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The distribution of heat shock
proteins in the nervous system of the
unstressed mouse embryo suggests a
role in neuronal and non-neuronal
differentiation
Marie-Thérèse Loones, YunHua Chang, and Michel Morange
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Abstract Heat shock proteins (Hsps) act as molecular chaperones and are generally constitutively expressed in the
absence of stress. Hsps are also inducible by a variety of stressors whose effects could be disastrous on the brain. It
has been shown previously that Hsps are differentially expressed in glial and neuronal cells, as well as in the different
structures of the brain. This differential expression has been related to specific functions distinct from their general
chaperone function, such as intracellular transport. We investigated here the constitutive expression of 5 Hsps (the
small Hsp, Hsp25, the constitutive Hsc70 and Hsp90b, the mainly inducible Hsp70 and Hsp90a), and of a molecular
chaperone, TCP-1a during mouse nervous system development. We analyzed, by immunohistochemistry, their distri-
bution in the central nervous system and in the ganglia of the peripheral nervous system from day 9.5 (E9.5) to day
17.5 (E17.5) of gestation. Hsps are expressed in different cell classes (neuronal, glial, and vascular). The different
proteins display different but often overlapping patterns of expression in different regions of the developing nervous
system, suggesting unique roles at different stages of neural maturation. Their putative function in cell remodeling
during migration or differentiation and in protein transport is discussed. Moreover we consider Hsp90 function in cell
signaling and the role of Hsp25 in apoptosis protection.

INTRODUCTION

Cells of living organisms synthesize a distinct set of high-
ly conserved proteins in response to hyperthermia. These
proteins are called heat shock proteins (Hsps), although
their synthesis can be induced by a variety of other stress-
ors such as anoxia, heavy metals, and viral infections (for
review see Craig 1985; Parsell and Linquist 1993). Some
of these proteins act as key mediators to correctly assem-
ble and to localize the nascent polypeptides in cells under
normal conditions. Stress conditions that increase Hsp
synthesis generate an accumulation of denatured and ab-
normally folded proteins. Thus the interaction of these
Hsps with abnormal proteins during stress appears to be
equivalent to their interaction under normal, nonstressed
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conditions. This does not prevent these Hsps from having
specific functions such as clathrin uncoating for Hsc70,
depending on the partners and cochaperones with which
they interact.

In addition some of the Hsps, such as the small Hsp
(Hsp25) and Hsp90 seem to have a restricted range of
targets and/or to have specific functions. This character-
istic correlates with the differential expression of these
proteins in different tissues of the organism. Both Hsp25
and aB-crystallin, which is very similar to Hsp25, are
present at high levels in the lens where these abundant
proteins were first described, in the heart (and more gen-
erally in the striated muscle), but also in certain other
tissues (Bhat and Nagineni 1989; Klemenz et al 1993).

It is well documented that in the adult nervous system
some Hsp genes are constitutively expressed. For exam-
ple Hsp90s account for 1–2% of total cellular protein in
the rabbit nervous system (Quraishi and Brown 1995) and
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Hsc70 for 2–3% of the total protein content of the rat
spinal cord (Aquino et al 1993). This constitutive expres-
sion is preferentially localized to the neuronal cell pop-
ulation (Brown and Rush 1990; Izumoto and Herbert
1993; Gass et al 1994; D’Souza and Brown 1998). As for
sHsps, Hsp25 (referred to as Hsp27 in the rat and the
human) could only be detected by immunohistochemis-
try in adult rat brain, where high levels of Hsp27 char-
acterized specific classes of neurons of the brain stem and
of the spinal cord (Plumier et al 1997).

The mammalian brain is highly sensitive to different
stresses such as fever, ischemia, seizure, and drugs (such
as amphetamines or LSD). These stressful conditions in-
duce Hsp70 and Hsp90a synthesis, generally in glial cells
though Hsp70 is sometimes induced in neurons, depend-
ing to the type of stress applied (reviewed by Brown
1994). Hsp27 has been reported to be induced in a large
number of astrocytes of ischemic or kainic acid–stressed
rats (Kato et al 1994; Plumier et al 1996). Moreover, Hsp27
has been detected in neurons in pathological conditions,
such as Alzheimer disease (Renhawek et al 1994) and
Creutzfeldt-Jakob disease (Kato et al 1992). Because Hsps
have been proposed to exhibit protective properties in
tissue culture systems (Riabowol et al 1988), they may
offer strategies for tissue protection in the nervous sys-
tem.

Although an alteration in Hsp expression in pathologic
or stressed brain compared to normal adult brain is now
well documented, far less is known about the expression
of these proteins during formation of the brain. The ex-
pression of heat shock genes during embryonic develop-
ment has been investigated in different vertebrate and
invertebrate models. Many heat shock genes display com-
plex patterns of constitutive and inducible expression
(Heikkila 1993a, 1993b; Hightower and Nover 1991; Mor-
ange 1997a, 1997b). However, although significant pro-
gress has been made on the chaperone machinery, little
is known about the specific role of these proteins during
embryogenesis, and, in particular, during development of
the brain.

The rodent brain, and the rat brain in particular, is the
most commonly used model for neurophysiological stud-
ies. As the mouse is the best known vertebrate in terms
of development the present study was conducted in the
mouse.

Neurons and glial cells of the central nervous system
(CNS) originate from a specialized region of ectoderm,
the neural plate. Following neural induction, the neuro-
ectodermal cells lining the neural tube (neuroepithelium)
proliferate, migrate, and differentiate into the numerous
types of neurons and glial cells of the adult CNS. The
lateral margins of the neural plate are the origins of a
significant number of cells that invade the mesoderm, the
so-called neural crest cells (NCC). Some of these give rise

to neurons and glial cells of the peripheral nervous sys-
tem (PNS) (Le Douarin and Smith 1988). The regional
specification defines developmental territories within
which cells are specified. At the molecular level a large
number of regulatory genes are expressed in regionally
restricted patterns in the brain vesicles (Lumdsen and
Keynes 1989; Puelles and Rubenstein 1993). This process
of regionalization provides positional information that
may regulate both the production of the neuron pattern,
neuronal migration, and the elongation of the axons. Neu-
ronal cell death is an important phenomenon in the series
of steps involved in development. During the develop-
ment of the vertebrate nervous system 50% or more of
many types of neurons normally die soon after they fail
to form synaptic connections with their target cells (Op-
penheim 1991).

Neuronal differentiation begins in the mouse between
E8.5 as soon as the neural tube closes (Easter et al 1993)
and E11 (Nornes and Das 1974). Generation of glial cells
is delayed and has been reported to commence in rat at
E11 for radial glia (Hockfield and McKay 1985), E16 for
astrocytes, and postnatally for the oligodendrocytes, the
myelin-forming cells of the CNS (Raff et al 1983).

The molecules involved in the construction of the neu-
ral tube are largely unknown, thus any molecule that dis-
plays a specific pattern of expression and parallels im-
portant morphogenetic events would be a valuable mark-
er for the biologist. Hsps are involved in cell protection
against injury and death, control of cytoskeletal structure
and intracellular transport, as well as in the activation of
transcription factors: they are good candidates to play an
active part in development of the neural tube. Our goal
in the present paper was to consider the distribution of
5 different Hsps: Hsp25, Hsp70, Hsc70, Hsp90a and b,
as well as the abundance of a chaperonin, TCP-1a, spe-
cifically involved in actin and tubulin folding (Melki and
Cowan 1994) in the developing mouse brain between E9.5
and E17.5.

MATERIALS AND METHODS

Animals

Embryos from outbred OF1 mice (Iffa Credo) were ob-
tained at E9.5, E10.5, E12.5, E15.5, E16.5, and E17.5. Mice
were mated with midnight taken as the time of mating
and E0.5 designed as the following morning. The females
were killed by cervical dislocation and the embryos dis-
sected free from the uterus in phosphate-buffered saline
(PBS). For each embryonic stage analyzed several embry-
os were examined to compare and establish similar pat-
terns of normal gene expression during development.
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Table 1 Primary antibody references

Antibody against Purchaser References Origin

Used
dilution
in WB

Used
dilution
in IHC

Hsp25 StressGen Biotechnologies SPA801 Rabbit polyclonal 1/5000 1/100
Hsc70 StressGen Biotechnologies SPA815 Rat monoclonal IgG 1/5000 1/100
Hsp70 Amersham Anti-Hsp72 Mouse monoclonal IgG 1/2500 1/250
Hsp90a Affinity Bioreagent Neshanic

Station, NJ
PA3-013 Rabbit polyclonal 1/5000 1/40

Hsp90b Affinity Bioreagent Neshanic
Station, NJ

PA3-012 Rabbit polyclonal 1/5000 1/40

TCP-1a Ronald Melki’s gift Rabbit polyclonal 1/150
Neurofilament 165-kDa

peptide
Hybridoma bank 2H3a Mouse monoclonal IgG 1/250

GFAP Dako Z 00334 Rabbit polyclonal 1/250
bIII-tubulin Tony Frankfurter’s gift TuJ1 Mouse monoclonal IgG 1/2000
Radial glia antigen Hybridoma bank RC2a Mouse monoclonal IgM 1/20

WB, western blotting; IHC, immunohistochemistry.
a These monoclonal antibodies developed by T.M. Jessel and J. Dodd for 2H3, and M. Yamamoto for RC2 were obtained from the Devel-
opmental studies Hybridoma Bank maintained by the University of Iowa, Departement of Biological Sciences, Iowa City, IA 52242, under
contract NO1-HD-7-3263 from the NICHD.

Table 2 Secondary antibody references

Antibody Purchaser References Origin Conjugate
Dilution
for WB

Dilution
for IHC

Anti-rabbit IgG Promega W4011 Goat Peroxidase 1/10 000 1/100
Anti-rabbit IgG Interchim Goat Cy3 1/400
Anti-rat IgG Boehringer Mannheim 1 348 752 Sheep Peroxidase 1/10 000 1/200
Anti-rat IgG Sigma F1763 Goat FITC 1/320
Anti-mouse IgG Sigma A 4416 Goat Peroxidase 1/10 000 1/100
Anti-mouse IgG Sigma F0257 Goat FITC 1/128
Anti-mouse IgM Sigma F9259 Goat FITC 1/250

Isolation of protein homogenates

Whole brain was isolated or the telencephalon, dienceph-
alon, mesencephalon, and hindbrain dissected from the
CNS of embryonic stage E16.5 and homogenized into
Laemmli sample buffer (Laemmli 1970). Protein concen-
trations were determinated using the BioRad protein as-
say kit.

Protein separation and Western blot procedure

Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and electrophoretically
transferred to Hybond-ECL nitrocellulose membranes.

The filters were blocked with 5% dry milk in PBST
(PBS, 0.1% Tween) for 1 hour at room temperature then
incubated 1 hour with the primary antibody diluted in
PBST. The following antibodies were used: anti-Hsp25,
anti-Hsc70, anti-Hsp70, anti-Hsp90a, and anti-Hsp90b;
references and dilutions for these antibodies are listed in
Table 1. After washing with PBS the filters were incubat-
ed with an appropriate horseradish peroxidase-conjugat-
ed secondary antibody (see Table 2 for references and
dilutions used) for 45 minutes at room temperature. Then

the signals were detected using the ECL system (Amer-
sham).

Immunostaining on cryosections of embryos or
isolated neural tubes

Embryos were fixed overnight by immersion in 4% para-
formaldehyde in phosphate buffer (0.12 M, pH 7.2) at 48C,
or in 80% methanol at 2208C for tubulin detection. The
neural tubes of embryos older than E10.5 were further
dissected and isolated. Whole embryos of E9.5 stage and
isolated neural tubes of E12.5, E15.5, and E17.5 were em-
bedded in 7.5% gelatin/15% sucrose in PBS, frozen at
2568C, and the neural tubes examinated by 17-mm cry-
osections mounted on slides and stored at 2208C until
required.

Prior to immunoreaction sections were rehydrated by
incubating for 10 minutes in a 50-mM NH4Cl solution,
blocked for 1 hour with 3% bovine serum albumin in PBS,
then permeabilized with 0.5% Triton X-100 and 0.6%
H2O2 to inhibit endogenous peroxidase activity.

Serial sections were alternatively incubated with anti-
bodies raised against different Hsps and chaperones or
against neural- or glial-specific markers detailed in Table
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Fig 1. Comparative Western blot analysis of Hsps level in the brain
of E16.5 mouse embryos. Samples containing 20 mg of proteins
were loaded per lane for whole brain (Br), telencephalon (Tel), di-
encephalon (Di), mesencephalon (Mes), and hindbrain (HB).
Hsp90b (a), Hsc70 (b), and Hsp70 (c) were successively analyzed.
Hsp90b and Hsc70 show comparable levels in each brain region,
whereas the amount of Hsp70 is greater in mes- than in di-, telen-
cephalon, or hindbrain.

1 or with specific staining. Sections were incubated 1 hour
at room temperature with 1 primary antibody, rinsed,
then incubated 30 minutes with the appropriate horse-
radish-peroxidase–conjugated secondary antibody (Table
2). Peroxidase activity was identified using 0.03% dia-
minobenzidine tetrahydrochloride (Sigma)/0.005% H2O2

in 0.1 M Tris-HCl (pH 7.6). For double-labeling experi-
ments the same section was incubated successively with
an anti-Hsp antibody and a specific cell marker (Table 1).
For neuronal characterization we used TuJ1 that recog-
nizes the neurospecific bIII isoform of tubulin and 2H3
as a marker for the high molecular weight form of neu-
rofilamin. For glial cell detection, RC2 is specific for radial
glial cells (Marcus and Mason 1995), and we used a spe-
cific antibody against glial fibrillary acidic protein
(GFAP), of the intermediate filaments of astrocytes. For
vascular cell recognition, the BAND lectin from Bandeiraea
simplicifolia (BAND), at 1 mg/ml as recommended (Sig-
ma), binds the surface of developing endothelial cells. The
presence of apoptotic nuclei was examined by for with
Hoechst 33342 (Riedel de Haën) staining at a concentra-
tion of 5.4 mM in the final rinse. At each step, appropriate
secondary antibodies conjugated to distinct fluoro-
chromes revealed the immunoreaction (Table 2). In each
series hybridization was compared with a negative con-
trol using the second antibody only. Serial sections were
stained with toluidine blue.

Mapping the labeled regions of the brain at different
embryonic stages was performed and identified with ref-
erence to Altman and Bayer (1995) and Shambra et al
(1992).

RESULTS

The present study examines the constitutive expression
of Hsps and chaperones during embryonic development
using Western blotting, to have an overall picture of the
protein level, and immunohistochemistry to define the
pattern of Hsp and chaperone expression at stages from
E9.5 to E17.5. To identify the neural, glial, or vascular
nature of the cells that are labeled by antibodies targeted
against Hsps, we performed double labeling. Because this
study is the first to describe the expression of Hsps in
the developing mouse brain, we commence with an over-
view of the expression of the Hsps before focusing on
small Hsp and Hsp70 that exhibit a very specific pattern
of expression.

Hsp level during CNS development

A Western blotting analysis of each Hsp protein during
embryonic brain development in mouse embryo was car-
ried out. Hsp25 is undectable in Western blot analysis and
Hsp70 appears only at day E15.5 of development. A West-

ern blot at E16.5 is representative of the Hsp expression
in the embryonic brain (Fig 1).

Comparison of Hsp levels between various brain re-
gions (telencephalon, diencephalon, mesencephalon, and
hindbrain) shows comparable levels for Hsp90b and
Hsc70 (Fig 1 a,b). The amount of Hsp70 is greater in mes-
encephalon than in diencephalon, hindbrain, or telen-
cephalon (Fig 1c).

The accuracy of Western blot analysis being insufficient
to predict a specific role for each Hsp, we carried out
immunohistochemichal analysis.

Distribution of Hsps during CNS development

Embryonic stage E9.5

At this stage the neural tube has just closed and is un-
dergoing an active proliferation phase. At this stage, the
inducible Hsps, Hsp70 and Hsp90a, are not detectable,
Hsp25 is present at a very low level (Fig 2b), whereas
Hsp90b is ubiquitously expressed in all embryonic tis-
sues (Fig 2a). Only Hsc70 is expressed at a significant
level in the cells of the roof of the diencephalon and in
the basal plate of the rhombencephalic medulla, at the
place where the medial longitudinal tracts will form (Fig
2c).

Rhombomeric NCC are labeled during their migration
with antibodies against Hsp25, Hsc70, and Hsp90b, as
are the ganglia that have just formed (ganglia V) or that
are in the initial phase of their formation (ganglia VII–
VIII) (Fig 2 a–c). These cell condensations are also labeled
with antibodies against TCP-1a (Fig 2d).

Double-labeling experiments show a clear enrichment
of Hsp25 in the first differentiating motoneurons of the
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Fig 2. Hsp detection on cephalic coronal sections of an E9.5 mouse embryo. Sections cut the neural tube twice, at the prosencephalon
(pr) and at the rhombencephalon (rh) levels. (a) Hsp90b ubiquitous is enriched along the pathway of the neural crest cells (NCC) and ganglion
condensations (arrowheads); (b) Hsp25: migration paths of the NCC in the cephalic mesenchyme (arrowheads) and condensations of the
VII–VIII ganglia (arrow) are enriched in Hsp25. (c) Hsc70: tectum of the forebrain, basal plate of the medulla (arrowheads), and the protrusion
of the trigeminal (V) ganglion (arrow) are revealed by the antibody. (d) TCP-1a is localized on trigeminal (V) and on acoustico-facial (VII–
VIII) condensations (arrows). Scale 100 mm.

truncal spinal cord that are strongly reactive to neural
marker TuJ1 (not shown).

Embryonic stage E12.5

Brain development has progressed with the formation of
numerous nuclei, the ontogeny of tracts, and the first
signs of neurodifferentiation (cells expressing bIII-tubu-
lin).

HSP25 is expressed throughout the brain, with a higher
level of expression in the tracts limiting the different pro-
someres (the zona limitans interthalamica), in the periph-
eral tracts and in longitudinal tracts of the ventral regions
of the tegmentum, pons, and medulla (Fig 3b). In addi-
tion, as we shall see later, Hsp25 is very selectively ex-
pressed in isolated or grouped neurons.

The localization of Hsc70 is similar to the localization
of Hsp25 (Fig 3c). The longitudinal and descending fas-
ciculi, as stria medullaris, are strongly TuJ1 immunore-
active and are also enriched in Hsc70. In the spinal cord,
the marginal layer is enriched in Hsc70, but it is poorly
expressed in the mantle layer. The ventricular layer and
spinal cord ganglia are devoid of HSC70.

By contrast, Hsp90b is ubiquitously expressed in the
CNS, with a higher level of expression in the derivatives
of the subventricular layer of the neural tube (Fig 3a).

The TCP-1a chain of the cytoplasmic chaperonin is less
abundant in the E12.5 embryonic brain than the 3 previ-
ously described Hsps. However, its expression is clearly
detectable in the cortex, striatum, and at a weaker level
in the thalamus, pons, medulla, and spinal cord (data not
shown).

At E12.5, the 2 inducible forms of Hsp, Hsp70 and
Hsp90a, are not detectable under normal conditions.

Embryonic stage E15.5

This stage is characterized by the formation of a stratified
primary cortex in the telencephalon, the neopallium, and
the first steps in the formation of the cerebellum. In ad-
dition, olfactory bulbs and choroid plexi fully differenti-
ate at this stage of development.

Despite its ubiquitous synthesis, Hsp25 exhibits a spe-
cific pattern of increased expression in the epithelium of
the olfactory bulbs, in the rhinencephalon, the septum
and the striatum of the basal ganglia, and the neocortex
in the anterior brain (Fig 4b). Hsp25 is also heavily ex-
pressed in the meninges (essentially the dura mater) as
well as in isolated neurons or groups of neurons (see lat-
er, Fig 7).

As with Hsp25, Hsc70 is present in the neocortex, the
basal ganglia, the preoptic areas of the anterior brain and
the posterior commissure (Fig 4a). A comparison between
immunolabeling and staining with toluidine blue (Fig 4f)
of a coronal section of the telencephalon confirms the ob-
servation at E12.5: Hsc70 is more abundant in those re-
gions that are poor in cell nuclei (Fig 4a). In addition,
Hsc70 shows a very characteristic localization in the teg-
mental epithelium of the isthmus, where it is present in
very dense cytoplasmic particles attached to the nuclear
external membrane (see later). The localization of the mo-
lecular chaperonin TCP-1a is similar to that of Hsc70 but
with a lower intensity.

Hsp70, which was undetectable before this stage of de-
velopment, exhibits a very specific pattern of expression
that will be described further in section IV.

As previously observed at earlier stages of develop-
ment, Hsp90b is ubiquitously expressed but as, however,
a reduced level in the ventricular layer of the neuroepi-
thelium (Fig 4d). From the anterior to the posterior part
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Fig 3. (a) Hsp90b, (b) Hsp25, and (c) Hsc70 distribution on E12.5
neural tube parasagittal sections. (b,c) Focused at the forebrain and
the ventral hindbrain levels. (a) Hsp90b displays an ubiquitous dis-
tribution in the marginal zone. (b,c) The longitudinal tracts along the
pons (p) and the medulla (m) (arrowheads), the zona limitans inter-
thalamica (zli), a bundle that limits prosomeres in the diencephalon
and the peripheral descending tracts, as the stria medullaris (sm)
are recognized by anti-Hsp25 and anti-Hsc70. h, Hypothalamus; lv,
lateral ventricle of telencephalon; t, thalamus; v3, v4, third and fourth
ventricles. Scale 250 mm.

of the brain, Hsp90b is most abundant in the preoptic
areas, hypothalamus, pons, and medulla.

Hsp90a exhibits a distribution that is similar to the dis-
tribution of Hsp90b, but its level of expression is lower
compared to that of Hsp90b (Fig 4 c,d). In contrast,
Hsp90a, and not Hsp90b, is expressed at a high level in
the choroidal plexi in the lateral and fourth ventricles.
Only the epithelial layer bordering the cavity of the ven-

tricle, responsible for the secretion of the cephalo-rachi-
dian liquid, is labeled.

Embryonic stage E17.5

All of the Hsps investigated are expressed at this stage
of development. This ubiquitous expression does not ex-
clude specific patterns of synthesis in the cortex and cer-
ebellum or very high levels of expression in specific struc-
tures, as exemplified by Hsp90a and Hsc70.

As shown, Hsp90a is abundant in 2 cell layers localized
in the bed nucleus of the stria terminalis (Fig 5b), be-
tween the septum, the anterior commissure, and the pre-
optic area (Altman and Bayer 1986, 1995). The bed nucle-
us of the stria terminalis, which is a part of the hypo-
thalamus, is derived from neurons of the medial horn of
the neuroepithelium of the lateral ventricle (Altman and
Bayer 1986). Hsp90a is also heavily expressed in the me-
dial part of the hypothalamus: 2 layers of neurons with
large soma are present on both sides of the third ventri-
cle: they might correspond to the dorsomedial nuclei that
form only later in the rat and that establish connections
with the bed nucleus of the stria terminalis (Altman and
Bayer 1986) (Fig 5a). No labeling was detected on hy-
pophysis sections. A third group of neurons is localized
in the inferior tectal neuroepithelium of the isthmus at
the mes-metencephalon border, forming the lumen of the
Sylvius aqueduct (Fig 5c). Hsp90a, absent in trigeminal
ganglia earlier, is strongly expressed in gathered neurons
(Fig 8d).

As already demonstrated at E15.5, an intense perinu-
clear labeling of the neuroepithelial tectal cells is obtained
with antibodies against Hsc70. Within 2 days, this stained
area has expanded to the inferior colliculus in the mes-
encephalon and to the cerebellar neuroepithelium in the
metencephalon. As revealed by staining with Hoechst,
these intensively stained cells are not undergoing apop-
tosis (data not shown).

Expression of Hsp25 in the brain and specific neurons

Hsp25 is strongly expressed in the earlier stages of the
brain vasculature development, as recognized by BAND
lectin staining (Hockfield and McKay 1985). At E12.5 the
first endothelial cells, originating from the NCC, invade
the periphery of the neural tube and migrate inside
where they proliferate and develop into brain vessels.
These cells are heavily labeled by anti-Hsp25 (data not
shown).

At E12.5 the neurons generated at the ventricular sur-
face of the neural tube start to migrate along the radial
glial cells in the marginal zone where they will organize
the adult cortical plate (Rakic 1972). Hsp25 expression is
enhanced in the ventricular layer (Fig 6b) and has the
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Fig 4. Hsc70 (a), Hsp25 (b), Hsp90a (c) and Hsp90b (d) distribution on E15.5 telencephalic coronal sections compared to toluidine blue
staining (f) and to a negative control section where the first antibody was omitted (e). Hsc70, Hsp25, and the Hsp90s are differentially
expressed in some layers of the developing stratification of the cortex (c), in septum (s), basal ganglia (bg), striatum (st), but not in the
ventricular zone (vz). The more caudal section (b) shows that Hsp25 is also expressed in thalamic (t) structures. Note in (b) that the strong
staining in the middle of each hemisphere is an artifact due to a bubble of nonadherant material. Toluidine blue intensely (f) stains the
differentiating cortex (c) and the ventricular zone (vz), regions where the cell nuclei population is very dense. Scale 500 mm.

same localization as the RC2 marker that is specific to
these radial glial cells (Fig 6a). Hsp25 expression is also
higher in the first differentiating neurons of the periph-
eral layer (Fig 6d) that are recognized by the TuJ1 anti-
body (Fig 6c).

At E12.5, the hypoglossal nucleus consisting of the
large motoneurons that will innervate the tongue muscle
initiates its formation in the central part of the medulla
under the fourth ventricle (Altman and Bayer 1980;
Phelps et al 1990). Hsp25 is expressed in this nucleus as
early as E12.5 (Fig 7a), but its expression is maximal at

E15.5, immediately preceding the formation of the first
myofibrils of the tongue and the first contractions of this
muscle. Hsp25 is expressed in most motoneurons, in both
soma and dendrites (Fig 7b). No signs of cell death are
observed.

Hsp25 is also abundant in other nuclei in the ventral
area of the pontic region (Fig 7d) and in a nucleus in the
differentiating field of the tegmentum, in close proximity
to the cephalic flexure (Fig 7c). In the latter nucleus,
Hsp25 is still abundantly expressed at E17.5. In contrast
to the hypoglossal nucleus, not all of the cells of the teg-
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mentum nucleus are labeled. In the positive cells, Hsp25
is very abundant in axons and dendrites. Hsp25 is also
abundant at E15.5 in isolated neurons of the tectum and
medulla.

Hsp25 is expressed in the peripheral nervous system,
in the trigemellate (V) ganglia, as early as the condensa-
tion stage (E9.5), and during their formation at E12.5,
when the entire neurons (TuJ1 immunoreactive) are
strongly labeled (Fig 8 a,b). Later in development, Hsp25
expression is limited to small groups of cells in these
structures (Fig 8c) and has disappeared at E 17.5.

Hsp70 localization in the developing brain

Hsp70 exhibits a specific pattern of expression from E15.5

Hsp70 is not detectable in the CNS before E15.5. At this
stage, in the telencephalon, Hsp70 is expressed in the ex-
ternal plexiform layer at the periphery of the olfactory
bulb, ventrally in the septum, and dorsally in 2 layers of
the neocortex. In the diencephalon, preoptic area, and
both ventral (mammillothalamic) and dorsal (stria med-
ullaris) fibers are labeled. In the mesencephalon and met-
encephalon, Hsp70 is present in limited areas of the in-
ferior colliculi, in the central vermix of the cerebellum, in
a well-delineated part of the neuroepithelium in the isth-
mus, and in the ventral tangential nucleus. In the me-
dulla, antibodies against Hsp70 stain the ventral pyra-
midal tracts, the medial vestibular nuclei, and the pre-
positus and cuneate nuclei of the subventricular zone (Fig
9).

Cortical localization is highly specific compared to the other
Hsps

At E15.5, sagittal (Figs 9, 10a) and coronal sections (Fig
4) demonstrate the striated organization of the cortex in
which each Hsp exhibits a clearly distinct profile of ex-
pression. From the pial surface to the ventricular lumen
the labeling reflects the layered organization of the cortex.
Hsp70 is characterized by a very restricted distribution
compared to the other Hsps. It is strictly present in the
marginal zone, and in 2 layers of the intermediate zone
(Fig 10a). Interestingly, GFAP colocalizes perfectly with
Hsp70 in parasagittal sections of the brain at E15.5 (Fig
10 a,b) despite the fact that a limited number of differ-
entiated astrocytes can be detected at this stage of devel-
opment and these only in the medulla. Hsp90s, Hsp25,
and TuJ1 are strongly expressed, and Hsc70 to a lesser
extent in the cytoplasm of the postmigratory neurons of
the marginal zone (not shown).

At E17.5, the specific pattern of Hsp70 staining reflects
the GFAP distribution (Fig 10 c,d), whereas Hsc70 and
Hsp25 are more highly expressed in the subventricular

zone reflecting bIII-tubulin staining, and Hsp90s are
equally distributed over the cortical layers (not shown).

The neurons that will form the hippocampus and the
dentate gyrus appear at E11. In the hippocampus, the
formation of the neurons stops at E16, and at E17.5 the
hippocampus stains with all of the antibodies. The dis-
tribution of Hsp70 resembles that of GFAP (Fig 10 c,d),
whereas Hsp25 and Hsc70 distribution resembles bIII-
tubulin.

DISCUSSION

Our results demonstrate that members of Hsp families
are expressed in a spatially and temporally specific pat-
tern during embryonic development of mouse brain. Sim-
ilar observations have been made during postnatal de-
velopment of rat brain (D’Souza and Brown 1998), but
unlike these authors who found Hsp gene expression
only in neuronal cells, we found expression in both neu-
ronal and glial cells. The presence of certain Hsps seems
limited to the cells exiting the cell cycle and entering dif-
ferentiation. We propose that the Hsps play a role in this
process. Within each family, the different members
(Hsc70 and Hsp70; Hsp90a and Hsp90b) display distinct
but often overlapping patterns of expression in different
regions of the building brain, which suggests that they
may perform unique roles at different stages of neuronal
maturation.

The role of Hsp90b, Hsc70, and Hsp25 in cell migration
and differentiation

Hsp25, Hsc70, and Hsp90b are expressed early during
NCC migration, follow the differentiation of the first
tracts, and are present in many differentiating fields,
where neurons out of the proliferating zone start to un-
dergo their morphogenesis.

Hsp role in cytoskeletal reorganization

Cells of developing tissues undergo extensive architec-
tural remodeling during either migration, adhesion, or
differentiation. This remodeling leads to extensive reor-
ganization of the cytoskeletal system (microtubules, mi-
crofilaments, and intermediate filaments). It has been
shown that many Hsps may bind to cytoskeletal elements
(Liang and MacRae 1997). Coprecipitation experiments
have demonstrated that Hsp90 (Koyasu et al 1986) and
Hsc70 are actin and microtubule binding proteins (What-
ley et al 1986). Liang and MacRae (1997), reviewing tu-
bulin-Hsp70 interactions, suggest that Hsp70 could reg-
ulate tubulin polymerization in two ways: (1) directly by
acting as an antagonist of MAPs (microtubule-associated
proteins), thereby inhibiting the tubulin polymerization
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Fig 5. Hsp90a exhibits a highly specific distribution on the E17.5 brain hypothalamic coronal sections (a,b) and mes-metencephalic para-
sagittal section (c). Schematic drawings of these sections localize the high power pictures (a–c). (a) Hypothalamic neurons of the putative
dorsomedial nuclei on both sides of the obturated third ventricle (V). (b) Neurons of the bed nucleus of the stria terminalis (Bn) are strongly
labeled as are the choroid plexus (Cp) of the lateral ventricle to a lesser extent. pa, Pallidum; stn, strionuclear neuroepithelium; Th, thalamus.
(c) Few neurons of the neuroepithelium along the border of the Sylvius aqueduct (Sa) of the isthmus (mes-metencephalic limit) (cb) cere-
bellum. Scales 100 mm.

necessary for cell division and differentiation, or (2)
through association with tau, a microtubule-associated
protein.

Hsp25 is known to be associated with stress fibers and
plays a role in stabilization of this actin-rich structure
(Gopalakrishnan and Takemoto 1992; Lavoie et al 1993).
A reduction in the level of aB-crystallin (a related mem-
ber of the small Hsp family) in glioma cell cultures and
of Hsp27 in human MCF-7 tumoral breast cells is corre-
lated with altered cell morphology, disorganized micro-

filament network, and reduction of cell adhesiveness
(Iwaki et al 1994; Mairesse et al 1996). Migrating NCC
(E9.5), meninges, and neurons, either isolated or gathered
in nuclei, show striking levels of Hsp25. We show that
Hsp25 colocalizes with specific markers of 3 different lin-
eages: with lectin of Bandeiraea that labels endothelial cells
invading the neural tube, with the RC2 marker the in
radial glial lineage, and with bIII-tubulin in differentiat-
ing neurons. Taken together these diverse localizations
may reflect either multiple functions for Hsp25 or, on the
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Fig 6. Hsp25 double labeling on E12.5 cortical parasagittal sections with, respectively, RC2 and TuJ1. (a) RC2 recognizes the early
differentiating radial glial cells in the ventricular zone, and (b) Hsp25 displays a partially coincident localization with RC2. (c) TuJ1 strongly
labels the early differentiating cortical neurons of the cortical plate, and (d) Hsp25 labels similarly. lv, Lateral ventricle. Scales 100 mm.

Fig 7. Hsp25 expression in brain nuclei: E12.5 and E15.5 parasagittal sections. Diagrams of these sections localize the level of highpower
pictures: E12.5 (a), E15.5 (b–d) (a) Nascent hypoglossal neurons start to express Hsp25. (b) Cytoplasmic presence of Hsp25 in the somata
and processes of the large motoneurons of the hypoglossal nucleus at E15.5. (c) Neurons of an indeterminate nucleus in the differentiating
field of the tegmentum. (d) Some neurons of the ventral area of the pontic region express Hsp25. Notice that among the meningae (Me),
the dura mater is strongly labeled with anti-Hsp25. Scale 250 mm.

Fig 8. Hsp25 (a,c) and Hsp90a (d) during PNS ganglia differentiation. (a) E12.5 coronal section: Hsp25 is highly present in all differentiating
neurons of the trigeminal ganglion. (b) The same neurons are labeled with TuJ1. (c) E15.5 parasagittal section: only a subpopulation of the
neurons of the trigeminal ganglion is labeled with anti-Hsp25 (arrowheads). (d) E17.5 coronal section: most neurons express Hsp90a. Scales
150 mm.
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Fig 9. Hsp70 localization on a E15.5 brain parasagittal section. In the forebrain derivates Hsp70 is present in the external layer of the
olfactory bulb (ob), the cortex (c) (to a lesser extent in hippocampus [h]), in the septum, the preoptic area (po), and the fibers of the
diencephalic tracts. On this section the labeled stria medullaris corresponds with the area of the posterior commissure (pc) and the labeling
for the mammilothalamic tract (mt) corresponds with the caudal area of the mammilar region. In the midbrain Hsp70 is present in the inferior
colliculus (ic) and in the ventral tegmental nucleus (vt). In the caudalmost region of the brain the immunolabeling is distributed in the central
vermix of the cerebellum (cb), in the prepositus (pp), and in the cuneate (cu) nuclei of the dorsal medulla (m). p, Pons. Scale 500 mm.

Fig 10. Hsp70 (a,c) and GFAP (b,d) localization on E15.5 (a,b) and E17.5 (c,d), respectively, parasagittal and coronal sections of the cortex.
(a,b) Hsp70 (a) is differentially and specifically expressed throughout 2 of the 6 layers of the newly organized stratification of the neocortex
as GFAP (b). (c,d) Hsp70 (c) is heavily expressed under the pial surface and in the hippocampus (h) as is GFAP (d). c, neocortex; h,
hippocampus; lv, lateral ventricle; p, pial surface; th, thalamus. Scales 100 mm.
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other hand, the same function accomplished at a specific
step of differentiation of various cell types. The associa-
tion of Hsp25 with F-actin in a phosphorylation-depen-
dent manner (Lavoie et al 1995) and its ability to affect
cell motility and shape offer some suggestion as to the
reason Hsp25 is selectively expressed in migrating neu-
rons.

It has also been shown to interact with peripherin, vi-
mentin, and GFAP, 3 intermediate filament proteins (Dja-
bali et al 1997; Perng et al 1999). Moreover, the work of
Perng et al (1999) shows evidence that Hsp27 and aB-
crystallin might be responsible for the maintenance of the
different networks of intermediate filaments.

After axotomy in rat, the distribution of Hsp27 along
axons in vivo and in the growth cone in vitro is compat-
ible with a possible role in the growing tip of the axon
(Costigan et al 1998). Depending on its phosphorylation
level, Hsp25 may prevent or permit actin filament poly-
merization, stabilizing the axon structure (Rousseau et al
1997).

Hsps in axonal transport

Cell differentiation, especially dendrite and axonal pro-
cess formation, leads to an activation of protein transport.
Transport of proteins to cellular membranes involves
clathrin-coated vesicles shuttling back and forth (Gold-
stein et al 1979). The constitutive form of Hsp70, Hsc70,
functions as an ATP-dependent uncoating enzyme that
releases clathrin from coated vesicles. Two components
of axonal transport have been described with different
rates of transport. Rapidly transported axonal proteins
are primilarly associated with a particular fraction that
consists of membranous material or vesicles that are rout-
ed through the Golgi apparatus and targeted to the syn-
aptic membrane. Evidence suggests that Hsc70 is bound
to clathrin during this fast axonal transport (Black et al
1991) and that it could be important in transporting cor-
rectly folded proteins to plasma membrane during cell
differentiation. In slow axonal transport, soluble proteins
are associated with elements of the cytoskeleton, ie, mi-
crotubule, microfilament, and neurofilament proteins.
Hsp70 may serve as a cross-linker molecule between
transported cellular molecules and the actin microfila-
ment via the binding of Hsp70 directly with the cellular
targeting sequence (Tsang 1993).

Thus an increase in the demand for axonal transport
during neuronal development may account for the in-
crease in the Hsp synthesis.

Hsp25 and neuronal survival

The most spectacular labeling of Hsp25 in brain is found
in the labeled neurons of selected nuclei. They display

staining of the soma and of the dendritic trees, in agree-
ment with Plumier’s observations (Plumier et al 1997). In
the hypoglossal nucleus at E12.5, nascent neurons are
weakly Hsp25 immunoreactive. At E15.5, the stage cor-
responding to the onset of muscular contraction, when
the XIIth cranial nerve innervates the tongue muscles, the
huge hypoglossal motoneurons are very heavily labeled.
The coincidence of these 2 events calls to mind reciprocal
interactions between the motoneurons and their target.
Such a correlation is required in the neurotrophic theory
of Oppenheim (1991). A hallmark of nervous system de-
velopment is the extensive histogenic cell death that oc-
curs relatively late in maturation and results in the loss
of 20–80% of all neurons. The main supposition in Op-
penheim’s theory is that the survival of developing ver-
tebrate neurons depends on specific neurotrophic factors
secreted by the target cells that neurons innervate. The
neurons that fail to obtain adequate amounts of neuro-
trophin die soon after they form synaptic connections
with their target cells. This dependence is present also in
postnatal life and reduces as growth proceeds (Snider
and Thanedar 1989).

One might see in the high level of Hsp25 a way for the
cells to protect themselves against apoptosis. Recent stud-
ies have shown that overexpression of Hsp25 in murine
fibrosarcoma cells suppresses apoptotic death in re-
sponse to FAS/APO1 ligand stimulation and to stauro-
sporine, camptothecin or actinomycin D (Mehlen et al
1996; Samali and Cotter 1996). Costigan et al (1998) re-
ported that PC12 cells (sympathic-like neurons derived
from the NCC) transfected with an antisense Hsp27 con-
struction undergo an apoptotic cell death. Thus, Hsp27
may play an antiapoptotic role in neurons, promoting
survival in injured neurons after peripheral nerve axo-
tomy in a Bcl-2 independent pathway (Costigan et al
1998). The protection mechanism remains unclear. In neu-
rons developing in vitro, Hsp25 expression correlates
with neuronal differentiation and survival in some sys-
tems (Mehlen et al 1999) but not in others (Davidson and
Morange 2000).

A comparison between the function of Hsp70 and
Hsc70

Our observations suggest that Hsc70 is localized to neu-
rons and Hsp70 to the astrocytic compartment. Obser-
vations of Brown (1994) after heat shock on adult mam-
malian brain demonstrate the induction of Hsp70 in glial
cells, although other trauma may induce Hsp expression
in selected neuronal populations (Blake et al 1990). The
authors suggest that the transport of Hsp70 may rapidly
deliver the protein from induced glial cells to the adjacent
neuronal cell body and processes. Our results with
Hsp70 show that this protein is already present in glial
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cells and ready to be transported. In addition, the obser-
vations of Brown and ours suggest that Hsp70 cannot be
functionally replaced by the Hsc70 that is already present
in many structures in high amounts.

The role of Hsp90a in CNS development

During brain development, Hsp90b and Hsp90a are
widely expressed after E15.5. The coincident localization
of Hsp90s with the neuronal marker TuJ1 supports the
hypothesis that these proteins may be required for cell-
specific function in neurons. Hsp90 is a major molecular
chaperone that protects denatured proteins against irre-
versible aggregation and degradation (Nathan et al 1997).
But in addition, Hsp90s have been assigned chaperone
functions in the mechanisms of cellular signaling through
its interaction with protein kinases and transcription fac-
tors. A disruption of the Hsp90 pathway has strong re-
percussions for development in Drosophila (Rutherford
and Linquist 1998).

Growth and/or neurotrophic factors play important bi-
ological roles in the development and maturation of the
nervous system. They act as instructive signals for lineage
commitment in PNS and in CNS, promote graded stages
of cell differentiation, axonal guidance, survival of subsets
of neurons, and maintenance of neuronal phenotype. A
wide variety of neurotrophic factors have been described,
any of which may potentially require Hsp90 to function
correctly.

Potential target proteins for Hsp90 also include a very
diverse group of transcription factors, such as steroid re-
ceptors (Picard et al. 1990), basic helix-loop-helix (bHLH)
factors such as MyoD (Shaknovitch et al 1992) or single-
minded (McGuire et al 1996), heat shock factor 1 (Ali et
al 1998), and a mutated form of the tumor suppressor
p53. Recent studies indicate that bHLH genes play an
essential function in morphogenesis of the nervous sys-
tem. In neural development the transition from the initial
growth phase of dividing precursor cells to the subse-
quent differentiation phase of postmitotic cells is con-
trolled antagonistically by multiple bHLH genes. Cas-
cades of neuronal bHLH genes promote determination
and differentiation, whereas antineuronal bHLH genes
repress them under the control of Notch and maintain
cells at the precursor stage (Kageyama and Nakanishi
1997).

Besides the ubiquitous distribution of the 2 Hsp90s, we
established that Hsp90a is very strongly and specifically
expressed at E17.5 in a few hypothalamic nuclei and in
the ventricular epithelium of the mes-metencephalic bor-
der. It could be suggested that the specific labeling ob-
served in the hypothalamic nuclei is related to Hsp90a
steroid-receptor-binding activity and that this activity is
completely assigned to the Hsp90a form as opposed to

Hsp90b. Estrogen-receptor mRNA is detected as early as
E11.5 in mouse brain vesicles (Orimo et al 1995) and in
selective zones of ferret hypothalamus at midgestation
(Tobet et al 1993). Glucocorticoid receptor is detected in
rat at E14 in hippocampal formation and at E16 in hy-
pothalamic paraventricular nucleus (Yi et al 1994). The
hypothalamus is in mammals an important regulation
center for physiological and endocrine functions. Many
nuclei that synthesize peptidic releasing hormones are
regulated in adults by the level of steroid hormones in
the blood. Olàzabal et al (1992) demonstrated that estra-
diol induces Hsp90 and progestin receptor in adult rat
ventromedial hypothalamus.

The distinct localization observed for the 2 Hsp90s re-
veals the possibility that Hsp90a and b perform different
functions. A similar possibility was evoked by examining
rat testis (Lee 1990) and zebrafish muscle early develop-
ment (Sass et al 1996).

As we have shown previously, Hsp25 is strongly ex-
pressed in the differentiating heart and muscle, at the ear-
liest stages (Loones et al 1997). The differentiation of mus-
cle cells and neurons is under the control of bHLH tran-
scription factors, and it can be strongly suggested that
Hsps may regulate the activity of these factors during the
differentiation of both cell types. Interestingly, Hsp90 is
known to be involved in the folding of bHLH factors into
their active configuration. As Lyons et al (1995) suggest,
an interesting parallel can be drawn between muscle cells
and neurons. Both cell types are electrically excitable and
become postmitotic before differentiation.
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Gass P, Schröder H, Prior P, Kiessling M. 1994. Constitutive expres-
sion of heat shock protein 90 (HSP90) in neurons of the rat
brain. Neurosci Lett 182: 188–192.

Goldstein JL, Anderson RGW, Brown MS. 1979. Coated pits, coated
vesicles, and receptor-mediated endocytosis. Nature 279: 679–
685.

Gopalakrishnan S, Takemoto L. 1992. Binding of actin to lens alpha
crystallins. Curr Eye Res 11: 929–933.

Heikkila JJ. 1993a. Heat shock gene expression and development. I.
An overview of fungal, plant, and poikilothermic animal de-
velopmental systems. Dev Genet 14: 1–5.

Heikkila JJ. 1993b. Heat shock gene expression and development. II.
An overview of mammalian and avian developmental systems.
Dev Genet 14: 87–91.

Hightower L, Nover L. 1991. Heat shock and development. In: Re-
sults and Problems in Cell Differentiation. ed Hennig W, Nover L,
Scheer U. Springer Verlag, Berlin.

Hockfield S, McKay RDG. 1985. Identification of major cell classes
in the developing mammalian nervous system. J Neurosci 5:
3310–3328.

Iwaki T, Iwaki A, Tateishi J, Goldman JE. 1994. Sense and antisense
modification of glial aB-crystallin production results in alter-

ations of stress fiber formation and thermoresistance. J Cell Biol
125: 1385–1393.

Izumoto S, Herbert J. 1993. Widespread constitutive expression of
HSP90 messenger RNA in rat brain. J Neurosci Res 35: 20–28.

Kageyama R, Nakanishi S. 1997. Helix-loop-helix factors in growth
and differentiation of the vertebrate nervous system. Curr Opin
Genet Dev 7: 659–665.

Kato H, Liu Y, Kogure K, Kato K. 1994. Induction of 27-kDa heat
shock protein following cerebral ischemia in a rat model of is-
chemic tolerance. Brain Res 634: 235–244.

Kato SA, Hirano A, Umahara T, Kato M, Herz F, Ohama E. 1992.
Comparative immunohistochemical study on the expression of
aB-crystallin, ubiquitin and stress-response protein 27 in bal-
looned neurons in various disorders. Neuropathol Appl Neurobiol
18: 335–340.
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