induction of the Hsp70-luciferase reporter gene

We used the Hsp70 promoter-firefly luciferase reporter
gene to assess induction of the HSR in the undifferentiated
versus the differentiated NG108-15 cells. Figure 1 presents
the average + standard deviation of Hsp70-luciferase
reporter gene activity of the control- and heat shocked-
(42°C for 0.5, 1, 2 h) undifferentiated and differentiated
NG108-15 cells. Our results showed that heat shock elicited
a time-dependent increase in reporter gene activity. Fur-
thermore, induction of the Hsp70-luciferase reporter gene
activity was significantly lower in the differentiated cells
when compared to that of the undifferentiated cells. The
fold of induction of the Hsp70-luciferase reporter by a
2-h heat shock at 42°C of the undifferentiated cells
ranged from 1641 times over that of the control, and,
for the differentiated cells, the induction ranged from 4-10
times over that of the differentiated control. Such quan-
titative difference in induction of the Hsp70-luciferase
reporter gene activity of the undifferentiated versus the
differentiated cells was observed regardless of the time
and temperature of heat shock; the result was very repro-
ducible over the course of a 2-year study. An alternative
approach we took to affirm this observation was to
transfect undifferentiated NG108-15 cells and divided the
transfected cells into two halves: induce half of the cells
to differentiate with dibutyryl cAMP (48 h) with the other
half serving as the undifferentiated control. Result similar
to that presented in Fig. 1 was obtained.

To validate that the attenuated induction of the Hsp70-
luciferase reporter gene is indeed a feature associated with
neural differentiation, we carried out two studies: (1) a
comparison of the control and heat-induced reporter gene
activity of the undifferentiated and differentiated NG108-15
cells with that of E16 (embryonic day 16) rat hippocampal
neurons. As shown in Fig. 2a, the control and heat-induced
Hsp70-luciferase reporter for the undifferentiated, differ-
entiated NG108-15 cells, and the E16 hippocampal
neurons were 1 and 37, 0.9 and 7, and 0.2 and 1.5, respec-
tively. (2) The attenuated induction of the Hsp70-luciferase
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Fig. 1 Neural differentiation of the NG108-15 cells is associated with
an attenuated heat shock induction of the Hsp70-firefly luciferase
reporter gene. NG108-15 neuroblastoma—glioma hybrid cells were
induced to differentiate by subculturing of the cells into a Dulbecco’s
modified Eagle’s medium supplemented with 2% fetal bovine serum
and 1-mM dibutyryl cAMP for 2 days. Undifferentiated and
differentiated cells in 35-mm plates were transfected with the
Hsp70-firefly luciferase reporter DNA together with the Renilla
luciferase DNA as an internal control, and the transfected cells were
plated into wells of a 96 Stripwell plate. Cells were heat shocked at
42°C for time periods as indicated (0.5, 1, and 2 h) followed by
recovery at 37°C; all cells were harvested at 6 h. The relative
luminescence unit of the firefly luciferase readout was normalized
against that of the Renilla luciferase. To facilitate comparison across
experiments, this ratio was set at 1 for the undifferentiated control.
The result presented represents the average + standard deviation, N=
8 (four separate experiments, each with two independent determina-
tions). Result on Student’s t-tests of probability of difference
(probability <0.01, **highly significant; probability between 0.01
and 0.05, *significant) in the Hsp70-luciferase reporter gene activity
between paired samples of the undifferentiated and differentiated cells
is as illustrated

reporter is not a direct effect of dibutyryl cAMP. In Fig. 2b,
we show that the treatment of a near confluent culture of
the undifferentiated NG108-15 cells with 1-mM dibutyryl
cAMP for 2 days—when cells were mostly recalcitrant to
the neural inductive effect of dibutyryl cAMP (induced
undifferentiated)—failed to elicit a comparable decrease in
the heat-induced Hsp70-luciferase reporter. (Note: This
“recalcitrance” may be due to the need of cells to undergo
a round of quantal mitosis to commit to the differentiation
process [Macieira-Coelho 1995] and/or cell crowding that
block neurite extension. Our effort to determine the % of
neurite positive cells in the induced-undifferentiated culture
gave estimates between 25-35%.)

A transcriptional mechanism for the attenuated HSR
in neural differentiation

Induction of the HSR is initiated by the activation of HSF1—
a process that converts HSF1 from a cytosolic, latent
monomer to a nuclear localized, hyperphosphorylated,
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Fig. 2 a Comparison of the control and heat shock-induced Hsp70-
luciferase reporter activity in the undifferentiated and differentiated
NG108-15 cells and of E16 hippocampal neurons. The culturing and
differentiation condition of the NG108-15 cells were as described in
the text. Sprague-Dawley rat hippocampal neuron from E16 fetus at
14 days of culture was obtained as previously described (Magby et al.
2006). Cells were transfected with the Hsp70-firefly luciferase DNA
together with the Renilla luciferase internal control. Results of the
Hsp70-firefly luciferase activity (relative luminescence unit) were
normalized against that of the Renilla luciferase (relative luminescence
unit), and the ratio for the undifferentiated control was set at 1. The
results for the control and heat shocked cells were—undifferentiated: 1
and 37; differentiated: 0.9 and 7; hippocampal neuron (Hippo N): 0.2
and 1.5. Result represents the average + standard deviation, N=4. b Hsp70-

DNA-binding trimer—and culminates in increased steady-
state level of the HSP proteins. In experiments presented in
Fig. 3, we determined the amount and activation of HSF1
and the mRNA level of Hsp89«, Hsp70, and Hsp25 in the
undifferentiated versus the differentiated NG108-15 cells.
We show that, while there was little/no difference in the
abundance of HSF1 protein in extracts of the undifferenti-
ated and differentiated NG108-15 cells (Fig. 3a), the DNA-
binding activity of HSF1 in the differentiated cells was
resistant to stress-induced activation. Electrophoretic mo-
bility shift assay of the DNA-binding activity of HSF1 in
Fig. 3b showed a much more robust activation in the
undifferentiated than the differentiated cells. Analysis by
Northern blot of the steady-state level of mRNA of HSPs in
Fig. 3¢ showed that heat shock induction of the mRNA of
Hsp89«x, Hsp70, and Hsp25 was greater in the undifferen-
tiated than the differentiated cells.

We also determined the induction of HSP synthesis in
the undifferentiated and differentiated NG108-15 cells by
the incorporation of [>°S]methionine into newly synthe-
sized proteins. The result in Fig. 4 on the profile of new
protein synthesis showed a heat shock time-dependent
increase in the synthesis of a number of proteins, marked
as Hsp98, Hsp89, Hsp72, Hsp50, and Hsp25. In particular,
we note that induction of the three major HSPs, Hsp98, 89,
and 72, starts at 2 h of heat shock, peaks at 6 h, and
decreases at 8 in the undifferentiated cells. The magnitude

Hsp70-uciferase reporter

b Hsp70-reporter in NG108-15 cells

§ = 20 0 Control
Seg aHS 0.5 hr
% e 5 15 4 @HS 1 hr
@ % ; mHS 2 hr
g8 2
T§%
o ® O
$e8 ..
€SB
§°5
£
0 T
Undiff. Diff. Induced-
undiff.

luciferase reporter activity in the undifferentiated, differentiated, and
induced-undifferentiated NG108-15 cells. The culturing and differentia-
tion condition of the NG108-15 cells were as described in the text. To test
if the attenuated induction of the Hsp70-reporter is a direct effect of
dibutyryl cAMP independent of neural differentiation, we treated a plate
of near confluent undifferentiated NG108-15 cells with 1-mM dibutyryl
cAMP for 48 h before DNA transfection, and this was designated as
“induced-undifferentiated.” The % of neurite-positive cells in the
undifferentiated, differentiated, and induced-undifferentiated cultures were
<10, >80, and ~30%, respectively. Result of the Hsp70-firefly luciferase
activity was normalized against that of the Renilla luciferase, and this
ratio was set as 1 for the undifferentiated control. Result represents the
average =+ standard deviation, N=4

of induction of the HSPs—as indicated by intensity of the
bands—was greater in the undifferentiated than in the
differentiated cells. Together, these results support a
transcriptional mechanism of the attenuated induction of
HSPs in the differentiated NG108-15 cells.

Increased expression of Hsc70 in neural differentiation

In Fig. 5, we used immuno-Western blot technique to affirm
the specificity and to evaluate changes of the Hsp70 versus
Hsc70 protein in neural differentiation. The experiment
shown in Fig. 5a was probed using the RTG76 antibody
that recognizes the inducible and constitutive Hsp70
proteins. We show that, while the heat shock induction of
the 72-kDa Hsp70 protein is markedly attenuated in the
differentiated NG108-15 cells, expression of the 73-kDa
Hsc70 protein was clearly upregulated in the differentiated
neural cells. Neuronal specificity of these changes in
expression of the Hsp70 versus Hsc70 protein in the dif-
ferentiated NG108-15 cells was further evaluated using
extracts from normal and Hsp70 knockout murine embryo
fibroblasts (Hsp70—/— MEF). The identity of the 72-kDa
protein as the heat-inducible Hsp70 was validated by (1) its
induction by heat shock in NG108-15 (compare lanes 1 and 2)
and wild-type MEF (lane 5 and 6) and (2) its absence in extracts
of the Hsp70—/— MEF (lanes 9-12). That the attenuated
induction of the 72-kDa Hsp70 protein was specific to the
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Fig. 3 Determination of the amount and activation of HSF1, and
induction of mRNA of HSPs in the undifferentiated and differentiated
NG108-15 cells. Cells in 100-mm plates were used. Condition for heat
shock was 2 h at 42°C. a Immuno-Western blot probing for HSF1 of
undifferentiated and differentiated NG108-15 cells. Ten-microgram
aliquots of whole cell extracts were loaded onto an 8% SDS-
acrylamide gel for analysis. b DNA-binding activity of HSF1 in
extracts from control and heat shocked (42°C, 1 h) cells was
determined by electrophoretic mobility shift assay. The relative
DNA-binding activity in the four samples (left to right) were 1, 40,

differentiated neural cells (compare lanes 2 and 4 of Fig. 5a), as
opposed to effects of dibutyryl cAMP independent of neural
differentiation, was supported by the observation that treat-
ment of MEF with 1-mM dibutyryl cAMP for 2 days failed to
produce the same effect; rather, dibutyryl cAMP boosted the
heat shock induction of the 72-kDa Hsp70 protein in MEF

Undifferentiated
0 2 4 6 8

0.5, and 12, respectively. ¢ Northern blot quantitation of mRNA of
Hsp89c, Hsp70, and Hsp25 in the undifferentiated and differentiated
NG108-15 cells. Cells were heat shocked at 42°C for 2 h, and RNA
was isolated according to methods described in the text. Probing of the
mRNA of Hsp89«, Hsp70, and Hsp25 were done by hybridization
with [*?P]labeled Hsp89c cDNA (pHS801), Hsp70 DNA (pH2.3),
and Hsp25 cDNA (pHS208). The size of the transcripts are as indicated
(in kb). The relative abundance of the mRNA, quantitated by
densitometric scanning were Hsp89cx (left to right): 6, 21, 4.3, 9;
Hsp70: not determined, 9.6, not determined, 2.8; Hsp25: 1.3, 6.8, 0.4, 1

(compare lanes 6 and 8, Fig. 5a). In a previous study, we
reported on effects of cAMP and cAMP-dependent protein
kinase in promoting Hsp70 gene expression (Choi et al
1991). Neural specificity of the upregulation of Hsc70
expression was supported by the increase in 73-kDa Hsc70
protein in the differentiated NG108-15 cells (lanes 3 and 4

Differentiated
8h @42°C

Hsp 98 | caom—

Hsp 89 ==

Hsp 72

Hsp 50 »| BT SEEE T S

Hsp 25 >

0 2 4 6

Fig. 4 Synthesis of heat shock proteins in the undifferentiated and
differentiated NG108-15 cells. Undifferentiated and differentiated
NG108-15 cells in 35-mm plates were used. Cells were heat shocked
at 42°C for time periods of 2, 4, 6, and 8 h. To monitor the induction
of HSP synthesis, [>°S]methionine/cysteine (50 uCi/ml) was added to
the medium for the last hour before harvesting of the cells. The
amount of radioactivity incorporated into newly synthesized proteins
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was determined by precipitation of proteins with trichloroacetic acid
followed by liquid scintillation counting. Aliquots of the cell
homogenate containing an identical amount radioactively labeled
protein (60,000 cpm of trichloroacetic acid-insoluble material) were
analyzed by SDS-PAGE and autoradiography. The positions of the
major HSPs, Hsp98, Hsp89, Hsp72, Hsp50, and Hsp25, are indicated
by arrowheads
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Fig. 5 Attenuated induction of the Hsp70 protein and increased
expression of the constitutive Hsc70 protein in the differentiated
NG108-15 cells. a Immuno-Western blot probing for Hsp70 and
Hsc70. Extracts from control- and heat shocked- (42°C, 2 h, followed
by recovery at 37°C for 6 h) undifferentiated and differentiated
NG108 cells were probed using the RTG76 antibody that detects the
72-kDa Hsp70 and the 74- and 73-kDa Hsc70 proteins. To validate the
identity of the protein bands and to assess the specificity of effects of
dibutyryl cAMP, we included in this experiment extracts from the wild
type and the Hsp70—/— MEF. Where indicated, MEF were treated with
1-mM dibutyryl cAMP for 48 h. The condition of the heat shock was
2 h at 42°C followed by recovery incubation at 37°C for 6 h. Aliquots

versus 1 and 2) but not in the dibutyryl cAMP-treated MEF
(wild-type lanes 5-8; Hsp70—/—, lanes 9-12).

To validate the increased expression of Hsc70 in the
differentiated NG108-15 cells, we used a commercially
available Hsc70-specific antibody (Stressgen, SPA816) to
probe for Hsc70 by both immuno-Western blot and
immunocytochemistry. Result in Fig. 5b shows that this
antibody specifically recognized the 73-kDa Hsc70 protein.
Heat shock (42°C, 2 h followed by recovery at 37°C for
6 h) had a variable but insignificant effect on the expression
of Hsc70 (the relative abundance of the Hsc70 protein of
Fig. 5b as determined by densitometry is indicated at the
bottom of the figure). The average + standard deviation of
Hsc70 from five determinations of two separate experi-
ments for undifferentiated-control and undifferentiated-heat
shocked cells and differentiated-control and differentiated-
heat shocked cells were 1, 1.1+0.3, 3.52+0.42, and 3.48=%
0.5, respectively.

In Fig. 6, we used immunocytochemical techniques to
probe for the abundance and localization of the Hsc70
protein using the Stressgen Hsc70-specific antibody. In
general, the differentiated cells showed significantly stron-
ger staining for Hsc70 than the undifferentiated cells, and
heat shock at 42°C for 2 h followed by recovery at 37°C for
6 h had no obvious effect either on the staining intensity or
the localization of Hsc70. The staining pattern revealed that
Hsc70 is located in the cytoplasm and the neuritic
processes. In the differentiated cells, we noticed structures
resembling neuronal varicosities (indicated by arrow heads

of whole cell lysate containing 10-pg protein were subjected to SDS-
PAGE (8%) after the transfer of proteins onto polyvinylidene fluoride
membrane and antibody probing. The positions of the 74- and 73-kDa
Hsc70 and the 72-kDa Hsp70 are as indicated. b Immuno-Western
blot probing for Hsc70. To unequivocally determine the increase in
Hsc70 expression in neural differentiation, extracts of the control- and
heat shocked-undifferentiated and differentiated NG108-15 cells, as
shown in lanes I through 4 of (a), were probed using an antibody
specific for the constitutive Hsc70 protein (Stressgen, SPA-816). The
relative abundance in the different samples determined by densitom-
etry is shown at the bottom of the figure

in the figure) at the terminus of or along the neuritic shafts
staining strongly for Hsc70. Furthermore, there appears to
be a correlation between morphological differentiation
(number and length of neurite) and the Hsc70 staining
intensity at the individual cell level. As shown in panels f
and%< the highly differentiated cells stained brightly for
Hsc70, whereas the less differentiated cells—Iess so (e.g.,
the three cells in the upper left hand corner of panel g and
cells in the lower left hand corner in panel f). Together, the
results in Figs. 5b and 6 demonstrate unequivocally an
increase expression of the constitutive Hsc70 protein in
neuronal cell differentiation.

Vaulnerability of the differentiated NG108-15 cells
to stress-induced cell death

Induction of the HSPs provides a buffering capacity against
the toxic effects of mis-folded proteins; their activation
under conditions of stress is a powerful cyto-protective
mechanism for survival (Amin et al. 1996; Yenari et al.
1998, 1999; Akbar et al. 2003). These considerations sug-
gest that the attenuated induction of HSPs in the differen-
tiated may be associated with vulnerability to stress-induced
cell death.

To evaluate this possibility, we determined the effects of
increasing concentrations of arsenite (Fig. 7) and glutamate/
glucine (Fig. 8) on cell viability and activation of caspase
3/7. Arsenite was chosen for its ability to elicit oxidative
stress, and, indeed, the cytotoxic effects of arsenite were
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Fig. 6 Phase contrast and Hsc70 immuno-fluorescence photomicro-
graphs of the control- and heat shocked-undifferentiated and differen-
tiated NG108-15 cells. Undifferentiated and differentiated (1-mM
dibutyryl cAMP in a 2% fetal bovine serum supplemented medium for
3 days at 37°C) NG108-15 cells were incubated under control and
heat shocked conditions (42°C for 2 h followed by recovery at 37°C

negated by the transfection and expression of superoxide
dismutase 1 (data not shown). Glutamate/glycine was
chosen for its ability to bind to and activate the N-methyl-
D-aspartate receptor (NMDAR) protein and, at appropriate
concentrations and time of incubation, elicit excitotoxic cell
death in NMDAR-positive neurons (Michaelis 1998;
Schubert and Piasecki 2001). We show in Fig. 7 that the
differentiated NG108-15 cells exhibited exquisite sensitiv-
ity toward the cytotoxic effects of arsenite. In the

a Cell Viability
%Undiﬁerenﬁawd
— "§~ /
-}

1200

8
°

control)

40.0 1 Differentiated

Celi viability (relative to

0.0 +—/£ .
0 10

Arsenite [uM]

Fig. 7 Differentiated NG108-15 cells exhibited greater sensitivity
toward oxidative stress-induced cell death and activation of caspase 3/
7 activity. Undifferentiated and differentiated NG108-15 cells in 96
Stripwell™ plate were used. To induce oxidative stress, sodium
arsenite was added to designated wells to final concentrations of 1, 5,
10, 20, 35, 50, 75, and 100 uM and incubated at 37°C for 16 h. a Cell
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Control Heat-Shocked

for 6 h) and processed for immunocytochemical staining for Hsc70
according to methods described in the text. The phase contrast (a, ¢, e,
and g) and FITC fluorescence (b, d, f, and h) views of these cells are
illustrated. The arrowheads in e, f, g, and h point to examples of
varicosity-like structures at the terminus (h) of or along (f and h) the
neuritic shaft of the differentiated NG108-15 cells

differentiated cells, arsenite caused a significant and dose-
dependent loss of cell viability beginning at 10 uM and, at
50 uM, <15% of cells were viable (Fig. 7a). Under the
same condition, the undifferentiated NG108-15 cells were
more resistant against the cytotoxic effects of arsenite with
>90% of cells viable up to 50-puM arsenite, followed by a
steep decline in cell viability in the presence of 70- and
100-uM arsenite. The cause of cell death is likely due to
apoptosis, as there was a significant and arsenite dose-

b Caspase 3/7 activity

50.00
£%5 4000
3E
% g 30.00 -
-
g% 20,00 - Differentiated
33 10.00 -
0.00 {= : {
° 10 100
Arsenite [uM]

viability, relative to that of the untreated (i.e., without arsenite) control
of 100, is presented. Results represent average + standard deviation,
N=4. b Caspase 3/7 activity (relative luminescence unit, normalized
against cell viability signal) was assayed using the Caspase3/7 Glo
reagent from Promega Inc. Results represent average + standard
deviation, N=4

Print will be in black and white

466
467
468
469
470
471
472
473
474

Print will be in black and white



AUTHOR'S PROOF

475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

490

491
492
493
494
495
496
497

HSP chaperones and neural differentiation

JmiiD 12192_ArtiD 13_Proof# 1 - 24/01/2008

140

120

100

80 -

60 4

—O— Undiff - control
-/~ Undiff - 10 uMgly
—0O- Undiff - 50 uMgly
20 - —Q—D?If-control
—&— Diff - 10 uM gly
—@i— Diff - 50 uM gly
0 +— T T
0 10 100
Glutamate [piM]
Fig. 8 Susceptibility of the differentiated but not the undifferentiated
NG108-15 cells to the excitotoxic effects of glutamate/glycine.
Undifferentiated and differentiated NG108-15 cells in 96 Stripwell™
plate were used. To test for the effects of glutamate and glycine, cells
were refurbished with Dulbecco’s phosphate-buffered saline without
added amino acids. Glutamate was added to individual wells to final
concentrations of 0, 10, 20, 50, 100, 200, and 500 uM and 1 mM
either without (circle symbol) or with 10 (¢riangle symbol) and 50 uM
(square symbol) glycine (gly). Cells were incubated at 37°C overnight
(16 h). Cell viability was assayed using the CellTiter Glo lumines-
cence reagent from Promega Inc. Results presented are relative to that
of the untreated (i.e., without glutamate or glycine) control of 100.
Results represent average + standard deviation, N=4

40

Cell viability (relative to control)

1000

dependent activation of caspase 3/7 activity particularly in
the differentiated cells (Fig. 7b). A maximal activation of
caspase 3/7 was observed after 16-h incubation at 37°C
with 50-uM sodium arsenite, and this activation was
approximately five times greater in the differentiated cells
than in the undifferentiated cells.

The excitotoxic effects of increasing concentrations of
glutamate and glycine (Fig. 8) appeared also to be selective
for the differentiated cells. Glutamate, without glycine, had
little or no effect on viability of the differentiated NG108-
15 cells; the addition of 10- and 50-uM glycine, however,
gave a glutamate dose-dependent decrease in viability of
the differentiated cells. Viability of the undifferentiated
cells was not statistically affected by the concentration and
combination of glutamate and glycine used.

Discussion

In our present study of the regulation of heat shock gene
expression in neural differentiation, we observed that
differentiation of the NG108-15 tumor neural progenitor
cells into neuron-like cells is associated with an attenuated
HSR. Our result is consistent with previous observations of
a reduced induction of Hsp70 during neuronal differentia-
tion of the PC12 cells (Dwyer et al. 1996; Hatayama et al.

1997) and of differences in induction of the heat shock
genes in regions of the mammalian brain—a robust
response in glial and ependymal cells as compared to a
null, delayed, or diminished response in neurons (Manzerra
and Brown 1996; Marcuccilli et al. 1996; Nishimura and
Dwyer 1996; Tytell et al. 1996). Studies in various neuronal
systems noted a high threshold for induction for the stress
response, a defect attributed to the lack of activation of the
heat shock transcription factor, HSF1 (Marcuccilli et al.
1996; Nishimura and Dwyer 1996; Batulan et al. 2003).
Together, these observations strongly suggest that an at-
tenuated HSR may be a common feature of the differen-
tiated neuronal cell. This limited ability of neurons to
mount the protective HSR is likely to have dire conse-
quences, as protein mis-folding and aberrant protein inter-
actions are known to have fundamentally important roles in
the pathogenesis of various neurodegenerative conditions
(Welch and Gambetti 1998; Sharp et al. 1999; Sherman and
Goldberg 2001; Bonini 2002; Muchowski 2002; Benn and
Brown 2004; Landsbury 2004; Westerheide and Morimoto
2005; Morimoto 2006; Muchowski and Wacker 2005).

The molecular mechanism of this attenuated HSR in
differentiated neurons is not entirely clear. We showed that,
while the amount of HSF1 in the differentiated cells is not
significantly different from that of the undifferentiated cells,
the HSF1 of the differentiated cells was nonetheless
recalcitrant to heat-induced activation. In a previous study
on PC12 cells, neural differentiation was associated with a
marked increase in the HSF1 DNA-binding activity,
although induction of the HSP mRNA and protein was
markedly reduced (Hatayama et al. 1997). The cause of this
difference in regulation of HSF1 DNA-binding activity in
the PC12 versus NGI/8-15 cells is not entirely clear.
Studies on embryonic motor neurons showed that, while
the attenuated HSR in neurons cannot be rectified by the
transfection and expression of a wild-type HSF1, the
transfection and expression of a constitutively active form
of HSF1 were effective in reinstating the HSR (Batulan et
al. 2003). Together, these results suggest changes in the
sensing and/or signaling mechanism leading to the activa-
tion of HSF1 in the differentiated neuron.

The increased expression of Hsc70 protein in the
differentiated NG108-15 cells is of interest and, perhaps,
of significance. Hsc70 can, by interacting with various co-
chaperone proteins, guide the sequential restructuring of
stable or transient protein complexes to promote a temporal
and spatial regulation of the endo-and exocytotic machinery
and to ensure a vectorial passage through the vesicle cycle
(Zinsmaier and Bronk 2001; Young et al. 2003). In other
words, localized co-chaperones can harness the adenosine
triphosphate-dependent mechanisms of Hsc70 for confor-
mational work in vesicle secretion and recycling, protein
transport, and the regulated assembly and/or disassembly of
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protein complexes. Our observation that the differentiated
NG108-15 cells—notably, varicosity-like structures on
neuritic shafts—staining strongly for Hsc70, is consistent
with this suggested function of Hsc70. In neurons,
varicosities are known structures filled with synaptic
vesicles and release neurotransmitter by synaptic vesicle
exocytosis (Mandell et al. 1993; Cooper et al. 1995; Chiti
and Teschemacher 2007). In previous studies on PC12
cells, differentiation of these cells was not associated with
observable changes in expression of the constitutive Hsc70
protein, although there was a significant decrease in
induction of Hsp70 (Dwyer et al. 1996; Hatayama et al.
1997). The reason(s) for such difference in regulation of
HSC 70 expression upon differentiation of the PC12 versus
NG108-15 cells is not clear. Possibilities may include
differences in the cell model used or stages of differenti-
ation attained in the different studies. To better understand
the mechanism and the functional significance of the
changes in heat shock gene expression in neural differen-
tiation, we plan to evaluate if changes in expression of
Hsc70, by using sense and anti-sense vectors of Hsc70 DNA,
may modulate induction of the HSPs and/or differentiation
of the NG108-15 cells.

Unlike the stress-induced Hsp70, however, Hsc70 may
not afford significant protection against stress-induced pa-
thologies. We show in Fig. 7 that the differentiated NG108-
15 cells are exquisitely sensitive to the cytotoxic effect of
arsenite. Given that arsenite is both an inducer of the HSR
and an elicitor of oxidative stress (Khalil et al. 2006), we
inferred that the limited induction of HSPs in the differen-
tiated cells coupled with their increased sensitivity to oxi-
dative stress-induced pathologies likely contributed to the
demise of the differentiated cells in the presence of arsenite.

The selective sensitivity of the differentiated NG108-15
cells to glutamate and glycine is of interest. The possibility
that this selective cytotoxic effect of glutamate and glycine
in the differentiated NG108-15 cells is due to activation of
the NMDAR protein is supported by our observation that,
whereas glutamate plus glycine gave dose-dependent
cytotoxic effects, glutamate alone was without effect.
Previous studies showed that NMDARs are heteromeric
composed of NR1 subunits, which binds glycine, and NR2
subunit, which binds glutamate; both NR1 and NR2
subunits are required to create a functional receptor
(Waxman and Lynch 2005). Importantly, expression and
function of the NMDAR protein appeared to be modulated
in neural differentiation: (1) Neurogenesis is correlated with
the expression of various NMDAR subunits (Varju et al.
2001; Pizzi et al. 2002), and (2) differentiation of the
NG108-15 cells is associated with an increase in the
NMDAR mRNA level (Beczkowska et al. 1996, 1997).
Therefore, it is most likely that the selective vulnerability of
the differentiated NG108-15 cells toward glutamate plus
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glycine, shown in Fig. 8, is due, at least in part, to the
increased expression and function of NMDAR as part of
the neural differentiation program. The possibility that ex-
pression of the HSP chaperones may afford protection
against the cytotoxic effects of glutamate and glycine is
supported by a previous observation that conditioning heat
shock and increased synthesis of HSPs protect cortical
neurons from glutamate toxicity (Rordorf et al. 1991). HSPs
can suppress stress-induced apoptosis by many and varied
mechanisms including blocking cytochrome c release from
mitochondria, preventing apoptosome formation, and inhib-
iting the activation of caspase 3 and downstream events
(Mosser et al. 2000; Gabai and Sherman 2002).

In summary, our study provides evidence that changes in
expression of the HSP and HSC proteins are components of
the neural differentiation program. It seems likely that the
attenuated induction of HSPs contributes to neuronal
vulnerability to stress-induced pathologies and death,
whereas the increased expression of Hsc70 may support
various neural-specific functions such as vesicle trafficking
in the differentiated cells.

Dibutyryl N8 2"-O-dibutyryl adenosine 3":5'-cyclic

cAMP mono-phosphate

HSF1 heat shock factor 1

HSR heat shock response

HSP heat shock protein

Hsp70 the 72-kDa heat shock protein

Hsc70 the 74- and 73-kDa constitutively expressed
heat shock cognates

Hsp70—/— Hsp70 knockout

MEF murine embryo fibroblasts

NMDA N-methyl-D-aspartate

NMDAR NMDA receptor

PBS phosphate-buffered saline (150 mM NaCl,

10 mM sodium phosphate, pH 7.4)
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cell damages caused by the perturbation of protein conformation
(Feige et al., 1996; Hendrick and Hartl, 1995; Morimoto, 1998;
Morimoto et al., 1994).

Two lines of observation suggest that problems of protein
folding and of the supportive role of HSPs in preventing the
buildup of mis-folded or non-native proteins have fundamen-
tally important roles in the genesis and pathology of neu-
rodegenerative diseases. The first is that an abnormality/defect
in protein folding is at the crux of Alzheimer’s, Huntington’s,
Parkinson’s, amyotrophic lateral sclerosis, and prion diseases.
The diseases are characterized by changes, due to genetic or
epigenetic factors, in the folding of specific proteins to con-
formations prone to aggregation resulting in the accumulation
of toxic protein fibrils and aggregates that likely contribute to
neuron pathology and death (Forman et al., 2004; Morimoto,
2006; Muchowski and Wacker, 2005; Sherman and Goldberg,
2001). The second line of observation is thatinduction of the HSR
and the ability to up-regulate expression of the HSP chaperones
-mechanisms that normally provide important defense against
the dire consequences of protein mis-folding and aberrant
protein interactions - are decreased in various brain and spinal
cord neurons in vivo and in vitro (Batulan et al., 2003; Brown and
Rush, 1999; Foster and Brown, 1997; Manzerra and Brown, 1996;

Manzerra et al., 1997; Marcuccilli et al., 1996; Nishimura and 76
Dwyer, 1996). In general, neurons, in comparison with glial and 77
ependymal cells, have a higher threshold for induction of the 78
HSR, requiring a greater intensity or duration of stress for a 79
diminished response. 80

We initiated this study to determine if induction of the heat 81
shock transcriptional response (HSR) may be regulated in the 82
course of neuronal cell differentiation. To facilitate this analysis, 83
we developed a semi-high throughput hsp70-firefly luciferase 84
reporter gene screening assay to assess possible changes in 85
regulation of the HSR. Using tumor neural progenitor cells and 86
primary embryonic neurons as model systems, we show in this 87
study that differentiation of the neural progenitor cells from a 88
state resembling stem cells into a state resembling neurons is 89
accompanied by a decreased induction of the HSR and an 90
increased vulnerability to stress induced cell death. 91

2. Results ‘ 93

We routinely scored neural differentiation by measuring the % 94
of neurite-positive cells in the population, this being<10% and 95
>80% for the undifferentiated and differentiated cultures, 96

(B) Tubulin BlI

(D) Neurofilament

Fig. 1 - Immunocytochemical staining of differentiated NG108-15 cells for tubulin BIII and neurofilament. Dibutyryl
cAMP-induced (1 mM, 3 days) differentiated NG108-15 cells in 35 mm plates were fixed and stained according to methods
described in the text. The secondary antibody used for the staining of tubulin BIII was conjugated to Texas red, and for
neurofilament was conjugated to FITC. Nuclei were counter stained with 10 sM Hoechst 33342. (A) and (B): Phase contrast and
rhodamine fluorescence views, respectively, of the tubulin BIII stained differentiated NG108-15 cells. (C) and (D): Phase contrast
and FITC fluorescence views, respectively, of the neurofilament stained cells. Arrow heads identify “varicosity-like”

structures along the neuritic shafts.
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respectively. To ascertain the neural differentiation pheno-
type, differentiated NG108-15 cells were stained for neural
specific tubulin pllI and neurofilament. The result in Fig. 1
showed positive staining of both the cell body and neurites
of the differentiated NG108-15 cells; furthermore, we noted
strongly stained structures - indicated by arrowheads in Fig. 1B
and D - resembling varicosities along the neuritic shafts. Vol-
tage clamp recording of the (A) undifferentiated and (B) dif-
ferentiated NG108-15 cells in Fig. 2 demonstrated the presence
of voltage-gated sodium channels in the differentiated cells
but not the undifferentiated cells. The voltage-dependent,
constant amplitude inward sodium current (- pA on the Y-axis)
- the basis of the depolarizing upstroke in action potential -
was observed when the differentiated cell was clamped at
voltage>-40 mV, and the latency of this inward sodium cur-
rent decreased with an increasingly positive voltage clamp.
The unique presence of the voltage-gated sodium channel s to
be contrasted with the ubiquitous outward (+pA) potassium
current observed in both the undifferentiated and the differ-
entiated cells. In previous studies, it was shown that the dif-
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Fig. 2 - Whole cell voltage clamp recordings of the

(A) undifferentiated and (B) differentiated NG108-15 cells.
Undifferentiated and differentiated NG108-15 cells in 60 mm
plates were used. For voltage clamp recording, cells were
clamped at voltages as indicated. Signals were recorded with
an Axopath 200A amplifier. The voltage-gated inward
sodium current is indicated by a negative deflection (-pA)
whereas the outward potassium current is indicated by a
positive deflection (+pA). Result is representative of 4
different recordings from two separate experiments.

ferentiated NG108-15 cells form a-functional synapse with
muscle cells at relatively high frequencies (Nelson et al., 1976;
Nirenberg et al., 1983, 1984). All of these features underscore
the neuronal phenotype of the differentiated NG108-15 cells, a
prototype of the tumor neuroprogenitor cell lines used in this
study.

In Fig. 3 we used the hsp70 promoter-luciferase reporter
gene to assess possible changes in induction of the heat shock
response upon neuronal differentiation of the tumor cells and
in primary embryonic neurons of the hippocampus, cortex,
and spinal cord. The result in Fig. 3A, B, and C represents,
respectively, the raw hsp70-luciferase activity in relative lu-

minescence unit (RLU), fold of increase in reporter gene activity |

under heat shock condition over that of the control (HS/con-
trol), and after normalization against that of the co-transfected
Renilla luciferase activity. We show that induction of the
hsp70-reporter gene activity was highest in the undifferen-
tiated NG108 cells. Differentiation of the NG108-15 cells
resulted in a significant drop in reporter gene expression,
and reporter gene activity of the primary embryonic neurons
(hippocampal, cortical and spinal cord neuron culture) was
lower than that of the differentiated NG108-15 cells. This ob-
servation would suggest that induction of the hsp70-reporter,
and hence the heat shock response (HSR) is attenuated in the
course of neural differentiation: from the undifferentiated
progenitor to the early differentiated neural cells, and then the
mature differentiated neuron.

To evaluate if the attenuated induction of the hsp70-
reporter gene is indeed a common feature of neural differ-
entiation, we screened for reporter gene expression in the
undifferentiated and differentiated N18 and NS20 mouse neu-

117
118
119
120
121
122
123
124
125
126
127

143
144
145
146
147

roblastoma cells (differentiation induced by the addition of 148

1 mM dibutyryl cAMP), the PC12 pheochromocytoma cells
(differentiation induced by the addition of 50 ng/ml of nerve
growth factor), and the C17.2 surrogate stem cells (differentia-
tion induced by serum removal). Morphological differentiation
was validated by neurite extension (data not shown). As
shown in Fig. 3C, heat shock induction of the hsp70-reporter
gene is attenuated in the differentiated cells when compared
to that of the undifferentiated cells. Experiments done using
other neuroblastoma cells including the NB15, N2a, and NIE-
115 cell lines further supported our contention that neural

149
150
151
152
153
154
155
156
157

158

differentiation is associated with an attenuated induction of 159

the hsp70-reporter; in each case, morphological differentia-
tion is correlated with decreased induction of the hsp70-
reporter gene (data not shown).

160
161
162

Figs. 4 and 5 are experiments aimed to validate specificity of 163

the attenuated induction of hsp70-reporter gene in the differ-
entiated NG108-15 cells. In Fig. 4A various treatment and cell
culture conditions were used to modulate morphological differ-
entiation: NG108-15 cells were induced to differentiate by treat-
ment with dibutyryl cAMP (1 mM, 48 h — standard differentiation
protocol), forskolin (10 M, 48 h), or retinoic acid (10 M, 48 h). Our

164
165
66
167
168
169

=

result showed that regardless of the agent used, differentiation of 170

the NG108-15 cells was associated with a decreased hsp70-re-
porter gene expression. Further, treattnent of a near confluent
culture of the NG108-15 cells with dibutyryl cAMP (undiff + cAMP)
-a condition not permissive for neural differentiation (cell crowd-
ing blocked neurite extension) - failed to elicit a comparable de-
crease in hsp70-reporter gene expression. Fig. 4B presents the
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Fig. 3 - An attenuated induction of the hsp70-firefly luciferase reporter is a feature of the differentiated neuron.

(A) A comparison of the basal (37 °C) and heat shock-induced (42 °C) hsp-firefly luciferase activity (in relative luminescence unit,
RLU) in the undifferentiated versus differentiated NG108-15 cells and primary embryonic neurons from rat E15 hippocampus,
cortex, and spinal cord. The result presented represents the averagezstandard deviation, N=4. (B) Fold of induction of the
hsp70-firefly luciferase activity by heat shock over that of the control (HS/control). (C) Hsp70-firefly luciferase activity
normalized against that of the co-transfected Renilla luciferase activity. The result presented represents the average +standard
deviation, N=4. (D) Induction of hsp70-firefly luciferase in the undifferentiated and differentiated N18, NS20, PC12 and C17.2
neuroprogenitor cells. Cells were induced to differentiate according to methods described. Cells were transfected with the
hsp70-firefly luciferase reporter DNA along with the Renilla luciferase DNA. Cells were heat shocked at 42 °C for time periods as
indicated (0.5, 1, and 2 h) followed by recovery at 37 °C; all cells weze harvested at 6 h. To facilitate comparison across
experiments, the firefly/Renilla luciferase ratio was set at 1 for the undifferentiated control. The result presented represents the

average = standard deviation, N=8.

time course of change in hsp70-reporter gene expression in the
control and dibutyryl cAMP-induced differentiating cells. Result
showed a quantal decrease in reporter gene expression at 48 h,
but not at 24 h after the induction of differentiation. We further
assessed the correlation of neurite extension and induction of the
hsp70-reporter gene by culturing NG108-15 cells at varying
plating densities and in the presence of different concentrations
of serum and dibutyryl cAMP to effect various degrees of
morphological differentiation. A plot in Fig. 5A of the heat
shock-induced hsp70-reporter gene activity against neurite
extension (neurite defined as a process with a length >2x the
diameter of the cell body; the unit lengthxnumber of neurites
were counted and divided by the number of cell bodies in a
microscopic field to get a “neurite extension” score) showed a
robust negative correlation. Representative photomicrographs of
NG108-15 cells with neurite extension scores of 0.2 and 8.3 are
shown in Fig. 5B along with photomicrograph of a representative
hippocampal neuron culture with a neurite extension score of
~38. Together the results in Figs. 3-5 provide strong support for
the contention that neural differentiation is associated with an
attenuated induction of the hsp70-reporter gene.

To better understand the mechanism of this change in
hsp70-reporter gene expression, we analyzed activation of the
HSF1 DNA-binding activity, induction of the mRNA of hsp70

and synthesis and accumulation of the HSP70 protein. The 201
resultin Fig. 6A shows that while heat shock at 42 °C activated 202
the HSF1 DNA-binding activity in both the undifferentiated 203
and differentiated cells, the magnitude of the increase in HSF1 204
DNA-binding activity was greater in the undifferentiated than 205
in the differentiated cells. Further, we show in Fig. 6B and C 206
that heat shock induction of the mRNA of hsp70 and the 207
72 kDa HSP70 protein were significantly reduced in the dif- 208
ferentiated cells when compared to that of the undifferen- 209
tiated cells. The decreased induction of the HSP70 protein was 210
further validated by immunocytochemical staining. We show 211
in Fig. 7 that heat shock at 42 °C for 2 h followed by recovery at 212
37 °C for 6 h greatly increased the HSP70 staining intensity of 213
the undifferentiated NG108-15 cells and weakly in the dif- 214
ferentiated cells. HSP70 appear to be primarily a cytoplasmic 215
protein — as opposed to a nuclear or neuritic localization. 216

Induction of the HSP protein in general and of the HSP70 217
protein in particular has been demonstrated to confer cyto- 218
protection. The attenuated HSR in the differentiated neural 219
cells would suggest a vulnerability of these cells when stressed 220
or challenged, a vulnerability that should be rectified ~ at least 221
in part - by conditioning heat shock to pre-induce HSPs or by 222
the forced expression of HSP70 using gene transfer technology. 223
In Fig. 8, we examined the dose-response effect of a non- 224
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Fig. 4 - Specificity and time course of change in hsp70-reporter gene expression in neural differentiation.

(A) Specificity of the attenuated induction of hsp70-reporter gene. Plates of NG108-15 cells were induced to differentiate by
the addition of dibutyryl cAMP [Diff (CAMP); 1 mM, 48 h], forskolin [Diff (forskolin); 10 1M 48 h] or retinoic acid [Diff (RA); 10 M
48 h]. To validate that the decreased expression of hsp70-reporter is not a direct effect of the treatment of cells with dibutyryl
cAMP, a plate of near confluent undifferentiated NG108-15 cells was treated with dibutyryl cAMP under conditions not
permissive for neurite extension (Undiff+cAMP). These five groups of cells were transfected with the hsp70-firefly luciferase
reporter DNA together with the Renilla luciferase DNA as an internal control. Hsp70-reporter gene activity, calculated as the
firefly/Renilla luciferase ratio and relative to that of the undifferentiated control, of the control and heat shocked cells (0.5, 1, and
2 h at 42 °C, followed by recovery at 37 °C for a total of 6 h) is shown. (B) Time course of change in the basal and heat
shock-induced hsp70-reporter. A 100 mm plate of near confluent undifferentiated NG108-15 cells were transfected with the
hsp70-firefly luciferase reporter DNA along with the Renilla luciferase DNA as an internal control. At the end of this DNA
transfection procedure (t=0), the cells were divided and plated into a 96 well plate under “undifferentia ” (standard medium)
and “differentiated” (DMEM supplemented with 2% FBS and 1 mM dibutyryl cCAMP) conditions. At various times

thereafter (12, 24, 48, and 72 h), cells were heat shocked at 42 °C for 2 h followed by recovery at 37 °C for 4 h prior to harvesting
for reporter gene assay. The result on the firefly/Renilla luciferase ratio, relative to that of the undifferentiated control, is
presented. The result represents the average+standard deviation, N=4.
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Fig. 5 - (A) Induction of the hsp70-reporter is negatively correlated with morphological differentiation. NG108-15
neuroblastoma cells were transfected with the hsp70-firefly luciferase DNA. 6 h after DNA transfection cells were subcultured
and plated in 24 well plates at varying plating density in DMEM supplemented with different concentrations of serum

(1,2, 4, 6, 8 and 10%) and dibutyryl cAMP (0.2, 0.4, 0.6, 0.6 and 1 mM) to effect varying degrees of morphological differentiation.
After 48 h of culture a 37 °C, cells were scored for neurites (neurite defined as a process >2x the diameter of the cell body; the
length x number of neurites were counted and divided by the number of cell bodies in the field to get a “neurite extension”
score). Cells were heat shocked at 42 °C for 2 h followed by recovery at 37 °C for 4 h to determine induction of the hsp70-reporter
gene. (B) Representative phase contrast photomicrographs of the undifferentiated and differentiated NG108-15 cells and
primary embryonic hippocampal neurons in culture, with neurite extension scores of 0.2, 8.3 and 38, respectively.
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Fig. 6 - Activation of the HSF1 DNA-binding activity, and induction of hsp70 mRNA and protein in the undifferentiated and
differentiated NG108-15 cells. (A) Heat shock-dependent activation of the HSF1 DNA-binding activity. Electrophoretic mobility
shift assay was used to assess the HSF1 DNA-binding activity in the control- and heat shocked- (42 °C, 0.5, 1 and 2 h)
undifferentiated (lanes 1-5) and differentiated (lane 5-10) NG108-15 cells. The position on the gel of the HSF1-HSE complex is
as indicated. (B) Heat shock induction of the mRNAPP7°_ Cells were heat shocked at 42 °C for time periods of 0, 1, 2, 3 and 6 h.
RNA was prepared and probed according to methods described. Abundance of mRNA of the house keeping gene,
glyceraldehyde-3 phosphate dehydrogenase (GAPDH) served as the internal control. (C) Induction of the 72 kDa HSP70 protein.
Undifferentiated (lanes 1-5) and differentiated (lanes 6-10) NG108-15 cells were heat shocked at 42 °C for 2 h followed by
recovery at 37 °Cfor 0, 1, 3, and 5 h prior to harvesting. Aliquots of whole cell lysate containing 10 g protein were subjected to
SDS-PAGE (8%) followed by the transfer of proteins onto PVDF membrane and probing by the Stressgen anti-HSP70 polyclonal

antibody (SPA812). The position on the gel of the 72 kDa HSP70 and the 73 kDa HSC70 protein are as indicated.

selective oxidizer, arsenite, on (A) viability and (B) caspase 3/7
activation in the differentiated NG108-15 cells; results on the
undifferentiated NG108-15cells were included for comparison.
We show that arsenite caused a dose-dependent decrease in
viability of both the undifferentiated and the differentiated
NG108-15 cells, with the differentiated cells being much more
sensitive to the cytotoxic effects of arsenite. Conditioning heat
shock (42 °C, 2 h; pre-HS) and expression of HSP70 by gene
transfer at 24 h prior to the arsenite challenge of the dif-
ferentiated cells significantly blunted the cytotoxic effects,
increasing cell viability from 10% to, respectively, 80 and 70% in
the presence of 200 uM arsenite. The cause of cell death likely
involves apoptosis as arsenite caused a dose-dependent acti-
vation of caspase 3/7 activity, and this activation was blunted
by conditioning heat shock and increased expression of HSP70.
Treatment of the undifferentiated NG108-15 cells also caused a
dose-dependent increase in caspase 3/7 activity, however the
magnitude of the increase was muted when compared to that
of the differentiated cells.

We also tested the effects of activation of the NMDA receptor 244
protein on cell viability using a combination of glutamate and 245
glycine. In Fig. 9A we show that glutamate, from 10 uM-1 mM, 246
had little effect by itself on the viability of the differentiated N18 247
cells. When added in combination with 10 or 50 pM glycine, 248
however, glutamate was cytotoxic. The cytotoxic effect is de- 249
pendent on the concentration of both glutamate and glycine: at 250
200 uM glutamate cell viability was 105%, 67% and 17% in the 251
presence of 0, 10 and 50 uM glycine, respectively (Fig. 9A). Con- 252
ditioning heat shock of the cells 24 h prior to the glutamate/ 253
glycine challenge blunted this cytotoxicity such that at 200 uM of 254
glutamate cell viability was 101, 90 and 61% in the presence of 0, 255
10 and 50 uM glycine, respectively (Fig. 9B). The undifferentiated 256
cells were insensitive to any combination of glutamate and 257
glycine; viability of the cells was unaffected by the concentra- 258
tions and combination of glutamate and glycine used. Together, 259
the results in Figs. 8 and 9 demonstrated a vulnerability of the 260
differentiated cells to stress induced cell death, a vulnerability 261
that can be rectified at least in part by conditioningheat shock to 262
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Undifferentiated
Control

Differentiated
Heat-shocked

Fig. 7 - Phase contrast and HSP70 immuno-fluorescence photomicrographs of the control- and heat shocked-undifferentiated
and differentiated NG108-15 cells. Undifferentiated and differentiated (1 mM dibutyryl cAMP in a 2% fetal bovine serum
supplemented medium for 3 days at 37 °C) NG108-15 cells were incubated under control and heat shocked conditions (42 °C for
2 h followed by recovery at 37 °C for 6 h) and processed for immunocytochemical staining using the Stressgen anti-HSP70

polyclonal antibody (SPA812).

pre-induce the expression of HSPs or by gene transfer and'in-
creased expression of HSP70.

3. Discussion

There is a large body of evidence that induction of the heat
shock transcriptional response and ability to up-regulate
expression of the HSP chaperones provide important defense
mechanisms against the dire consequences of protein mis-
folding and aberrant protein interactions (Forman et al., 2004;
Morimoto, 2006; Muchowski and Wacker; 2005; Sherman and
Goldberg, 2001). A corollary of this is that dysfunction of this
cytoprotective mechanism is likely to have pathological con-
sequences. Indeed, a notable patho-physiological manifesta-
tion of the blunting of this protective mechanism that has
important biomedical implication is our observation of an
attenuated heat shock response in aging cells: that as cells and
organisms age, their ability to activate HSF1 and to mount the
protective heat shock transcriptional response becomes
markedly reduced (Liu et al., 1996).

In our present study of the regulation of HSR in neural
differentiation, we observed that differentiation of neural
progenitor cells is associated with an attenuated heat shock
response. Our result is consistent with previous observations
of differences in induction of the heat shock genes in regions
of the mammalian brain — a robust response in glial and
ependymal cells as compared to a null, delayed or diminished
response in neurons (Batulan et al., 2003; Brown and Rush,

1999; Foster and Brown, 1997; Manzerra and Brown, 1996; 290
Manzerra et al., 1997; Marcuccilli et al., 1996; Nishimura and 291
Dwyer, 1996). The limited ability of neurons to mount the 292
cytoprotective HSR likely contributes to their inherent vulner- 293
ability and selective neuron death in disease states. 294

The mechanism of this attenuated HSR in differentiated 295
neurons is not entirely clear. In motor neurons, heat shock 296
failed to elicit an activation of HSF1, and furthermore, while 297
the transfection and expression of a wild type HSF1 failed to 298
rectify the defective HSR, the transfection and expression of a 299
constitutively active form of HSF1 did (Batulan et al., 2003). 300
This would suggest changes in the sensing and/or signaling 301
mechanism leading to the activation of HSF1 in the differ- 302
entiated neuron. In previous studies from our lab, we showed 303
that oxidation and intramolecular disulfide crosslinking of 304
cysteine-SH of HSF1 locks HSF1 into a conformation that is 305
recalcitrant to activation (Manalo and Liu, 2001; Manalo et al., 306
2002). Whether this or similar mechanisms contribute to the 307
attenuated activation of HSF1 in the differentiated neurons 308
remains to be determined. Consistent with this suggestion, 309
differentiation is often associated with a shift towards a more 310
oxidative intracellular environment, and redox has been sug- 311
gested to be a central integrator of cell growth versus dif- 312
ferentiation (Kamata et al., 2005; Noble et al., 2003; Smith et al., 313
2000). 314

The attenuated HSR in the differentiated neural cells is 315
likely to contribute to their vulnerability to stress induced 316
pathologies and death. We show in Fig. 8 that the differen- 317
tiated NG108-15 cells are exquisitely sensitive to the cytotoxic 318
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Fig. 8 - Vulnerability of the undifferentiated and
differentiated NG108-15 cells towards oxidative stress
induced cell death and the cytoprotective effects of
conditioning heat shock and over-expression of HSP70 in the
differentiated cells. Sodium arsenite was added to
undifferentiated and differentiated NG108-15 cells in a 96
well plate to final concentrations of 1, 5, 10, 20, 50, 100 and
200 pM and incubated at 37 °C for 16 h. To test for the
cytoprotective effects of conditioning heat shock and
over-expression of hsp70 in the differentiated cells, cells
were either heat shock at 42 °C for 2 h or transfected with a
eukaryotic expression vector of hsp70 (pcDNA3-hsp70) 24 h
prior to the challenge. (A) Cell viability. Viability was assayed
using the CellTiter-Glo® reagent. Result presented is relative
to that of the untreated (i.e. without arsenite) control of 1.
Result represent average + standard deviation, N=4.

(B) Caspase 3/7 activity (RLU, normalized against cell viability
signal) was assayed according to methods described in the
text. Result represent average +standard deviation, N=4.
Solid symbol: undifferentiated cells; open symbols:
differentiated cells.

effect of an oxidizer, sodium arsenite — much more so than
the undifferentiated cells. Given that arsenite is both an in-
ducer of the HSR and an elicitor of oxidative stress (Khalil
et al., 2006), we inferred that the limited induction of HSPs in
the differentiated cells coupled with their increased sensitiv-
ity to oxidative stress induced pathologies likely contributed
to the demise of the differentiated cells in the presence of
arsenite.

The cytotoxic effect of glutamate and glycine shown in Fig. 9
is likely due to activation of the NMDAR protein: (A) whereas

glutamate plus glycine gave dose-dependent cytotoxic effects, 329
glutamate alone was without effect. The NMDA receptors are 330
heteromeric composed of NR1 subunits, which bind glycine, 331
and the NR2 subunit, which binds glutamate; both NR1 and 332
NR2 subunits are required to create a functional receptor 333
(Waxman and Lynch, 2005); and (B) the cytotoxic effect of 334
glutamate plus glycine was blocked by the NMDAR specific 335
antagonist MK801 (data not shown). We note that expression 336
and function of the NMDAR protein is modulated in neural 337
differentiation: neurogenesis is correlated with the expres- 338
sion of various NMDA receptor subunits (Pizzi et al., 2002; 339
Varju et al., 2001), and differentiation of the NG108-15 cells is 340

(A) Control

Cell viability (RLU)

~o—without glycine
~—10 ui gly
0 050 u gly

0 10 100
Glutamate [uM]

(B) Conditioning heat shock

1000

120

80

40 4

—o—without glycine
~a—10 UM gly
0 ~=—50 pM qu

0 10 100 1000

Glutamate [uiM]

Cell viability (RLU)

Fig. 9-Susceptibility of the differentiated NG108-15 cells to
the excitotoxic effects of glutamate/glycine. Differentiated
NG108-15 cells were used. #e-test-fer—the-proteeaw-eﬁeets—ef

(peDNA3-hsp76) 24 h-prierte-the-challenge: (A) To test for the
effects of glutamate and glycine, cells were refurbished with
Dulbecco’s phosphate buffered saline without added amino
acids. Glutamate was added to individual wells to final
concentrations of 0, 10, 20, 50, 100, 200, 500 1M and 1 mM
without (circle symbol) and with 10 and 50 pM glycine
(triangle and square symbols, respectively). Cells were
incubated at 37 °C overnight (16 h). (B) To test for the
protective effect of conditioning heat shock, cells were heat
shocked at 42 °C for 2 h 24 h prior to the addition of glutamate
and glycine. The result presented is relative to that of the
untreated control (i.e. without glutamate/glycine) of 100, and
is representative of four separate experiments.
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associated with an increase in the NMDAR mRNA level (Bec-
zkowska et al., 1996, 1997). Indeed a comparison of the sen-
sitivity of undifferentiated and differentiated NG108-15 cells
toward the cytotoxic effects of glutamate and glycine reveal a
selective vulnerability of the differentiated cells — the undif-
ferentiated cells were not affected by the concentrations and
combination of glutamate and glycine used.

The possibility that expression of the HSP chaperones may
afford some protection against the cytotoxic effects of arsenite
and of glutamate/glycine is supported by the observation that
conditioning heat shock or forced expression of HSP70 con-
ferred cytoprotection when the differentiated cells were chal-
lenged (Figs. 8 and 9). HSPs can suppress stress induced
apoptosis by many and varied mechanisms including blocking
cytochrome c release from mitochondria, preventing apopto-
some formation, and inhibiting the activation of caspase 3 and
downstream events (Gabai and Sherman, 2002; Mosser et al.,
2000).

Our study provides evidence of an attenuated heat shock
response as part of the neural differentiation program. This
attenuated induction of HSPs likely contributes to neuronal
vulnerability to stress induced pathologies and death. Our work
may provide a framework for the development of a treatment
regimen or a pharmacological agent to rectify the defective HSR
in the differentiated neuron to mitigate the dire consequences
of protein mis-folding and boost neuron survival under stress.

4, Experimental procedures
4.1.  Cell culture and induction of neural differentiation

NG108-15 mouse neuroblastoma~-glioma hybrid cell line was
used as the prototype neural progenitor cells in this study.
Other mouse neuroblastoma cell lines used include N2a, NB15,
NS20 and N1E-115, and N-18 cell lines (Amano et al., 1972; Liu
et al., 1988; Nelson et al., 1976; Nirenberg etal., 1983, 1984).For
comparison, the PC12 pheochromocytoma cell line (Greene
and Tischler, 1976) and the C17.2 surrogate neural stem cell
line (Snyder et al., 1992) were also used to evaluate changes in
regulation of the HSR in neural differentiation. Unless indi-
cated otherwise, cells were grown in Dulbecco’s Modified
Eagle’s Medium (Mediatech Inc.) with 10% fetal bovine serum
(FBS; Atlanta Biologicals, Inc.), 50 pug/ml streptomycin and 50 U/
ml of penicillin. The C17.2 cell.line was grown in DMEM
supplemented with 10% FBS and 5% horse serum. Cells were
subcultured at or near confluency by minimal trypsinization
(0.25% trypsin; Mediatech Inc.) followed by dispersion of the
cells into single cell suspension in new growth medium and
plating onto new growing surfaces.

Differentiation of the NG108-15 neuroblastoma-glioma hy-
brid cells and the other neuroblastoma cell lines was induced
by subculturing the cells into a low serum containing medium
(2%, as opposed to the normal 10%, FBS) supplemented with
1 mM dibutyryl cAMP. Neural differentiation of the cells, can
be scored by % of neurite-positive cells (neurite defined as
processes >2x soma diameter) and >80% of the cells were
neurite-positive 2 days after induction with dibutyryl cAMP, as
compared to <10% of neurite-positive cells in the undiffer-
entiated culture. Differentiation of the PC12 pheochromocy-

toma cells was induced by the addition of 50 ng/ml of nerve 398
growth factor (NGF) for 2-3 days. Differentiation of the C17.2 399
surrogated neural stem cells was induced by replenishing cells 400
with serum free medium,; cell differentiation was observed 1~ 401
2 days after serum removal, although there was significant cell 402
death. 403

To ascertain the “neural” specificity of this attenuated HSR, 404
we treated a near confluent culture of the undifferentiated 405
NG108-15 cells with 1 mM dibutyryl cAMP — when cells were 406
recalcitrant to the neural inductive effect of dibutyryl cAMP 407
due to cell crowding. We also tested the effects of other agents 408
known to induce the neural differentiation process — forskolin 409
and all-trans-retinoic acid. 410

Unless indicated otherwise, the condition for heat shock 411
was at 42 °C for a specified time period. Cells were either 412
harvested immediately for analysis of HSF1 or mRNA™? or 413
allowed to recover at 37° C for a specified time period for 414
analysis of hsp70-firefly luciferase reporter gene expression, 415
induction of HSP70 protein, and of the effects of conditioning 416
heat shock on cell viability. 417

E16 rat embryonic neurons were obtained from the cortex, 418
hippocampus, and spinal cord by tissue dissociation, and plating 419
and culturing of the neurons according to methods described 420
(Du et al., 2007;:Magby et al., 2006; Nicot and DiCicco-Bloom, 421
2001). These embryonic neurons were maintained in the in vitro 422
cell culture condition for 5-11 days (DIV, days in vitro) prior to 423
biochemical analysis. 424

4.2. Immunocytochemical staining of the cells for tubulin 425
BIiI, neurofilament and HSP70 426

Cells were fixed with 4% paraformaldehyde for 30 min at 4 °C, 427
and permeabilized with 0.1% TritonX-100 (30 min, 4 °C). Stain- 428
ing for tubulin pIII was done by overlaying cells with a 1:2000 429
dilution of mouse anti-tubulin antibody (p-1II isoform; Chemi- 430
con MAB1637) and incubation at 4 °C for 60 min, followed by 431
Texus Red-conjugated goat anti-mouse IgG secondary anti- 432
body (Jackson ImmunoResearch Labs; 1:50 dilution, 60 min @ 433
4°C). A rabbit anti-neurofilament 200 kDa polyclonal antibody 434
(Chemicon AB1982; 1:500 dilution; 60 min, 4 °C) was used to 435
probe for neurofilament, followed by incubation with FITC- 436
conjugated goat anti-rabbit IgG secondary antibody (1:200 437
dilution, 60 min @ 4 °C). Nuclei were counter stained with 433
10 uM Hoechst 33342 at room temperature for 5 min. 439

For immunocytochemical staining of the 72 kDa heat 440
inducible HSP70, we used the SPA-812 rabbit polyclonal anti- 441
body from Stressgen at 1:500 dilution and incubation at 4 °C for 442
1 h, followed by FITC-conjugated goat anti-rabbit IgG second- 443
ary antibody (1:200 dilution, 60 min @ 4 °C). Cells were viewed 444
using a Nikon Diaphot 300 microscope and phase and fluo- 445
rescent images captured with a SPOT camera system (Diag- 446

nostic Instruments, Inc., Sterling Heights, MI). 447
4.3. Whole cell voltage clamp recordings of the 448
undifferentiated and differentiated NG108-15 cells 449

Undifferentiated and differentiated NG108-15 cells in 60 mm 450
plates were used. Cells were held at a potential of -80 mV. The 451
bath solution (pH 7.5) contained 1.67 mM CaCl,, 0.98 mM 452
MgCly, 5.36 mM KCl, 136.89 mM NaCl, 16.65 mM glucose, 10 M 453
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HEPES and 50 mM sucrose. The pipette solution (pH 7.5)
contained 112 mM KCl, 2 mM MgCl,, 0.1 mM CaCl,, 11 mM
EDTA, and 10 mM HEPES. The pipette resistance was between
3.6 and 4.2 MQ. Cells were clamped at voltages as indicated
and current signals were recorded with an Axopath 200A
amplifier.

4.4.
reporter

Assay of hsp70 promoter driven firefly luciferase

The hsp70-firefly luciferase reporter gene was constructed by
ligating a 1,036 bp Kpnl and Ncol restriction enzyme fragment
of the mouse hsp70 promoter-luciferase reporter, pLHSEU4
(Yanagida et al., 2000), to the Kpnl/Ncol digested pGL3E
(5,006 bp; Promega Inc.). For screening of the effects of heat
shock on the hsp70-luciferase reporter gene activity, undiffer-
entiated and differentiated cells in either 35 or 60 mm plates
were transfected with the hsp70-reporter DNA along with the
internal control of phRLSV40 (synthetic humanized Renilla
luciferase DNA; Promega Inc. E6261). Unless indicated other-
wise, the amount of each DNA used was 0.5 pg/35 mm plate or
1.5 pg/60 mm plate, and the amount of Lipofectamine 2000
used (in pl) was 3x that of the total amount of DNA (in pg). 6 h
after DNA transfection, similar numbers of the undifferen-
tiated and differentiated cells (~2-4x10% were plated into
individual wells of a 96 Stripwell™ plate (Corning/Costar 9102).
To evaluate heat shock induction of the hsp70-luciferase
reporter gene, strips of 8 wells of cells were placed in a 42 °C

incubator for 2 h followed by recovery at 37 °C for 4 h prior to ..

harvesting. Undifferentiated and differentiated cells were pro-
cessed in parallel to minimize experimental noise due‘to
variation in incubator temperature, quality/amount of the lu-
ciferase assay reagent, and decay of the luciferase lumines-
cence signal.

The Dual-Glo luciferase assay reagent system from Promega
Inc. (E2920) was used to assay for first the firefly then the Renilla
luciferase activity according to manufacturer’s instructions. We
have also used the Bright-Glo luciferase assay reagent (E2610)
from Promega Inc.; qualitatively similar results were obtained
although the Bright-Glo reagent gave a stronger signal with a
shorter half-life. Luciferase activity. was measured using the
Perkin Elmer Victor 2 multiplate reader equipped with dual
injectors. As illustrated in Fig. 3, result on hsp70-firefly luci-
ferase activity can be presented in one of three ways: (1) a direct
read out from the Victor2 plate reader in relative luminescence
unit, RLU; (2) normalized against that of the Renilla luciferase
(RLU) to negate experimental noise due to variation in cell
density, transfection efficiency, and non-specific toxic effects of
the treatment condition; and (3) normalized against Renilla luci-
ferase and relative to that of the undifferentiated control (ratio
of firefly/Renilla activity set at 1) to facilitate comparison across
experiments for statistical analysis. The hsp70-reporter gene
assay is robust; in a given experiment, sample-to-sample (i.e.
well-to-well) variation is <10% for a specified cell type and/or
treatment condition. The magnitude of heat shock induction
varied between experiments (the normal range being 10-40 fold
over that of the control), this variation is largely due to dif-
ferences in reporter gene expression under the basal 37 °C con-
dition; perhaps, variations in cell handling, cell density, and
other factors contributed to this. Nonetheless, the difference

between the undifferentiated and differentiated cells of a given 512
experiment is most reproducible over the entire 2-year duration 513

of the study. 514
4.5.  Analysis of HSF1 DNA-binding activity by 515
electrophoretic mobility shift assay (EMSA) 516

Whole cell extract was prepared as described (Huang et al., 517
1994). EMSA was done according to methods described using 518
20 pg of whole cell extract protein, 0.5 ug of poly(dI-dC)-poly(dI- 519
dC), and [*?P]labeled HSE in a total reaction volume of 10 pl. 520
After 20 min of incubation at room temperature, 2 ul aliquot of 521
a 5x loading buffer was added and samples analyzed by elec- 522
trophoresis in a 4% acrylamide gel. 523

4.6.  Northern blot quantitation of hsp mRNAs 524

RNA was isolated from undifferentiated and differentiated cells 525
incubated under control (37 °C) and heat shocked (42 °C, 2 h) 526
conditions following the Trizol reagent protocol for RNA iso- 527
lation from Invitrogen Inc. For Northern blotting, 20 ug of the 528
RNA sample was loaded onto a 1.2% formaldehyde agarose gel. 529
RNA was transferred by capillary wicking onto GeneScreen Plus 530
membrane and then UV-crosslinked at 0.3 J/cm? The mem- 531
brane was pre-hybridized at 60 °C for 1 h in a pre-hybridization 532
solution 0f 1% SDS, 10% dextran sulphate, 1 M NaCl, and 100 pg/ 533
ml of sheared salmon sperm DNA. Probing of the mRNA™P7°, 534
and the internal control RNASAPPH were done, respectively, by 535
hybridization with [*?P]-labeled pH 2.3 (hsp70; Wu et al., 1985), 536
and GAPDH cDNA at 60 °C overnight in a hybridization oven. The 537
membrane was sequentially washed (60 °C, 15 min each) in 2x 533
SSC (per liter: 17.5 gm NaCl, 2.76 g NaH,PO,~H,0, 0.74 gEDTA, pH 539
7.4),2x SSC, 1% SDS, 1x SSC, 1% SDS, 0.1x SSC, and 1% SDS, and 540

exposed to X-ray film for signal detection. 541
4.7. Immuno-Western blot detection of the heat 542
inducible72 kDa HSP70 protein 543

Immuno-Western blot detection and quantitation of the 72 kDa 544
heat inducible HSP70 was done using a rabbit polyclonal anti- 545
body from Stressgen (SPA812; 1:10,000 dilution). Membrane was 546
incubated with the primary antibody at 4 °C overnight followed 547
by horseradish peroxidase (HRP) conjugated secondary antibody 548
for 2 h atroom temperature. The antibodies were diluted in Tris- 549
buffered saline with 0.1% Tween 20 and 3% non-fat dry milk, and 550
the immunoblot was probed using either the Amersham ECL- 551
plus or the Millipore Immobilon Western blot reagent. 552

4.8.  Assay for cell viability and activation of caspase 3/7 553

Cells in 96 well plates were used. To test for vulnerability to 554
oxidative stress induced cell death, sodium arsenite was added 555
to individual wells to final concentrations as indicated and 556
incubated for time periods specified (12-24 h). The ability of 557
glutamate to elicit excitotoxic cell death was evaluated in the 558
presence of 0, 10 and 50 uM glycine and incubation at 37 °C for 559
time periods indicated (12-24 h). Cell viability was determined 560
using the CellTiter-Glo luminescent cell viability assay reagent 561
from Promega Inc., and results were normalized against that 562
of the untreated control (100%). Caspase 3 and 7 activity was 563
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determined using the Caspase-Glo™ 3/7 assay reagent from
Promega Inc., and the readouts were normalized against the
signal from cell viability assay. To test for effects of conditioning
heat shock in conferring protection against stress, cells were
heat shocked at 42 °C for 2 h prior to challenge with either
arsenite or glutamate/glycine 24 h later. To test for cytoprotec-
tive activity of the heat inducible HSP70, cells were transfected
with pCep4hsp70, an episomal eukaryotic expression vector of
hsp70, and cells were challenged with either arsenite or glu-
tamate/glycine 24 h later.
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ARTICLEINFO ABSTRACT
Article history: Differentiation of neural progenitor cells of neuroblastoma, pheochromocytoma, and
Accepted 21 January 2008 surrogate stem cell lineages from a state resembling stem cells to a state resembling

neurons is accompanied by a marked attenuation in induction of the heat shock protein 70
promoter driven-luciferase reporter gene, and induction of the reporter gene in primary

Keywords: embryonic neurons from hippocampus, cortex, and spinal cord is lower still when
Neuronal cell differentiation compared to the differentiated cells. Neural specificity of this phenotype is demonstrated
Neuronal vulnerability by a negative correlation of hsp70-reporter gene expression and neurite extension under
Neuroprotection various experimental conditions. Analysis of biochemical events involved in induction of
Heat shock response the heat shock response (HSR) reveal a blunted activation of HSF1 DNA-binding activity, and
Heat shock protein decreased induction of the mRNAP*P7® and the 72 kDa HSP70 protein. Immunocytochemical
HSP70 staining for HSP70 demonstrates a cytoplasmic staining pattern; heat shock greatly increased

the HSP70 staining intensity in the undifferentiated cells and less so in the differentiated cells.
Vulnerability of the differentiated cells towards the oxidizer, arsenite, and the excitotoxic
glutamate/glycine is demonstrated by the dose-dependent cytotoxic effects of these agents on
cell viability and activation of caspase 3/7. Importantly, conditioning heat shock as well as
increased expression of HSP70 by gene transfer conferred protection against such cytotoxicity.
Together, our results show that neural differentiation is associated with a decreased induction
of the heat shock response and an increased vulnerability to stress induced pathologies and
death.”

© 2008 Elsevier B.V. All rights reserved.

1. Introduction heat shock transcription factor HSF1, and culminates in the 48

induction of a family of heat shock proteins (HSPs) that function 49
The heat shock response (HSR; aka stress response) is a primary, as molecular chaperones to help in the folding and re-folding of 50
evolutionarily conserved, and homeostatic genetic response to non-native proteins, proteases to help in the disposition of 51
many stressors. The response is initiated by activation of the damaged proteins, and other proteins essential for recovery from 52
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