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Regulatory Differences in the Stress Response of Hippocampal
Neurons and Glial Cells after Heat Shock
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During periods of stress, cells depend on a transient, highly
conserved, and regulated response to maintain homeostasis.
This “heat shock response” is mediated transcriptionally by a
multigene family of heat shock factors (HSF). The presence of
multiple HSF suggests that activation of a given HSF is stress-
specific. Using Western blot analysis, we have demonstrated
the inability of primary cultured rat hippocampal neurons to
induce a heat shock response after hyperthermia. In contrast,
secondary cultured rat glial cells demonstrated a robust re-
sponse. Examination of whole-cell extracts from the two cell
types with gel shift mobility analysis and Western blot analysis
revealed that although glial cells express HSF1 and HSF2,
hippocampal neurons only express HSF2. Incubation of whole-

cell extracts with monoclonal antisera raised against HSF1 and
HSF2 before gel shift mobility analysis demonstrated HSF1
DNA-binding activity in glial cells and HSF2 DNA-binding ac-
tivity in neurons. HSF1 has been shown to be the principal
mediator of heat-induced heat shock gene expression. These
results suggest that the deficient heat shock response of hip-
pocampal neurons at this developmental stage is attributable to
a lack of HSF1 expression. Furthermore, these results suggest
that considerations of selective neuronal vulnerability to envi-
ronmental stress should include the principal mediators of the
stress response, the HSF.
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It has been shown previously that neurons of the hippocampal
formation are selectively vulnerable to certain stresses. Attempts
to resolve the molecular basis for this vulnerability have focused
on excitatory amino acid receptors (Mattson et al., 1991a), intra-
cellular Ca** buffering (Mattson et al., 1991b), antioxidant activ-
ity (Akai et al.,, 1990; Liu et al., 1993), and the stress response
(Kato et al.,, 1993). When most cells undergo potentially harmful
stress, they respond by synthesizing a set of highly conserved
proteins, classically termed heat shock proteins (HSP). Once
synthesized, these proteins have the ability to protect the cell from
future stresses (“cross-tolerance™) (Lindquist and Craig, 1988; Li
et al.,, 1992; Sanchez et al., 1992). Induction of these HSP after
stress is mediated by a multigene family.of heat shock transcrip-
tion factors (HSF). These factors bind to upstream response
elements, the heat shock elements (HSE), located in the promot-
ers of inducible heat shock genes as well as some other genes
(Morimoto et al., 1992; Lis and Wu, 1993; Morimoto, 1993). The
recent discovery of multiple HSF genes in tomato (Scharf et al.,
1990), chicken (Nakai and Morimoto, 1993), mouse (Sarge et al,,
1991), and human (Rabindran et al., 1991; Schuetz et al., 1991)
has raised interesting questions regarding the reasons for this
diversity. One possibility is that each HSF is concerned with
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orchestrating the cellular response to different types of stress or
other phenomena such as development (Sistonen et al.,, 1992,
1994; Sarge et al., 1994).

Studies of the regulation of the heat shock response in the CNS
have resulted in several intriguing observations (for review, see
Marcuccilli and Miller, 1994). For example, although HSP induc-
tion in hippocampal pyramidal neurons has been observed con-
sistently after transient ischemia in vivo (Vass et al., 1988; Kato et
al., 1993), it is unclear whether this type of neuron demonstrates
a heat shock response after hyperthermia. Thus, although Sprang
and Brown (1987) and McCabe and Simon (1993) did not observe
HSP70 induction after heat shock, Pardue et al. (1992) have
demonstrated hsp70 mRNA induction in both adult and aged rats
after a 42°C heat shock. However, in this case glia of the corpus
callosum or CA4 region of the hippocampus demonstrated a 17-
to 20-fold higher level of hsp70 induction than did neurons of
Ammon’s horn (Pardue et al., 1992). Two other studies have
shown that, in contrast to the hippocampal pyramidal neurons,
glial cells demonstrate a vigorous response to heat (Sprang and
Brown, 1987; McCabe and Simon, 1993). These studies suggest
that, at the very least, hippocampal pyramidal neurons have a
limited ability to respond to heat shock compared with their glial
counterparts. The induction of stress proteins in glial cells also has
been demonstrated in vitro (Nishimura et al., 1988). The differ-
ences in HSP70 induction between certain neuronal cell types and
glial cells may be attributable to a defect in the ability of neuronal
cells to activate HSF. To test this possibility, we compared HSF
activation in primary cultured hippocampal neurons and second-
ary cultured glial cells.

MATERIALS AND METHODS

Cell culture method. Hippocampal neuron cultures were prepared accord-
ing to the Banker culture method as described previously (Abele et al.,
1990). Briefly, hippocampi from 17 d embryonic Holtzman rats were
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removed and trypsin-dissociated. Neurons were plated on either 15 mm
round-glass coverslips (for staining) or 35 mm Falcon tissue culture
dishes (for biochemistry; Becton Dickinson, Lincoln Park, NJ). To con-
dition the serum-free defined medium [N2 supplements (Bottenstein and
Sato, 1979) as modified by Bartlett and Banker (1984)], ~32 mm perfo-
rated plastic coverslips containing a feeder layer of glial cells (see below)
were placed in the culture dishes such that the glial cells directly opposed
the neurons. Glass coverslips containing neurons for staining were placed
over a feeder layer of glial cells grown in 60 mm tissue culture dishes.
Maternal rats were housed and anesthetized irreversibly in accordance
with institutional guidelines. This culture method, consisting of 3.6 =
1.7% glia, enables us to heat shock reasonably pure neurons in the
absence of glial cells. Glial cell percentage was determined immunocyto-
chemically by probing for glial fibrillary acidic protein {(GFAP). The
monoclonal antibody to GFAP was obtained from Boehringer Mannheim
(Indianapolis, IN). Hippocampal neuron cultures were heat-shocked
when the cells were at least 10 d in vitro.

Glial cells were prepared as described by Booher and Sensenbrenner
(1972). Postnatal (3-5 d) Holtzman rat pups were used to obtain cortical
glial cells. Briefly, cortices of rat pups were trypsin-dissociated and plated
in DMEM (Gibco, Grand Island, NY) supplemented with 10% fetal calf
serum (FCS; Gibco) in 60 mm tissue culture dishes. After 24 hr, the 10%
FCS-DMEM was replaced with 10% horse serum-DMEM (Gibco). Sec-
ondary cultures were performed by trypsin dissociation when the cells
were 4 d in vitro. Glial cells were replated on ~32 mm perforated plastic
coverslips to serve as a feeder layer for neurons or in 60 mm Falcon tissue
culture dishes to be used in biochemical experiments. Glial cells then
were grown in N2.1-supplemented DMEM for at least 3 d before heat
shock. Glial cells were at least 14 d in vitro at the time of heat shock.
Neurons and glial cells in Figure 1 were stained with fluorescein diacetate
according to Favaron et al. (1988).

Heat shock. Hippocampal neurons grown on 35 mm tissue culture dishes
and glial cells grown on 60 mm culture dishes were heat-shocked in a closed,
constant temperature water bath. Before heat shock, plastic coverslips con-
taining the feeder layer of glial cells were removed from the neurons, placed
in 100 mm Petri dishes containing N2.1-supplemented DMEM, and stored at
37°C in a humidified, CO,-regulated incubator for the duration of the heat
shock. The N2.1 growth medium of the neurons was collected and saved.
Heat shocks were carried out in 25 mm 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid-buffered N2.1-supplemented DMEM conditioned by
glial cells for 2-3 d. After heat shock, the original growth media and fecder
layer of glial cells (for neuronal cultures) were replaced. The cells were
allowed to recover in a 37°C humidified, CO,-regulated incubator where
indicated. Control cells were maintained at 37°C for 60 min in a humidified,
non-CO,-regulated incubator followed by a 12 hr recovery as described
above.

Western immunoblot analysis. The primary antibodies included a mono-
clonal antibody specific for the inducible form of HSP70 (anti-HSP70)
diluted 1:1000 (StressGen Biotechnologies, Victoria, BC, Canada), a
polyclonal antibody raised against HSP90 (anti-HSP90) diluted 1:200
(generously provided by Susan Lindquist, The University of Chicago,
Chicago, IL), polyclonal sera raised against HSF1 and HSF2 (Sarge et al.,
1993), and the 3a3 monoclonal antibody, diluted 1:10,000, which recog-
nizes HSP70 and p72/HSC70 (“HSC” denotes the constitutive form of
this family) (Amici et al, 1992). The appropriate secondary antibody,
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit immu-
noglobulin G (Promega, Madison, WI), was used at a dilution of 1:20,000.
Western immunoblot analysis was performed as described previously
(Sarge et al., 1993), except that the StressGen HSP70-specific monoclonal
antibody was diluted in PBS containing 5% nonfat dry milk. Detection of
the signal was performed with the electrogenerated chemiluminescence
(ECL) Western Blot Detection Kit (Amersham, Arlington Heights, IL).

For Western immunoblot analysis of HSC70, ECL detection was per-
formed with the exception that blots were exposed to preflashed XAR
film (Eastman Kodak, Rochester, NY). After detection, HSC70 bands
were quantitated with scanning densitometry. A standard curve was
prepared with area values determined by densitometry as the indepen-
dent variable and the amount of extract as the dependent variable. The
curve was fitted by least-squares using the SAS program (SAS Institute,
Cary, NC). HSC70 content for neuronal preparations was expressed as
glial-equivalents determined by extrapolation of the standard curve. The
percent of HSC70 in neurons compared with glia was determined by
dividing glial-equivalents (ug of protein) by total neuronal protein (ug of
total protein) and then multiplying by 100.

Native gel shift analysis. After heat shock, whole-cell extracts were prepared as
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described previously (Mosser et al., 1988). Gel mobility shift analysis was per-
formed as described previously with the exception that NaCl was not added to
the binding buffer (Mosser et al., 1990). HSF DNA-binding activity was analyzed
using the self-complimentary idealized HSE oligonucleotide probe (5'-
CTAGAAGCTTCTAGAAGCTTCTAG-3') containing four perfect-inverted
NGAAN repeats. Gel mobility shift analysis with the oligonucleotide probe
containing a ¢cAMP response element (CRE; 5'-TCGAGCTCCTAGCC-
TGACGTCAGAGAGAGAGC-3") was performed as described above with the
exception that the binding reactions were performed in the presence of 1 ug of
poly(dI-dC).

For experiments involving addition of antibodies to whole-cell extracts
before gel shift analysis, 2 ul of either vehicle [1 mg/ml bovine serum
albumin (BSA) in PBS] or monoclonal antibodies raised against HSF1 or
HSF2 (anti-HSF1 or anti-HSF2, respectively) was added to whole-cell
extracts and incubated for 30 min at room temperature before incubation
with the oligonucleotide probe. Anti-HSF1 and anti-HSF2 were prepared
by J. J. Cotto (Morimoto Laboratory, Northwestern University, Evanston,
IL) from hybridoma supernatant.

Gel shift analysis of partially purified mouse recombinant HSF1 and
HSF2 (rHSF1 and rHSF2, respectively) was performed as described for
glia and primary cultuied hippocampal neurons (HIP). HSF1 (103 ng)
and HSF2 (12.5 ng) were added to each lane.

RESULTS

Consistent with some in vivo reports (Sprang and Brown, 1987;
McCabe and Simon, 1993), we found that heat shock was unable
to induce the synthesis of HSP70 in HIP (Fig. 1). Primary hip-
pocampal neurons (Fig. 14) were heat-shocked for 60 min at 40.2
or 42.5°C and allowed to recover at 37°C for 3, 6, 12, or 24 hr. As
can be seen, HSP70 induction was not observed at either of these
temperatures (Fig. 1B) or at a number of temperatures between
37 and 42.5°C (data not shown). A heat shock of 42.5°C was
selected because a 30—180 min exposure to this temperature has
been shown to induce HSP synthesis in cultured cerebellar gran-
ule cells (Lowenstein et al., 1991). Unlike cultured cerebellar
granule neurons, exposure of HIP to 42.5°C heat shocks >60 min
in duration resulted in significant cell death (data not shown). As
has been reported previously in vivo, the inducible form of HSP70
was not expressed constitutively (Kato et al., 1993) (Fig. 1B). To
ensure the presence of protein, the blot was reprobed for HSP90
(Fig. 1C). As can be seen, all lanes demonstrated immunoreac-
tivity to anti-HSP90. Constitutive expression of HSP90 has been
reported previously in vivo (Gass et al., 1994) and was observed
here in vitro. We also found that HIP neurons grown in contact
with glial cells did not elicit a heat shock response as determined
by immunocytochemistry (data not shown).

In contrast to the HIP, secondary cultured glial cells (GLIA;
Fig. 1D) taken from the hippocampus and cortices of 3-5 d
postnatal rat pups demonstrated a robust response after heat
shock (Fig. 1E). Immunoreactivity to anti-HSP70 in GLIA was
observed at 3 hr after a 60 min 42.5°C heat shock and persisted for
at least 24 hr. Immunoreactivity to anti-HSP70 was not observed
after a 60 min heat shock at 40.2°C. To ensure that protein was
present, the blot was reprobed for HSP90 (Fig. 1F). It is unclear
whether heat shock induced HSP90 synthesis in HIP and GLIA,
because both cell types express high basal levels of this protein
(Fig. 1C,F).

Manzerra and Brown (1992) have reported the inability of large
motor neurons to induce hsp70 mRNA after hyperthermia in
rabbits. They suggested that the cell type differences observed
between neurons and glia in eliciting a heat shock response after
hyperthermia can be explained by the levels of HSC70 (Manzerra
and Brown, 1992). Neurons may express HSC70 to a higher level
than glial cells and, as a result, may not need to induce HSP70
after heat shock (Manzerra and Brown, 1992). To rule out the
possibility that elevated HSC70 expression in HIP results in down-
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Figure 2. Comparison of HSC70 levels in HIP and GLIA. Unstressed
GLIA and HIP extracts were examined by Western blot analysis using a
monoclonal antibody specific for both the constitutive (HSC70) and in-
ducible (HSP70) forms of the 70 kDa heat shock protein family. Under
unstressed conditions, HSP70 induction is not observed in either cell type.
GLIA whole-cell extract at 10, 5, 2, 1, and 0.5 pg was added to the first five
lanes, whereas 5 and 2 pg of HIP whole-cell extract was added to the last
two lanes.

regulation of HSP70, we compared HSC70 levels in HIP and
GLIA extracts. As shown in Figure 2, HIP express approximately
equal amounts of HSC70 [80 = 109% compared with GLIA (per
pg of protein); n = 3] as GLIA. These results suggest that
elevated expression of HSC70 in HIP neurons is not responsible
for the lack of HSP70 induction in HIP.

Taken together, these results demonstrate a significant differ-
ence in the ability of the two cell types taken from the brains of the
same species to respond to a given stress. For heat shock genes to
be expressed after heat shock, HSF1 first must be activated so that
it binds to the HSE located in the promoters of the heat shock
genes (Morimoto et al., 1992; Lis and Wu, 1993; Morimoto, 1993).
To determine the molecular mechanism underlying the inability
of HIP to induce HSP70, we examined the role of the HSF.
Whole-cell extracts obtained from heat-shocked HIP and GLIA
were examined for DNA-binding activity to an exogenous HSE.
HSE-binding activity was observed in GLIA extracts heat-shocked
for 60 min at 40.2 and 42.5°C (Fig. 34). The intensity of the shifted
band consistently was much greater after a 42.5°C heat shock than
after a 40.2°C hyperthermic stress. This result corroborates the
amount of HSP70 induction observed after the two heat shocks. A
42.5°C stress resulted in HSP70 induction, whereas a 40.2°C stress,
at least at the protein level, did not result in such induction for the
periods of recovery studied (Fig. 1E). The pattern of HSE-binding
activity in HIP extracts was quite different from that of the GLIA
extracts. Weak, but detectable, constitutive DNA-binding activity
was observed in control cells, with further induction noted after a
40.2°C heat shock (Fig. 34). After a 42.5°C heat shock, reduced
HSE-binding activity was observed (Fig. 34). As an additional
positive control, extracts from FIII cells, a rat fibroblast cell line,

—
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incubated at 42°C for 60 min demonstrated HSE-binding activity
that could be competed away with a 200-fold excess of unlabeled
oligonucleotide probe (Fig. 34).

As a positive control for transcription factor binding in HIP,
HIP extracts were incubated with an oligonucleotide probe con-
taining the CRE. Figure 3B demonstrates the multiple CRE-
binding complexes observed in HIP extracts under both stressed
and control conditions. Specificity was confirmed using a 200-fold
excess of unlabeled CRE-containing probe (Fig. 3B).

Previously, it was demonstrated that HSF1 is the factor respon-
sible for mediating heat-induced heat shock gene expression
(Sarge et al., 1993). This factor exists as a monomer in unstressed
mammalian cells. After heat shock, the factor forms a homotrimer
that is then capable of binding to the HSE to initiate gene
expression (Westwood et al., 1991; Baler et al., 1993; Westwood
and Wu, 1993). After oligomerization, an inducible phosphoryla-
tion event occurs that may act to enhance the transcriptional
properties of HSF1. A deficiency in any part of this process might
result in a diminished heat shock response. Yet another possibility
is the differential expression of one or more of the HSF.

As shown in Figure 4, the lack of a heat shock response in HIP
exposed to hyperthermia may be attributable to deficient HSF1
expression. Western blot analysis of GLIA and HIP extracts with
anti-HSF1 revealed immunoreactivity in GLIA under all three
conditions with a much different pattern observed for HIP extracts
(Fig. 44). In contrast to GLIA, immunoreactivity to anti-HSF1
was not detected in HIP extracts with the exception of a faint band
observed after a 42.5°C heat shock. Longer exposures were nec-
essary to detect this band. This signal is contributed most likely by
the 4% GLIA contamination of the neuronal cultures (see Mate-
rials and Methods). The low level of HSF1 immunoreactivity
detected in extracts prepared from 42.5°C heat-shocked HIP may
account for the upper portion of the slightly elevated shift in
HSE-binding activity observed after a 42.5°C heat shock over that
after a 40.2°C heat shock (Fig. 34). The apparent increase in
molecular weight of HSF1 bands has been shown previously to be
caused by phosphorylation, because phosphatase pretreatment
results in a lower molecular weight for HSF1 in extracts obtained
from heat-shocked cells (Sarge et al., 1993). Interestingly, the
extent of phosphorylation of HSF1 in glial cells was temperature-
dependent (Fig. 44). FIII cells also demonstrated immunoreac-
tivity to anti-HSF1 (Fig. 44). Our inability to detect HSF1 in HIP
could have resulted from insufficient gene expression, untrans-
lated message, or protein degradation. Yet another possibility is
that the protein is expressed below the limit of detection. To
exclude the possibility that HSF1 was degraded as a result of
sample preparation, we added rHSF1 to neuronal extracts. West-
ern blot analysis with anti-HSF1 did not reveal degradation of the
exogenously added protein (data not shown).

Although HIP do not appear to express HSF1, they express
HSF2 (Fig. 4B). The Western blot depicted in Figure 44 was

Figure 1. Comparison of HSP70 and HSP90 protein induction after heat shock between primary cultured hippocampal neurons and secondary cultured
glial cells. 4, Hippocampal neurons 7 d in vitro (DIV) were stained with fluorescein diacetate. Scale bar, 50 um. B, HIP were heat-shocked for 60 min
at 40.2 or 42.5°C (as indicated) and then allowed to recover for 3, 6, 12, or 24 hr. Control cells were maintained at 37°C for 60 min in a humidified,
non-CO,-regulated incubator followed by a 12 hr recovery (lane C). Control and 42.5°C heat-shocked glial cells were added as a positive control (lefi wo
lanes, respectively). The glial cells were allowed to recover for 12 hr. The blot was probed with anti-HSP70. C, The same blot as in B reprobed with
anti-HSP90 generously provided by Susan Lindquist (University of Chicago). D, Secondary cultured glial cells 14 DIV stained with fluorescein diacetate.
Scale bar, 50 um. E, Western blot analysis of secondary cultured glial cells heat-shocked for 60 min at 40.2 or 42.5°C (as indicated). Cells were allowed
to recover for 3, 6, 12, or 24 hr. Control cells were maintained at 37°C for 60 min in a humidified, non-CO,-regulated incubator followed by a 12 hr
recovery (lane C). The blot was probed with anti-HSP70. F, The same blot as E reprobed with anti-HSP90.
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Figure 3. HSE-binding activity of glial cell
and hippocampal neuron extracts. 4, GLIA
and HIP were heat-shocked for 60 min at
40.2 or 42.5°C and analyzed with gel mobil-
ity shift analysis. Control cells are shown
(Cont). As a positive control, FIII cells
were unstressed (Cont) or heat-shocked for
60 min at 42°C. Competition analysis with a
200-fold excess of unlabeled HSE oligonu-
cleotide (Comp) confirmed specificity of
DNA binding. B, Gel mobility shift analysis
performed with a CRE-containing oligonu-
cleotide probe. Neurons were heat-shocked
for 60 min at 40.2 or 42.5°C. Control HIP
neurons are shown (Cont). Competition
analysis with excess cold CRE was per-
formed with extracts from 40.2°C heat-
shocked neurons (Comp). F indicates free

probe.

reprobed with anti-HSF2. As shown in Figure 4B, both GLIA and
HIP expressed HSF2. The physiological role of HSF2 is unclear.
However, activation of HSF2 by hemin during differentiation of
human K562 erythroleukemia cells suggests a role in cellular
growth and differentiation (Sistonen et al., 1992, 1994).

The HSF responsible for the HSE-binding activities in the GLIA
and HIP extracts was determined using anti-HSF1 and anti-HSF 2.
Consistent with the Western blot analysis, HSE-binding activity of
GLIA was found to be attributable to HSF1 (Fig. 54), whereas
HSF 2 was responsible for the DNA-binding activity observed in HIP
(Fig. 5B). Incubation of GLIA extracts with anti-HSF1 before incu-
bation with radiolabeled oligonucleotide resulted in a supershifted
band compared with extracts pretreated with BSA (Fig. 54). Pre-
treatment with anti-HSF2 had no effect (Fig. 54). In contrast, incu-
bation of HIP extracts with anti-HSF2 resulted in a supershifted
band in both control and heat-shocked cells, whereas incubation with
anti-HSF1 resulted in a slightly shifted band (Fig. 5B). This pattern
was observed with two different monoclonal antibodies raised against
HSF1 (data not shown). Although we cannot rule out conclusively
residual HSF1 DNA-binding activity contributed by the contaminat-
ing GLIA as causing the slightly shifted band, it is unlikely because
the supershifted band is observed under control conditions. Since
unstressed GLIA extracts do not demonstrate HSE-binding activity
(Figs. 34, 54), the slightly shifted band observed in HIP may result
from either an inherent quality of the neurons, possibly another HSF,
or cross-reactivity of anti-HSF1 for the trimeric form of HSF2. To

examine the latter possibility, mouse rHSF1 and rHSF2, both con-
stitutively capable of HSE binding, were examined with native gel
shift analysis after incubation with anti-HSF1 and anti-HSF 2, respec-
tively (Fig. 6). As shown in Figure 6, cross-reactivity was not observed
for either antibody. However, we cannot rule out cross-reactivity
conclusively, because it is possible that the monoclonal antibodies
prepared against mouse antigens cross-react with the rat forms of
HSF1 and HSF2.

DISCUSSION

Our inability to detect HSP70 synthesis in primary cultured HIP
after heat stress is in agreement with the in vivo results (Sprang
and Brown, 1987; McCabe and Simon, 1993). In this study, we
have demonstrated the differential expression of HSF1 and HSF2
in cultured HIP and GLIA. Although GLIA expressed both HSF1
and HSF2, HIP only expressed HSF2. The HIP lack HSF1, which
has been shown to be the principal mediator of heat-induced heat
shock gene expression (Sarge et al., 1993). After heat shock, glial
HSF1 showed DINA-binding activity and, after transcription and
translation, HSP70 was produced (Fig. 1). Western blot analysis
demonstrated that HSP70 levels still were observed 24 hr after a
42.5°C heat shock. In contrast to GLIA, the pattern of the HIP
response to hyperthermia differed. HIP responded to heat shock
by increasing HSF2 DNA-binding activity over that observed in
control cells. However, despite the increased DNA-binding activ-
ity, HSF2 activation did not result in HSP70 induction in HIP.
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Figure 4. HSF2, but not HSF1, is expressed in HIP. The same whole-cell
extracts of heat-shocked and control GLIA and HIP (30 pg of protein)
used for the gel mobility shift analysis in Figure 3 were examined with
Western blot analysis using polyclonal antisera raised against HSF1 (A4)
and HSF2 (B). After examination with anti-HSF1, the blot was stripped
and reprobed with anti-HSF2, confirming the presence of protein in the
neuronal lanes. GLIA and HIP neurons were heat-shocked for 60 min at
40.2 or 42.5°C. FIII cells were heat-shocked at 42°C for 60 min. Control
cells are shown in lanes labeled C.
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Interestingly, HSF2 in GLIA was not activated because of the
heat stress. HSF2 has been shown previously to be a modulator of
heat shock gene expression under nonstress conditions such as cell
differentiation (Sistonen et al., 1992, 1994) and spermatogenesis
(Sarge et al., 1994). In light of the current results, it appears that
HSF2 DNA-binding activity in neurons also can be activated
during periods of environmental stress. It remains to be deter-
mined whether activation of HSF2 after environmental stress
occurs only in the absence of other HSF, particularly HSF1.
Nevertheless, the degree of HSF2 activation in HIP was not
sufficient to drive the production of HSP70, which is consistent
with the view that HSF2 is less able than HSF1 to direct this
response (Sistonen et al., 1992, 1994). In addition, HSF DNA-
binding activity does not correlate necessarily with hsp70 gene
transcription, as was found in murine erythroleukemia cells (Hen-
sold et al.,, 1990) and HeLa cells treated with sodium salicylate
(Jurivich et al., 1992).

Although we did not observe HSP70 induction in hippocampal neu-
rons, induction of HSP70 after hyperthermia has been demonstrated in
cerebellar granule neurons (Lowenstein et al., 1991). HSP70 induction
also has been observed in central neurons after kainic acid-induced
status epilepticus (Vass et al., 1989), flurothyl-induced status epilepticus
(Lowenstein et al., 1990), tissue injury (Brown et al., 1989), and ischemia
(Vass et al., 1988; Sharp et al., 1991; Kato et al., 1993). The presence of
HSP70 may play a major role in protecting the injured neuron from
death. Several studies have demonstrated the involvement of the 70 kDa
members of the heat shock protein family in the protection of cells
(Johnston and Kucey, 1988; Riabowol et al.,, 1988; Uney et al., 1993).
Kirino et al. (1991) found that gerbils given a mild ischemic insult
ranging from 1 to 4 d before a second, more severe ischemic insult
demonstrated increased neuronal preservation in the CALl region of the

B HIP NEURONS
40.2°

- antiHSF1
+ antiHSF2

Figure 5. Comparison of HSE-binding activity
of GLIA and HIP extracts after anti-HSF1 and
anti-HSF 2 incubation. Gel mobility shift analy-
sis was performed as described in Materials and
Methods. Extracts were incubated for 30 min at
22°C with the vehicle, 1 mg/ml BSA in PBS, or
monoclonal antibodies raised against HSF1 or
HSF2 (anti-HSF1, anti-HSF2, respectively) be-
fore incubation with the HSE oligonucleotide.
A, GLIA were heat-shocked for 60 min at 4(.2
and 42.5°C. Control cells are shown in lane C. B,
HIP neurons were heat-shocked for 60 min at
40.2°C. Control cells are as indicated. F indicates
free probe.
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A rHSF1 B rHSF2
- 4+ - -+ - antiHSF1
- -+ - -+ antiHSF2

Figure 0. Comparison of HSE-binding activity of recombinant HSF1
(rHSF1) and HSF2 (rHSF2) after anti-HSF1 and anti-HSF2 incubation.
Gel mobility shift analysis was performed as described in Figure 5. A,
rHSF1 was added to cach lane. B, rHSF2 was added to each lane.

hippocampus than gerbils that were not given mild ischemic pretreat-
ments. Immunocytochemical analysis revealed immunoreactivity to anti-
HSP70 in CAl pyramidal neurons (Kirino et al., 1991). These results
highlight the importance of the stress response in the survival of a cell
after trauma. Those cells possessing all of the components of the com-
plete stress—protein system may be more resilient than those cells that
express selective components. In this study, HIP were found to have
similar levels of HSC70 as GLIA, suggesting that the deficient response
of HIP to hyperthermia was not attributable to an overabundance of
HSC70. Thus, with respect to HSP90 and HSC70, GLIA and HIP have
the same arsenal of stress proteins under normal growth conditions.
However, after heat shock, GLIA, which have the added benefit of
HSF1, can induce HSP70 to protect the cell further from this stress.
Certain components of the stress—protein system may appear at
different developmental stages for different cell types. As men-
tioned, the HIP used in this study were obtained from 17 d
embryonic rat fetuses. Thus, the expression of HSF1 in this cell
type could occur at a later developmental stage. Previous studies
apparently have demonstrated some hsp70 mRNA induction in
adult rat hippocampal pyramidal neurons after a 42°C heat shock
(Pardue et al., 1992; David et al., 1994). However, compared with
glial cells, hippocampal pyramidal neurons demonstrated a much
weaker response to heat shock, which is consistent with the results
of this study (see also Pardue et al., 1992). The induction of HSF2
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HSE-binding activity observed in this study may account for the
low level of hsp70 mRNA induction observed in the study by
Pardue et al. (1992). Alternatively, expression of HSF1 at a later
developmental stage may explain the induction of the hsp70 gene
observed in adult rats (Pardue et al., 1992; David et al., 1994). Of
interest, despite hsp70 mRNA induction the HSP70 protein is not
detected immunocytochemically (McCabe and Simon, 1993). The
developing CNS is particularly sensitive to hyperthermia (Ed-
wards, 1981; Mirkes, 1985). Embryos exposed to elevated temper-
atures exhibit micrencephaly, anencephaly, and microphthalmia
(Edwards, 1981; Mirkes, 1985). German (1984) hypothesized that
the teratogenic effects of heat are caused by the heat-induced
inhibition of transcription and translation of non-heat shock genes
during a critical period in the development of the embryo. In
addition, perhaps the lack of a complete stress-protein system in
the embryonic nervous system results in the selective vulnerability
of the embryo to hyperthermia. .

To our knowledge, the observation of deficient HSF1 expression
in HIP is the first example of its kind. These results suggest that,
in addition to the regulatory mechanisms currently known for HSF
(Morimoto et al., 1992; Lis and Wu, 1993; Morimoto, 1993), modu-
lation by differential expression is yet another regulatory mechanism.
It remains to be determined whether there is some overlap in the
ability of different HSF to respond to the same stress. For example,
the activation of HSF1 and HSF2 by oxidative injury may explain the
HSP70 induction seen in hippocampal pyramidal neurons after isch-
emia even though these neurons appear not to express HSF1. Alter-
natively, ischemia may activate additional mechanisms that are nec-
essary for HSP70 induction in this particular cell type. It is not clear
whether it is the heat, or some manifestation of the heat (ie.,
increased neurotransmitter release), that activates HSF2 in the HIP
neurons. The fact that GLIA demonstrate HSF1 DNA-binding ac-
tivity and not HSF2 DNA-binding activity after heat shock suggests
that an indirect effect of heat results in activation of HSF2 in HIP.
However, another possibility is that the activation of HSF2 is regu-
lated differently in the absence of HSF1. Further experiments need
to be performed to address this issue. In conclusion, we suggest that
the neuron-specific regulation of the stress response as observed in
this study represents a key element in the selective vulnerability of
neurons to different types of insults, including those insults arising
from trauma or stroke.
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