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Heat Shock Proteins in Developing Rat Motoneurones

BERNADETT KALMÁR,1,4 GEOFFREY BURNSTOCK,2 GERTA VRBOVÁ,3
and LINDA GREENSMITH1

ABSTRACT

The expression of the heat shock proteins hsp27 and hsp70 was examined in the spinal cord and sci-
atic nerves of developing rats. Using immunohistochemistry, we found that hsp27 is present in many
motoneurones at birth. With development, the intensity of staining increases, reaching adult levels by
21 days, when all sciatic motoneurones express hsp27. In the sciatic nerve, hsp27 is strongly expressed
throughout postnatal development. In contrast, hsp70 immunoreactivity in motoneurones and the sci-
atic nerve is weak at birth and does not change with development. The expression of heat shock pro-
teins has been shown to increase in cells under conditions of stress, where they have beneficial effects
on cell survival. The effect of neonatal nerve injury on hsp27 and hsp70 expression was also exam-
ined in this study. Four days after injury, staining for hsp27 increases in motoneurones, whereas hsp70
does not change. However, there is a significant increase in hsp70 staining in glial cells surrounding
the injured motor pool, predominantly in astrocytes. Since neonatal nerve injury induces apoptotic
motoneurone death, we also studied the co-expression of hsp27 with markers of apoptosis. No hsp27-
positive motoneurones were found to be apoptotic, as assessed by both TUNEL and caspase-3 im-
munoreactivity. Therefore, it is possible that the upregulation of hsp27 observed in injured motoneu-
rones may play a role in protecting motoneurones from apoptotic cell death following nerve injury.
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INTRODUCTION

HEAT SHOCK PROTEINS (hsps) are a large family of pro-
teins that are specifically induced when cells are ex-

posed to various forms of stress (Brown et al., 1989; 
New et al., 1989; Moreno-Flores et al., 1997; Schlesinger,
1985). They were originally identified and named on the
basis of their increased synthesis following exposure to
elevated temperatures (Samali and Cotter, 1996; Xia et
al., 1998) and have therefore been implicated in pro-

tecting cells against stress. Hsps are highly conserved
throughout evolution in various organisms ranging from
yeast cells to mammalian neurons, and can be induced
by many forms of stress, including heat and oxidative in-
jury (Becker and Craig, 1994). They can be divided into
five different families according to their molecular
weights: 25–30 kDa, 60 kDa, 70 kDa, 90 kDa, and 105
kDa (Moseley, 1997).

Some hsps are also expressed constitutively (Gernold et
al., 1993; Heikkila, 1993; Manzerra and Brown, 1992;



Plumier et al., 1997) and in such situations may have sev-
eral roles. For example, they can act as molecular chaper-
ones during protein synthesis, may be involved in protein
transport within the cytoplasm and have been shown to
play a role in those processes in which protein folding and
refolding are required (Mayer and Brown, 1994). When
hsps are upregulated in response to stress they are thought
to be able to protect cells by reorganizing damaged pro-
teins and restoring their activities (Li et al., 1993; Yenari
et al., 1998; Amin et al., 1996). Consistent with this pos-
sibility is the observation that mild heat or ischaemic stress,
which is sufficient to induce an upregulation in hsp ex-
pression, can protect cells during subsequent exposure to
more stressful insults. As a consequence, these cells are
more likely to survive the second insult than non-condi-
tioned cells (Barbe et al., 1988; Cohen and Downey, 1983;
Wagstaff et al., 1999; Sakurai et al., 1998). It is likely that
it is not a single class of hsp that is responsible for this
protective effect, which is likely to require the expression
of a set of several hsps in a coordinated fashion.

In this study, we have examined whether hsps may
play a role in the survival of developing motoneurones.
It is well established that injury to the peripheral nerve
during the early postnatal period is a severe insult that
results in the death of a large proportion of motoneurones
(Greensmith and Vrbova, 1996; Romanes, 1946). In con-
trast, in the adult nervous system no motoneurone death
takes place following peripheral nerve injury (Lowrie et
al., 1982) and most sensory neurones also survive
(Coggeshall et al., 1997). Interestingly, in the adult both
motor and sensory neurones have been shown to upreg-
ulate hsp27 expression following peripheral nerve injury
(Costigan et al., 1998; Hopkins et al., 1998).

In order to examine the possible role of hsps in mo-
toneurone survival following neonatal nerve injury, we
firstly established the immunoreactivity pattern of hsp27
and hsp70 proteins in motoneurones within the sciatic
motor pool, as well as the sciatic nerve during postnatal
development. We then tested the effect of peripheral
nerve injury in newborn rats on hsp27 and hsp70 im-
munoreactivity. Since nerve injury is known to induce
apoptotic motoneurone death (Bilbao et al., 2000), in or-
der to examine the possible relationship between hsp ex-
pression and cell death (Springer et al., 2000; Vanderluit
et al., 2000), we also studied in vivo the co-expression of
hsps and markers of apoptosis in injured motoneurones.

MATERIALS AND METHODS

Nerve Injury

Sprague-Dawley rats of both sexes were used in these
experiments (Biological Services, University College

London, U.K.). All experimental animals were cared for
in accordance with guidelines issued by the Institute of
Neurology and the British Government. On the day of
birth (P0), under halothane anaesthesia and sterile con-
ditions, the right sciatic nerve was crushed in the mid-
thigh region, just above the division of the sciatic nerve
into the tibial and common peroneal nerves, using a pair
of fine Watchmaker’s forceps. Following the crush, the
nerve was examined to ensure that the epineurial sheath
was intact but translucent and the wound was then closed
with sutures. Following recovery from anaesthesia, the
pups were returned to their mother.

Immunohistochemistry

Normal and experimental animals were deeply anaes-
thetized (4% chloral hydrate, 1 mL/100 g body weight,
i.p.) at various time points (at 1 h and 1, 2, 4, 7, 14, 21,
and 28 days postinjury) and the animals were perfused
transcardially with a fixative containing paraformalde-
hyde (4% in phosphate-buffered saline [PBS]). At least
three animals were examined at each time point in both
the operated and control groups. The spinal cords and sci-
atic nerves from the operated and control hindlimbs (in-
cluding the site of injury and the proximal and distal
nerve portions) were removed, the control and operated
sides of the spinal cords identified and the tissues post-
fixed for 4 h in the same fixative. Following cryoprotec-
tion in sucrose (30% in PBS), 10-mm serial sections from
each tissue were cut on a cryostat.

The sections were stained for either hsp27 or hsp70.
The sections were incubated for 1 h in 3% normal horse
serum (NHS; Vector, Burlingame, CA), and then incu-
bated overnight at 4°C either in the primary polyclonal
antibody to hsp27 (Santa Cruz Biotechnology, Santa Cruz,
CA) or the monoclonal antibody to hsp70 (Santa Cruz
Biotechnology), used at a dilution of 1:100. Negative con-
trol sections, in which the primary antibody was omitted,
were also prepared. After thorough washing in PBS with
0.1% Triton-X-100 (Sigma, St. Louis, MO), the sections
were incubated for 2 h at room temperature in biotiny-
lated secondary antibodies (dilution 1:100; Vector), and
then incubated for 1 h in Avidin–Biotin complex (ABC;
Vector). They were processed using horseradish peroxi-
dase (HRP) as the chromagen and diamino benzidine
(DAB) as the substrate. After drying, the spinal cord sec-
tions were counterstained with a Nissl stain (Gallocyanin).

The proportion of sciatic motoneurones immunos-
tained with hsp27 was assessed in control, unoperated an-
imals as well as in those animals in which the sciatic
nerve was crushed at birth. In control animals the num-
ber of immunostained motoneurones in one ventral horn
was counted and in the operated animals, only the ven-
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tral horn on the side of the nerve injury was assessed. In
addition, in both control and operated animals, the total
number of sciatic motoneurones stained for either Nissl,
or for both Nissl and hsp27 was also established. This
assessment of the number of hsp27 immunoreactive mo-
toneurones was carried out at three intervals after injury:

(i) 0–4 days, (ii) 7–14 days, and (iii) 21 days to adult.
For each animal, five sections were examined and each
group consisted of at least three animals. The ratio of im-
munostained to total number of Nissl-stained motoneu-
rones was calculated. The data is presented as the mean
with the standard error of mean (SEM).
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FIG. 1. Developmental pattern of hsp27 expression in spinal cord motoneurones and the effect of neonatal nerve injury. Rep-
resentative cross-sections of the ventral horn of the lumbar spinal cord stained for hsp27 are shown. The expression of hsp27
was assessed between 1 and 28 days of development and in the adult. The expression pattern of hsp27 immunoreactivity at P4,
7, 14, and 21 is shown in A–D, respectively. At P4 (A) and 7 (B), many motoneurones were hsp27 immunoreactive (large ar-
rowhead), but some motoneurones did not express hsp27 (small arrow, Nissl stained motoneurones). The expression of hsp27 in-
creased until P21 (D), when adult levels were reached and all motoneurones were hsp27 immunoreactive. The effect of neona-
tal nerve injury on hsp27 expression in motoneurones is illustrated in E–H at P4, 7, 14, and 21, respectively. A strong upregulation
of hsp27 immunoreactivity in injured motoneurones was observed at P4 (E). This increased hsp27 staining peaks at P7 (F), al-
though it is still elevated at P14 (G). By P21 there is no difference in the expression of hsp27 in injured motoneurones (H) com-
pared to motoneurones on the contralateral control side, although there are fewer surviving motoneurones present in the injured
ventral horn. Bar 5 20 mm



Co-expression of hsp70 and GFAP. In order to test
whether hsp70 expressing cells in the injured spinal cord
were astrocytes, we used double labeling for hsp70 and
glial fibrillary acidic protein (GFAP), an astroglial
marker. The sections were first processed for hsp70 im-
munoreactivity using the monoclonal mouse antibody.
Texas Red Avidin D (Vector, dilution 1:100) was used
as fluorescent layer. The same sections were subse-
quently immunostained for GFAP using a fluorescein-la-
beled anti-mouse IgG antibody made in horse (Vector;
dilution 1:100). Negative control sections were also pre-
pared omitting one of the two antibodies and applying
both secondary layers, in order to establish cross-reac-
tivity between antibodies. Sections were examined under
a fluorescent microscope, and the presence of hsp70 was
assessed using a blue filter for detection of Texas Red,
while the presence of GFAP-positive cells was assessed
using a green filter for fluorescein.

Hsp70 western blots. Western blot analysis of hsp70
was carried out in spinal cords from unoperated rats (n 5
12) and operated rats (n 5 12) at 7 days after nerve crush

at birth. Spinal cords were collected in groups of three,
so that there were four sets of samples for both the un-
operated and operated groups. Each western was run in
duplicate and repeated at least twice in order to carry out
semiquantitative analysis. The rats were deeply anaes-
thetised (4% chloral hydrate, i.p.) and the lumbar spinal
cord quickly removed. The spinal cords were hemisected
so that the operated and control sides could be collected
separately. The tissue was homogenized in homogeniz-
ing buffer (5 mM Tris, 2% SDS, 2 mM EDTA, 2 nM
EGTA, 2 mM phenylmethylsulfonylfluoride [PMFS], 10
mM Leupeptin Ph6.8). Samples were spun at 14,000 rpm
for 10 min, and the supernatant was collected. Protein
concentration was determined using a Bio-Rad assay sys-
tem (catalogue no. 500-0116) and a series of BSA stan-
dards. Samples were boiled for 5 min prior to SDS–poly-
acrylamide gel electrophoresis (PAGE). Equal amounts
of 10 mg of protein was loaded and separated at 200 V
for 55 min. Proteins were electrophoretically transferred
to Hybond™ ECL™ nitrocellulose membranes (Amer-
sham Pharmacia Biotech). Membranes were blocked with
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FIG. 2. The proportion of hsp27immunoreactive motoneu-
rones within the sciatic motor pool during postnatal develop-
ment and following neonatal nerve injury. The bar diagram
shows the proportion hsp27 immunoreactive motoneurones
within the sciatic motor pool during normal postnatal develop-
ment (empty bars) and following neonatal nerve injury (filled
bars), assessed at three stages of development: P0–P4, P7–P14,
and P21 to adult. The number of hsp27-immunoreactive mo-
toneurones in the ventral horn was counted and expressed as a
percentage of the total number of Nissl stained motoneurones
within the sciatic motor pool. In each group, at least four ani-
mals were examined, and the mean number of hsp27 positive
motoneurones is expressed as a percentage of the total number
of Nissl-stained motoneurones. Error bars show the standard er-
ror of mean. Between P0–4 and P7–14, a-significantly greater
proportion of sciatic motoneurones are hsp27-immunoreactive
following nerve injury compared to uninjured animals at the
same stage of development (*p , 0.01; **p , 0.02).

FIG. 3. Developmental pattern of hsp27 and hsp70 immunore-
activity in the sciatic nerve and the effect of neonatal nerve in-
jury. The pattern of hsp27 (A) and hsp70 (B) immunoreactivity
in normal sciatic nerves at P7 is shown. Hsp27 immunoreactiv-
ity is strong, and the staining for hsp27 remains at a high level
throughout development. In contrast, hsp70 immunoreactivity is
weak at all ages studied. The effect of sciatic nerve crush at birth
on the expression of hsp27 (C) and hsp70 (D) at P7 is shown. It
can be seen that neonatal nerve injury does not alter the pattern
of staining for either of these proteins. Bar 5 20 mm



5% nonfat dried milk and 0.1% Triton X-100 in PBS for
1 h at room temperature. The blots were then incubated
for 1 h at room temperature in the primary mouse mon-
oclonal antibody to hsp70 at a dilution of 1:1,000 in PBS
containing 5% dried milk, 0.1% Triton X-100 (Santa
Cruz Biotechnology). After three washes in PBS con-
taining 0.1% Triton X-100 for 15 min each, membranes
were incubated in HRP conjugated anti-mouse (Dako cat-
alog no. P0260) immunoglobulin at a dilution of 1:1,000
in PBS containing 5% dried milk and 0.1% Triton X-100
for 1 h. After three washes in PBS containing 0.1 % Tri-
ton-X100 for 15 min each, membranes were treated with
a chemiluminescent detection reagent (ECL™, Amer-
sham Pharmacia Biotech, Arlington Heights, IL
(Rochester, NY). Blots were visualized using Kodak film
and fixation. Each Western blot contained samples from
three animals in each group, and each sample was run on

at least two blots. On each blot, equal protein quantities
of brain homogenates were run next to the samples as
standards.

The films were scanned using a KS300 image analy-
sis program measuring pixel densities of each lines. Den-
sities for the samples were normalized against densities
of the brain standard in each blot. Results are presented
as the mean and SEM of arbitrary units of line densities.

Assessment of Apoptosis

The presence of apoptotic motoneurones in the spinal
cord of control and operated animals was assessed be-
tween P1 and P7, using either the TUNEL technique or
staining for activated caspase-3 immunoreactivity.

TUNEL labeling. Spinal cord sections were stained
with the Fluorescein In Situ Cell Death Detection Kit
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FIG. 4. Developmental pattern of hsp70 immunoreactivity in spinal cord motoneurones and the effect of neonatal nerve injury.
Cross-sections of the ventral horn of the lumbar spinal cord stained for hsp70 are shown. The pattern of staining for hsp70 in
motoneurones at birth is relatively weak and this staining intensity does not change with age, so that at P7 (A) and P21 (B) a
similar pattern of immunoreactivity was observed. Furthermore, following sciatic nerve crush at birth, the expression of hsp70
is unaltered in motoneurones at P7 (C) and P21 (D) (arrows). However, there is a clear increase in the number of hsp70 positive
cells (arrowheads) surrounding the injured motoneurones at P7 (C). Bar 5 20 mm



(Roche catalog no. 1 684 795) using the protocol pro-
vided. This method is based on terminal deoxynucleotidyl
transferase (TdT)–catalyzed polymerization of fluores-
cently labeled nucleotides to free 39-OH DNA end breaks
occurring in apoptotic cell nuclei. Briefly, sections were
permeabilized in 0.1% Triton X-100 containing 0.1%
sodium citrate for 2 min on ice. Following two rinses in
PBS, the TUNEL reaction mixture was added to the sec-
tions and incubated at 37°C for 1 h. The reaction mix-
ture was removed by repeated washes in PBS. The sec-
tions were then examined under a fluorescent microscope
using a blue filter for the detection of fluorescein-labeled
apoptotic nuclei.

Caspase-3 immunohistochemistry. For activated cas-
pase-3 immunoreactivity, the spinal cord sections were
first blocked in 3% goat serum (1 h) and incubated
overnight at 4°C with the primary monoclonal antibody
(PharMingen, catalog no. 559565, dilution 1:1500), spe-
cific for the activated form of the caspase-3 enzyme only.
Negative control sections, in which the primary antibody
was omitted, were also prepared. After thorough wash-
ing in PBS with 0.1% Triton-X-100 (Sigma), the sections
were incubated for 2 h at room temperature in biotiny-
lated secondary antibody (dilution 1:100; Vector). Texas
Red Avidin D (Vector catalog no. A-2006, dilution
1:100) was used as a fluorescent layer. The presence of
Texas Red–labeled hsp27 immunoreactivity assessed us-
ing a fluorescent microscope with a green filter.

Co-expression of hsp27 and apoptotic markers. In
some experiments, the co-expression of hsp27 and mark-
ers of apoptosis in injured motoneurones was examined
using either the TUNEL method or immunohistochem-
istry for activated caspase-3. For double-labeling exper-
iments with TUNEL, the sections were first processed for
TUNEL as described above and then immunostained for
hsp27. In these experiments, Texas Red Avidin D (dilu-
tion 1:100) was used as a fluorescent layer for the hsp27
immunoreactivity, and the TUNEL-positive nuclei were
labeled with fluorescein (as above).

For double-labeling experiments for hsp27 and cas-
pase-3 immunoreactivity, following incubation in 3%
chicken serum for 1 h, the sections were first stained for
hsp27 using the primary antibody as described above. In
these experiments, the secondary antibody was a fluo-
rescein conjugate of a chicken anti-goat IgG (Chemicon
catalog no. AP 163F, dilution 1:100). The sections were
then processed for caspase-3, as described above.

In these double-labeling experiments, in order to quan-
tify the number of hsp27 and/or caspase-3–positive mo-
toneurones, we counted the number of motoneurones im-
munostained for each antibody in the sciatic pool, in five

sections of each spinal cord. Each section was examined
for the presence of motoneurones that were immunore-
active for both proteins, ie co-expressed hsp27 and cas-
pase-3. Each experimental group consisted of four ani-
mals, and the effect of nerve injury at P0 on the
immunoreactivity of these markers was assessed at three
different time intervals: within the first 24 h (0–1 days),
and 4 and 7 days after the injury. The sections were ex-
amined under a fluorescent microscope and the presence
of hsp27 assessed using a green filter for fluorescein, and
caspase-3–positive cells counted using a blue filter for
detection of Texas Red. The mean number of motoneu-
rones reactive for each protein was calculated for each
section and the data is presented as the mean with the
standard error of mean (SEM).

Statistical Analysis

The results were analyzed using the Mann-Whitney U
test for comparison of independent samples. Two-tailed
tests were used in all instances, and significance was set
at p , 0.05.

RESULTS

Pattern of Immunoreactivity for hsp27 
and hsp70 in Motoneurones and Sciatic 
Nerve during Postnatal Development

Hsp27 immunoreactivity. (1) Hsp27 immunoreactivity
in developing motoneurones: Immunostaining for hsp27
was carried out on sections from the lumbosacral seg-
ment of the spinal cord of rats at various stages during
postnatal development from P0 to P28. Figure 1 shows
examples of spinal cord sections stained for hsp27 im-
munoreactivity and illustrates the pattern of hsp27 im-
munoreactivity observed within motoneurones at differ-
ent developmental stages. As can be seen in Figure 1, the
intensity of staining for hsp27 within motoneurone cell
bodies increases with development. The distribution of
hsp27 protein was even within the cytoplasm, soma and
perikaryon region, although no nuclear staining for hsp27
was observed. The number of hsp27 immunoreactive mo-
toneurones also increased with age. The number of hsp27
motoneurones was counted in each spinal cord at each
developmental stage and the results are summarized in
Figure 2. At birth, some motoneurones are already posi-
tive for hsp27 (Fig. 1A) and in rats aged between P0 and
P4, 63% (62.6% SEM; n 5 6) of motoneurones are
hsp27 immunoreactive (Fig. 2). With development, the
proportion of hsp27 expressing motoneurones gradually
increases, so that between P7 and P14, 67% (63.0%
SEM; n 5 4) of sciatic motoneurones are hsp27 positive.
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By day 21, a dramatic increase in the number of hsp27
immunoreactive motoneurones occurs, so that almost all
sciatic motoneurones express the protein (Figs. 1D and
2; 95% 6 1.1% SEM, n 5 4; p , 0.01). (2) Hsp27 im-
munoreactivity in the sciatic nerve: The sciatic nerves
from animals aged between P0 and P28 were processed
for hsp27 immunoreactivity, and an example is shown in
Figure 3A. Strong specific immunoreactivity for hsp27
was detected in the sciatic nerve at all ages examined, al-
though the precise location of this staining, either within
the axons or in Schwann cells, is not obvious under the
light microscope. The intensity of staining was evenly

distributed along the length of the nerve examined, with
no proximal-distal differences apparent and did not
change significantly with age.

Hsp70 immunoreactivity. (1) Hsp70 immunoreactiv-
ity in developing motoneurones: The developmental pat-
tern of hsp70 immunoreactivity within sciatic mo-
toneurones in rats aged between P0 and P28 was also
examined. At P0, hsp70 immunoreactivity in motoneu-
rones is very low and the intensity of staining does not
increase significantly with development. Examples of
spinal cord sections stained for hsp70 at 7 and 21 days
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FIG. 5. Expression of hsp70 in GFAP-positive astroglia following neonatal nerve injury. Seven days after sciatic nerve crush
at birth, spinal cord sections were double-stained for GFAP and hsp70 7 days after injury using immunofluorescence. (A) An ex-
ample of the pattern of GFAP immunoreactivity in astroglia in the ventral horn of the operated side of the spinal cord. The same
section stained for hsp70 is shown in B). (B) It can be seen that the hsp70 positive cells (arrows) are also immunoreactive for
GFAP (arrows) and are therefore likely to be astroglia. Bar 5 50-mm.



are shown in Figure 4A and 4B, respectively. At each
age, the staining for hsp70 was weak but specific in all
motoneurones within the lumbosacral region. This low-
intensity hsp70 immunoreactivity was not present in the
negative control sections in which the primary antibody
was omitted. The cellular distribution of hsp70 was
rather characteristic for the cell bodies and towards the
perikarya the intensity of staining decreased. (2) Hsp70
immunoreactivity in the sciatic nerve: The develop-
mental immunoreactivity of hsp70 was also examined
in sections of the sciatic nerve. At all ages studied,
hsp70 immunoreactivity was very weak along the length
of the dissected sciatic nerve (Fig. 3B). The intensity
and pattern of hsp70 staining does not change with dis-
tance from the cell body or with age.

Effect of Neonatal Nerve Injury on hsp27 and
hsp70 Immunoreactivity in Motoneurones and
Sciatic Nerve

The effect of sciatic nerve crush at birth on the devel-
opmental pattern of hsp27 and hsp70 immunoreactivity
within the spinal cord and the sciatic nerve was exam-
ined at various developmental stages.

Hsp27 immunoreactivity. (1) Hsp27 immunoreactivity
in motoneurones following neonatal nerve injury: Fol-
lowing sciatic nerve crush at birth, the immunoreactivity
of hsp27 in motoneurones was examined at intervals be-
tween P0 and P28. Examples of the pattern of staining
observed are shown in Figure 1E–H. The number of mo-
toneurones positive for hsp27 was counted at each age,
and the pattern of immunoreactivity assessed. Within the
first few days of injury, hsp27 immunoreactivity in in-
jured motoneurones is similar to that observed in control,
unoperated motoneurones at the same age. However, by
4 days after injury, the intensity of staining for hsp27 is
significantly greater than that observed in control mo-
toneurones (Fig. 1E) and peaks at 7 days (Fig. 1F). Not
only is the staining for hsp27 in motoneurones more in-
tense after injury, but the proportion of motoneurones that
are hsp27 immunoreactive at each age is greater follow-
ing nerve injury than normal, although there are fewer
surviving motoneurones present following the injury.
Thus, the results summarized in Figure 2 show that in
control, unoperated animals aged between P0 and P4,
63% (62.6% SEM; n 5 6) of sciatic motoneurones ex-
press hsp27, whereas following nerve injury 75%
(62.1% SEM; n 5 4) of those motoneurones that survive
express hsp27 at this stage. This difference in the im-
munoreactivity of hsp27 in operated and unoperated mo-
toneurones is significant (p , 0.01) and is also apparent
at later stages (Fig. 2). Between P7 and P14, 83.6%
(62.8% SEM; n 5 6) of sciatic motoneurones in the op-
erated side of the spinal cord are immunoreactive for
hsp27, compared to only 67% (63.0% SEM; n 5 4; p ,
0.02) of uninjured motoneurones. By 21 days, the inten-
sity of hsp27 immunoreactivity in the injured motoneu-
rones is similar to that in control uninjured motoneurones,
and has reached adult levels (Fig. 1D,H). In addition, by
P21, there is no significant difference in the proportion
of motoneurones that express hsp27 in injured and unin-
jured animals and almost all sciatic motoneurones are
hsp27 positive (Figure 2). (2) Hsp27 immunoreactivity in
the sciatic nerve following neonatal nerve injury: The ef-
fect of nerve injury on hsp27 immunoreactivity within
the sciatic nerve was also examined. Nerve crush at birth
did not alter the immunoreactivity for hsp27, which was
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FIG. 6. Hsp70 levels in spinal cords following neonatal nerve
injury. Western blot analysis of hsp70 levels in spinal cord sam-
ples from control and operated animals were processed 7 days
following sciatic nerve crush at birth. (A) An example of such
a blot where several spinal cords were pooled (n 5 3). Eight
Western blots were run from both operated and control animals
and the mean band density of each blot was measured. (B) The
results are summarized. There was a slight but nonsignificant
increase in the mean band density of the operated samples.



similar to that observed in normal control sciatic nerves
(Fig. 3A,C). The pattern and intensity of staining at all
time points examined, was not altered by nerve injury
and was similar along the entire length of the nerve ex-
amined, including the site of injury as well as the prox-
imal and distal segments.

Hsp70 immunoreactivity. (1) Hsp70 immunoreactivity
in motoneurones following neonatal nerve injury: Fol-
lowing nerve injury, the pattern of hsp70 immunoreac-
tivity in injured motoneurones was examined at various
intervals between P0 and P28. Examples of the pattern
of staining observed in the operated ventral horns at P7
and P21 are shown in Figure 4C,D. Following nerve in-
jury at birth there was no change in the intensity of hsp70
immunoreactivity within motoneurones in the sciatic mo-

tor pool, at any stage examined. However, there are
clearly fewer motoneurones present in the operated ven-
tral horn compared to normal, as, by P7, more than 50%
of motoneurones have already died (Lawson and Lowrie,
1998). In addition, although a few hsp70 immunoreac-
tive glial cells were observed in normal ventral horns,
following nerve injury there was a dramatic astrogliosis
around the injured motoneurones and many of these glial
cells were hsp70 immunoreactive. Double-labeling im-
munofluorescence staining using an antibody to GFAP,
a specific marker for astroglia, revealed that the hsp70
immunoreactive glia were predominantly astrocytes (Fig.
5). In order to see whether there were any changes in the
overall levels of hsp70 within the spinal cord following
nerve injury, western blot analysis of hsp70 was carried
out on normal and injured spinal cords 7 days after in-
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FIG. 7. Apoptosis and hsp27 expression in motoneurones following neonatal nerve injury. Cross-sections of the operated ven-
tral horn from a P4 animal are shown following sciatic nerve crush at birth. Sections were processed for double labeling for hsp27
immunoreactivity as well as markers of apoptosis. (A) hsp27 immunoreactivity labeled with Texas Red can be seen within sev-
eral sciatic motoneurones (arrowheads), although some motoneurones do not express hsp27 (arrow). (B) The same section, stained
for TUNEL and labeled with fluorescein is shown using the same field of view. It can be seen that the TUNEL positive mo-
toneurone (arrow) is not hsp27 immunoreactive. No hsp27-positive motoneurones stained for TUNEL (arrowheads). A different
section stained for hsp27 (C) and caspase-3 (D) immunoreactivity is shown. Many hsp27 immunoreactive motoneurones, labeled
with fluorescein can be seen (arrowheads C). The same section and field of view shows double labeling for caspase-3 im-
munoreactivity using Texas Red (D). A single motoneurone strongly immunoreactive for caspase-3 (arrow) can be seen, but no
hsp27 positive motoneurones co-express this marker of apoptosis (arrowheads). Bar 5 20 mm



jury. An example of such a blot is shown in Figure 6A.
The mean pixel density from eight different blots is
shown in the bar diagram (Fig. 6B), which illustrates that
there is no significant change in hsp70 levels in spinal
cords following nerve injury. However, significant mo-
toneurone death has already occurred in the injured spinal
cord. Since normal, uninjured motoneurones are hsp70
positive, it appears that other cell types, including as-
troglia, may be contributing to the levels of hsp70 ob-
served in the operated tissue. (2) Hsp70 immunoreactiv-
ity in the sciatic nerve: The effect of neonatal nerve injury
on hsp70 immunoreactivity within the sciatic nerve was
also examined. Examples of the pattern of staining found
are shown in Figure 3D. Nerve injury had no effect on
the pattern of hsp70 immunoreactivity at any ages stud-
ied and was similar along the entire length of the nerve,
including the site of injury as well as the proximal and
distal segments of the nerve.

Co-expression of hsp27 and markers of apoptosis in
motoneurones following neonatal nerve injury. The re-
sults showed that the intensity of staining for hsp27 was
increased in motoneurones following nerve injury. Since
many motoneurones are known to die by apoptosis fol-
lowing neonatal nerve injury, we next examined whether
hsp27-positive motoneurones were also positive for

markers of apoptosis. One, 4 and 7 days after neonatal
nerve injury, spinal cord sections from at least three an-
imals at each age were processed for double labelling of
hsp27 and markers of apoptosis as described below. (1)
TUNEL labeling of injured motoneurones: Spinal cord
sections were processed for TUNEL and subsequently
immunostained for hsp27. An example of a section
stained for both TUNEL and hsp27 is shown in Figure
7A,B. At all ages studied, no motoneurones in the con-
tralateral control ventral horn were found to be TUNEL
positive. In the operated ventral horn, very few mo-
toneurones were found to be TUNEL positive. However,
as early as 1 day after injury, some TUNEL-positive cells
could be seen in the operated ventral horn, and TUNEL
staining could still be detected at P7. Although some mo-
toneurones expressed hsp27 within 1 day of injury, there
was no increase in the intensity of hsp27 immunoreac-
tivity prior to P4. In all sections examined, at all stages,
no hsp27 immunoreactive motoneurones were also found
to be positive for TUNEL. (2) Caspase-3 immunoreac-
tive motoneurones: Spinal cord sections were processed
for hsp27 immunoreactivity and subsequently for cas-
pase-3 reactivity. An example of a section stained for
both hsp27 and caspase-3 immunoreactivity is shown in
Figure 7C,D. Capase-3–immunoreactive motoneurones
were found in the operated ventral horn in each section,
although no positive cells were present at any stage in
the control ventral horn. The number of caspase-3–im-
munoreactive motoneurones in the operated ventral horn
per section was established. As can be seen in Figure 8,
the number of caspase-3–positive motoneurones was
greatest 1 day after nerve injury and declined rapidly by
7 days. Thus, there were 1.66 (60.08 SEM) caspase-
3–positive motoneurones per section at P1, which had de-
clined to 0.20 (60.07) motoneurones per section by P4,
and by P7 only 0.18 (60.15 SEM) motoneurones per sec-
tion were stained for caspase-3. In contrast, hsp27 im-
munoreactivity was low 1 day after injury and increased
dramatically by 4 days. There were 0.16 (60.06 SEM)
hsp27-immunoreactive motoneurones per section at P1,
3.90 (60.5 SEM) motoneurones at P4, and by P7, 3.95
(60.69 SEM) hsp27-positive motoneurones. At no stage
were any hsp27-positive motoneurones found to also be
immunoreactive for caspase-3, although hsp27-positive
motoneurones could be found in close proximity to cas-
pase-3–positive motoneurones (Fig. 7C,D).

DISCUSSION

In this study, we investigated the expression of hsp27
and hsp70 proteins in developing rat spinal cord mo-
toneurones within the sciatic motor pool, as well as their
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FIG. 8. The number of hsp27 and Caspase-3 positive mo-
toneurones in the injured sciatic motor pool. The number of
hsp27 and caspase-3 positive motoneurones was established in
the operated ventral horn 1, 4, and 7 days after nerve injury at
birth. Each group consisted of four animals, and five sections
were examined from each spinal cord. The results are presented
as the mean number of stained motoneurones per section, and
the error bars show the standard error of mean. The empty bars
show the number of hsp27-positive motoneurones, and the filled
bars show the caspase-3-positive motoneurones. It can be seen
that the proportion of motoneurones immunoreactive for cas-
pase-3 is greatest 1 day after injury and decreases rapidly there-
after. In contrast, few hsp27-positive motoneurones are present
at P1, and the number of immunoreactive motoneurones in-
creases dramatically by P4.



expression in peripheral sciatic nerves. In addition, we
examined the effect of neonatal nerve crush on hsp27 and
hsp70 immunoreactivity in injured motoneurones and ax-
ons. The results of this study show that hsp70 is consti-
tutively expressed in motoneurones and axons through-
out development, although at relatively low levels.
Following neonatal nerve injury, the pattern and inten-
sity of staining for hsp70 did not change in motoneurones
or axons. However, there was a clear increase in the num-
ber of glial cells which stained for hsp70 within the in-
jured ventral horn. It is well established that following
neonatal nerve injury an extensive astrogliosis takes place
in the spinal cord around the injured motor pool (Gilmore
et al., 1990). In this study, there was a marked astrogliosis
in the operated ventral horn, with a dramatic increase in
the number of GFAP positive astrocytes around the in-
jured motor pool. Double immunofluorescence revealed
that those nonneural cells which were hsp70 immunore-
active were also positive for GFAP, and were therefore
likely to be astrocytes.

Using Western blot analysis, it was not possible to de-
tect any significant changes in hsp70 expression levels
following neonatal nerve injury. The results showed that
there was no difference in the mean pixel density of spinal
cord samples taken from normal and operated rats, 7 days
after neonatal nerve injury. However, by this stage, it is
likely that many motoneurones will have already died as
a consequence of the nerve injury (Lawson and Lowrie,
1998). Since we have established that motoneurones con-
stitutively express hsp70, it is surprising that levels of
hsp70 in the spinal cords from operated animals are as
high as that found in normal animals. However, it is likely
that an increase in the number of hsp70 positive astro-
cytes following injury may maintain overall levels of
hsp70 within the injured spinal cord.

This study also examined the expression of hsp27.
Hsp27 has been shown to be constitutively expressed in
both sensory and motor neurones (Plumier et al., 1997).
In mammalian cells hsp27 is thought to play a role in cy-
toskeletal microfilament organization (Lavoie et al.,
1993). Therefore, it is likely that it plays an important
role in normal cell body, as well as axon and dentrite
structure. This may explain its relatively high level of ex-
pression in sciatic nerves at all ages studied here, al-
though it is possible that the staining for hsp27 may be
attributed to Schwann cell immunoreactivity. The results
of this study show that in motoneurone cell bodies, hsp27
is developmentally regulated, so that the number of im-
munoreactive motoneurones as well as intensity of stain-
ing increases with age. Following nerve injury, hsp27 im-
munoreactivity increases within motoneurones, but only
4 days after injury. Furthermore, a greater proportion of
motoneurones were hsp27 immunoreactive than in nor-

mal spinal cords of the same age. Whether this indicates
that those motoneurones that do not express hsp27 are
more likely to die after injury, or that the injury itself in-
duces hsp27 expression in more motoneurones, is not
clear from these results. It is well established that the
more immature a motoneurone is the more vulnerable it
is to nerve injury (Greensmith and Vrbova, 1996). Fol-
lowing neonatal axotomy, 80% of sciatic motoneurones
have died within the first two weeks of injury (Schmal-
bruch, 1984). In contrast, nerve injury in the adult results
in no motoneurone death. Since hsp27 expression and in-
tensity increases in motoneurones during development,
we favour the possibility that those motoneurones that
express hsp27 are more resistant to nerve injury. Indeed,
in the adult, where nerve injury does not result in any
motoneurone death, all motoneurones are strongly hsp27
positive. Thus, it is possible that among other factors in-
volved in the resistance of adult motoneurones to nerve
injury, the high expression of hsp27 in adult motoneu-
rones may help them to maintain their normal function
following an insult to the nerve.

Several lines of evidence that indicate that both devel-
oping neurones and glial cells die by apoptosis following
injury to a peripheral nerve or to the spinal cord (Lawson
and Lowrie, 1998; Liu et al., 1997; Oliviera et al., 1997),
although some necrotic cell death does take place (Li et
al., 1998). In this study, we found that hsp27 immunore-
active motoneurones did not co-express markers of apop-
tosis. However, hsp27 immunoreactivity was only upreg-
ulated 4 days after injury, when many motoneurones had
already died, most probably by apoptosis (Lawson and
Lowrie, 1998). Although a few apoptotic motoneurones
were found at P4 and P7, these neurones did not stain for
hsp27. Therefore it is possible that those motoneurones
that express hsp27 at high levels are less likely to undergo
apoptosis and are therefore more capable of surviving
nerve injury (Lewis et al., 1999). However, apoptotic
markers such as TUNEL and caspase-3 label cells only
within in a certain period of cell death. These markers
therefore will not detect all apoptotic cells at all stages of
apoptosis, particularly in vivo. Thus, we cannot exclude
the possibility that some hsp27 positive motoneurones are
undergoing apoptosis. Indeed, considering the high pro-
portion of motoneurones that upregulate hsp27 expression
at P4 and P7, and the fact that a large proportion of mo-
toneurones will eventually die following nerve injury at
birth, it is likely that even those motoneurones that up-
regulate their hsp27 expression are susceptible to cell
death, either because they are unable to increase their
hsp27 expression to a high enough level or they do so too
late to prevent themselves from entering a cell death path-
way. Therefore following neonatal nerve injury, hsp27
may be beneficial only to those motoneurones that are
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able to switch on this protective protein synthesis before
the apoptotic cascade begins.

Interestingly, there are other lines of evidence that also
indicate that hsps may play a role in protecting cells
against apoptosis. In vitro, a variety of cells that over-ex-
press hsp27 or hsp70 have been shown to be more resis-
tant to cell death (Sakurai et al., 1998; Uney et al., 1994;
Wagstaff et al., 1999). In addition, using double labeling
for apoptosis (TUNEL), both in vitro (Kobayashi et al.,
2000) and in vivo (Lewis et al., 1999) studies have shown
that cells expressing hsps at high levels do not undergo
apoptosis. The mechanism by which hsp expression may
prevent apoptosis has been also investigated. Bruey
(2000) found that hsp27 can bind to cytochrome c released
from mitochondria and can thereby inhibit the initial step
in the apoptotic cascade, namely the interaction of Apaf-
1 with procaspase-9. A similar mechanism of action has
been suggested by Beere (2000) for hsp70, whereby hsp70
binds to Apaf-1. These findings, taken together with the
results of the present in vivo study suggest that the in-
creased hsp27 expression in injured motoneurones and
hsp70 in astrocytes may play a protective role in mo-
toneurone survival following neonatal nerve injury.
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