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A prominent clinical feature of ALS is muscle weakness due to dysfunction, denervation and degeneration of motoneurons (MNs).
While MN degeneration is a late stage event in the ALS mouse model, muscle denervation occurs significantly earlier in the
disease. Strategies to prevent this early denervation may improve quality of life by maintaining muscle control and slowing disease
progression. The precise cause of MN dysfunction and denervation is not known, but several mechanisms have been proposed
that involve potentially toxic intra- and extracellular changes. Many cells confront these changes by mounting a stress response
that includes increased expression of heat shock protein 70 (Hsp70). MNs do not upregulate Hsp70, and this may result in a
potentially increased vulnerability. We previously reported that recombinant human hsp70 (rhHsp70) injections delayed symptom
onset and increased lifespan in SOD1G93A mice. The exogenous rhHsp70 was localized to the muscle and not to spinal cord or brain
suggesting it modulates peripheral pathophysiology. In the current study, we focused on earlier administration of Hsp70 and its
eﬀect on initial muscle denervation. Injections of the protein appeared to arrest denervation with preserved large myelinated
peripheral axons, and reduced glial activation.

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder aﬀecting both upper and lower motoneurons
(MNs), resulting in gradual muscle weakening and loss of
MN function ultimately leading to paralysis and death of
aﬄicted individuals. Much ALS research has focused on MN
cell bodies and dendrites within the spinal cord and the
role5of local glial cells. Many therapeutic interventions have
been designed to intervene in pathological events that occur
in the anterior horn region with the goal of preventing MN
cell body degeneration. However, the death of MNs occurs

late in the disease process in mouse models, and even when
physical degeneration of the cell is prevented, survival of the
animal is only moderately prolonged [1].
More recently, research has focused attention on early
events including muscle denervation that begins during the
first postnatal month in the SOD1G93A mouse [1–5]. Clinical
onset of behavioral pathology is generally considered to
occur during the third postnatal month; however, we, and
others have observed more subtle behavior changes at earlier
time points ([6]; unpublished observations). Furthermore,
pathological events such as fragmentation of the Golgi
apparatus, vacuolization of mitochondria, deficits in axonal
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transport, and ER stress are also observed early postnatally
[5, 7–10]. Together these results indicate that pathological
events in ALS mice occur substantially earlier than previously
thought. The etiological event triggering muscle denervation and other pathological events remain undetermined.
Although several hallmark pathological features have been
identified including increased oxidative stress and reactive
oxygen species (ROS) production, glutamate excitotoxicity,
protein aggregation, and axonal transport deficits [11], each
of these proposed mechanisms can create a stressful environment, compromising the cell’s functionality and survival.
A common cellular mechanism following stress is the heat
shock response, characterized by an increase in the transcription of a subset of genes resulting in the production of
inducible heat shock proteins [12–14]. Therefore, examining
the heat shock response is a reasonable approach for
elucidating the initiation of pathophysiology in ALS.
Previous work in our lab has shown that exogenous delivery of recombinant human heat shock protein 70 (rhHsp70)
delays symptom onset and increases lifespan in SOD1G93A
mice [15]. Data from this study also revealed that administration of rhHsp70 at postnatal day 30 (P30) extended lifespan
longer than beginning administration at P50. Furthermore,
the exogenous rhHsp70 was localized to skeletal muscle.
In the present study, the role of exogenous delivery of
rhHsp70 on peripheral denervation in the SOD1G93A mouse
was investigated in an attempt to further delineate the mechanism of action of rhHsp70. The results revealed attenuated
neuromuscular junction (NMJ) denervation in the medial
gastrocnemius (MG) and tibialis anterior (TA) muscles.
Protein injections also preserved larger myelinated axons in
peripheral nerves, and glia cell activation was significantly
decreased in treated animals. These data provide additional
evidence for the role of rhHsp70 in reducing pathophysiology in SOD1G93A mice.

2. Materials and Methods
2.1. Animals. All animal experiments were approved by the
Wake Forest University Animal Care and Use Committee.
Mice from the same colony of a previous paper were
used in this study [15]. Wild type females and SOD1G93A
males (B6SJL-TgN (SOD1-G93A) 1Gur), obtained from
Jackson Laboratory (Bar Harbor, ME), were bred to generate
SOD1G93A mice. Mice were weaned and genotyped at P21.
DNA was obtained from tail clips and using an alkaline lysis
extraction [16]. For this study 18 SOD1 mice treated with
rhHsp70, 39 SOD1-nontreated controls, and 36 WT controls
were used. For histological analysis of NMJ denervation
and glial activation 5 treated, 13 nontreated SOD1, and
10 non-transgenic littermates (wild type (WT)) were used.
For determination of axon number and area, 5 treated, 10
nontreated-SOD1, and 10 WT were used. For Western blot
analysis 8 treated-16 nontreated-SOD1, and 6 WT were used.
2.2. Treatments. Animals were treated with rhHsp70 (Assay
Designs, Ann Arbor, MI, catalog #ESP-555; 20 μg diluted
in 100 μL sterile saline) similar to a previous study [15].
G93A mice were intraperitoneally injected with rhHsp70
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three times weekly beginning at P30. P30 was chosen because
it provided the highest lifespan increase in a previous study
using the same paradigm [15]. Because mean survival varies
between male and female SOD1G93A mice [17], similar numbers of each gender were included in each treatment group.
Animals were sacrificed at P30, P75, and P120. WT and
untreated SOD1G93A mice served as controls. In our previous
study [15] WT mice were treated for nine months with
20 μg rhHsp70 beginning at P50. These animals displayed
normal hindlimb splay locomotor ability and weight gain/
maintenance. The internal organs showed no gross abnormalities at autopsy. Also in the previous study, intraperitoneal injections of bovine serum albumin (BSA; 20 μg in
100 μL sterile saline) and saline alone were used as negative
controls. There were no survival promoting eﬀects of either
BSA or saline alone, and there was no statistical diﬀerence
between the two groups and uninjected controls. For these
reasons we only used uninjected controls in the present study.
2.3. Hindlimb Neuromuscular Junctions (NMJs). For counting innervated hindlimb skeletal muscle NMJs, immunohistochemistry was performed on MG and TA muscles. Animals
were transcardially perfused with 2% paraformaldehyde in
0.2 M sodium phosphate buﬀer (PB). The muscles were
dissected out, rinsed twice with PBS, and placed in 30%
sucrose for at least 72 hours at 4◦ C. The muscles were
sucrose-embedded and cut at 30 μm. Antigen retrieval was
achieved using an SDS pretreatment [18] and the sections
were stained for the presynaptic vesicular acetylcholine
transporter (VAChT; Santa Cruz Biotechnology, Santa Cruz,
CA) and postsynaptic localized alpha-bungarotoxin (a-BTX;
Invitrogen, Eugene, OR) [19]. Some sections were also
colabeled with neurofilament light chain (NF-L; Millipore,
Billerica, MA, USA). The percentage of innervated NMJs was
determined by counting at least 600 NMJs in each treatment
group using previously established counting criteria [15].
2.4. Axon Counts and Area. Mice were transcardially perfused with 2% paraformaldehyde and 2% glutaraldehyde in
sodium cacodylate buﬀer. The fourth lumbar ventral root (L4
VR), the sciatic nerve, and the tibial branch of the sciatic
nerve were dissected out of each animal. The nerves were
refrigerated in the same buﬀer overnight, postfixed in 2%
osmium tetroxide for 1 hour, dehydrated, and embedded
in Araldite 502 (Ted Pella Inc, Redding, CA). Myelinated
axons were counted in 1 μm toluidine stained sections [1].
Axon area was determined by tracing individual axons at 40X
and analyzing them using Scion Imageware (Frederick, MD,
USA).
2.5. Glial Activation. Lumbar spinal cords from animals
perfused with 2% paraformaldehyde in PBS were analyzed
for astrocyte and microglia activation. Spinal cords were
dissected, sucrose embedded, and cut at 30 μm. Sections were
stained with antibodies against choline acetyltransferase
to label MNs (ChAT; Millipore, Billerica, MA) and glial
fibrillary acidic protein to label astrocytes (GFAP; Dako,
Denmark) or ionized calcium binding adaptor molecule 1 to
label microglia (Iba1; Wako Chemical USA, Richmond VA).
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To assess glial cell activation, fluorescence pixel intensity
was measured using ImageJ software (Frederick, MD). The
ventral horn of each section analyzed was centered in a
275 μm × 400 μm rectangle. Representative photomicrographs, encompassing an area of 430 μm × 650 μm, were
taken, using a Hamamatsu Digital Camera (model # C474295, Bridgewater, NJ) of each analyzed section. The possible
gray values and the number of pixels found for each gray
value were determined. The mean and modal gray values
were calculated for each image. The mean gray scale values
were averaged for each animal and group at each time point.
2.6. Western Blots. TA, soleus, and MG muscle tissue was
dissected from mice at P30 and P75. Protein concentration
was determined and 50 μg of muscle was resolved on a 12%
polyacrylamide gel. After the protein was transferred to a
PVDF membrane (Millipore), the membrane was blocked
overnight at 4◦ C in 5% milk prepared in TBS-T. The
following day the membrane was incubated with primary
antibody overnight, at 4◦ C. The primary antibody used
was anti-Hsp70 (SPA-820 Assay Designs). Mouse anti-actin
(MAB1501, Calbiochem) was used to verify equal loading.
Endoplasmic reticulum (ER) stress has been identified
as an early marker of MN stress in our mouse model [5].
An indicator of ER stress is an increase in immunoglobulin
heavy chain-binding protein (BiP) levels [20]. ER stress
was assayed using a rabbit anti-BiP antibody (C50B12, Cell
Signaling). Western blotting was performed as previously
described. Mouse anti-actin (MAB1501, Calbiochem) was
also used to verify equal loading.
The secondary antibody, HRP-conjugated donkey antimouse IgG or donkey anti-rabbit IgG (Jackson Immuno),
was applied for 1.5 hours at room temperature. The membrane was washed in TBS-T and developed using the Super
Signal West Pico ECL kit (Pierce). Densitometry analysis was
performed to quantify the results.
2.7. Data and Statistical Analysis. All samples for determination of NMJ denervation, glial activation, or axon number/
area were coded prior to analysis and the individual performing the analysis was blinded to the code. Statistical analysis
(Graph Pad Prism 5) was performed by generating a mean
value followed by formulating the standard error of the
mean. Statistical significance of spinal cord fluorescence was
determined using a two way ANOVA at P30 and a repeatedmeasures (mixed model) ANOVA at P75 and P120 on all
of the measured values above baseline. Statistical significance
of myelinated axons and NMJs was determined by running
an ANOVA, followed by the Tukey-Kramer multiple comparisons post-hoc test.

3. Results
3.1. rhHsp70 Slows NMJ Denervation. Denervation of neuromuscular junctions begins during the fourth postnatal
week in the SOD1G93A mouse model of ALS [1]. Preventing or delaying early pathological events such as muscle
denervation may extend survival as suggested by previous
studies where treatments beginning at day 30 resulted in the
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largest increase in lifespan [15, 21]. Accordingly, in this study,
treatment with rhHsp70 was started at P30.
By P30 significant denervation has already occurred in
the tibialis anterior (TA) and medial gastrocnemius (MG)
muscles (Figure 1). The TA muscle contains Type 2b fibers
(FF) and type 2a (FR) fibers, with the anterior portion of the
muscle expressing almost exclusively type 2b fibers, whereas
MG contains a mixture of fast (type 2a and 2b) and slow
(type 1) fibers [22, 23]. Motoneurons that innervate type 2b
fibers appear to be highly susceptible in ALS mice [22, 23]. In
untreated SOD1 animals, the extent of denervation increases
between P30 and P75. In rhHsp70 treated mice there was
a higher percentage of innervated NMJs as compared to
untreated animals. Surprisingly, there was no diﬀerence
between the extent of NMJ innervation in rhHsp70-treated
P75 SOD1 mice as compared to muscles from P30 SOD1
mice (Figures 1(a) and 1(b)). While we had previously shown
that administration of rhHsp70 can reduce NMJ denervation
upto P90 in the MG [15], by end stage (P120), there was no
diﬀerence in NMJ innervation between treated and untreated
animal (data not shown). From these data, it appears that
treatment delays but does not prevent muscle denervation,
possibly because the mechanisms by which rhHsp70 is
protective are overtaken by other debilitating events.
3.2. rhHsp70 Maintains Peripheral Nerve Axon Morphology.
Recent evidence derived from the study of animal models of
various neuropathological conditions has revealed that damage to axons and synapses often long precedes the activation
of death pathways and the onset of clinical (i.e., functional)
pathology [24–27]. Since MNs innervate skeletal muscles
through their long axons that travel through peripheral
nerves, changes in the number and/or morphology of axons
in the nerves might be expected. Therefore, three regions
of nerves that innervate hindlimb muscles, L4 ventral root
(VR), and sciatic and tibial nerve branches were examined.
We did not detect a significant diﬀerence in the number
of myelinated axons between WT, SOD1-treated, or SOD1untreated mice L4 VR at P30 or P75 (Figure 2(a)). However,
while absolute number of axons was not aﬀected, there
were clear diﬀerences in the morphology of the VR at
P75 (Figure 2(b)). The VR from rhHsp70-treated animals
appeared similar to that from WT mice, while the VR of
untreated SOD1 mice showed exhibited smaller myelinated
axons, degenerating profiles, and cellular infiltration. At
P120 there was a significant diﬀerence between the number
of axons in WT and untreated SOD1 mouse groups, but
no diﬀerence between treated and untreated SOD1 animals
(data not shown). In contrast to number of axons, as early
as P30, the size of large myelinated fibers was reduced in
untreated SOD1 mice as compared to WT (Figure 2(c)). At
P75 there was no diﬀerence in the size of VR axons between
WT and rhHsp70-treated animals, but there was a significant
decrease in the size of VR axons in untreated SOD1 animals.
The peak number of axons in WT and treated SOD1 animals
had a diameter of 19–21 μm and untreated SOD1 animals
had a peak number of axons that had a diameter of 13–15 μm
(Figure 2(d)). P120 WT mice had a greater number of large
axons than both SOD1 groups at P120, but there was no
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Figure 1: rhHsp70 injections maintain NMJ innervation. (a) Denervation of TA NMJs in SOD1 is evident by P30 and is further increased
by P75. Treatment with rhHsp70 appeared to attenuate this denervation. Data are represented as percent of WT ± SEM at each time point.
Statistical significance was determined by running an ANOVA, followed by the Tukey-Kramer multiple comparisons posthoc test (∗ P < 0.05;
∗∗
P ≤ 0.01 and ∗∗∗ P ≤ 0.001). (b) The MG in SOD1 mice displayed significant denervation at P30 and there is further denervation at P75 as
compared to WT mice. rhHsp70 treatment maintained innervation of MG NMJs between P30 and P75. Statistical analysis was performed as
described in (a) P30 WT TA n = 9; P30 SOD1 TA n = 8; all other groups n = 5. (c) Photomicrograph to illustrate criteria for innervated and
denervated NMJs at P75. Colocalization of αBTX-labelled nAChR clusters (red) with VAChT and neurofilament-L nerve terminals (green)
indicate innervated NMJs. The arrow denotes a denervated NMJ because of the lack of VAChT labeling.

diﬀerence between the two SOD1 groups at this age (data not
shown).
In the mouse, the motor component of the sciatic nerve
originates predominantly from L3-4 [28] and innervates
posterior thigh and leg muscles. The number and average
area of myelinated axons were examined anterior to the point
where the sciatic nerve divides into the peroneal and tibial
branches. There was no diﬀerence in the absolute number
or size of axons between WT, treated or untreated SOD1
animals at any age examined (Figure 3 and data not shown).
Axons in the tibial branch of the sciatic nerve were
also analyzed in a similar fashion as in the L4 VR and

sciatic nerve. This branch of the sciatic nerve provides
innervation to the MG. As with the other segments, there
was no significant diﬀerence in the number of myelinated
axons between groups at any time examined (Figure 4(a)),
nor was there diﬀerence in diameter size between WT and
SOD1 at P30 (Figure 4(b)). Axon area analysis revealed a
higher number of large myelinated axons in the WT mice as
compared to SOD1 groups at P75 or P120 (Figure 4(c) and
data not shown). Although the diﬀerence in axon diameter at
P75 between SOD1 and WT reached statistical significance,
the peak number of axons in WT had a diameter of 7–9 μm
whereas the SOD1 groups had a peak number of axons with
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Figure 2: rhHsp70 injections preserve larger axons in the L4VR. (a) There was no diﬀerence in the overall number of myelinated axons
in the 4th lumbar ventral root at P30 or P75 although there appears to be a trend toward decreased numbers in the SOD1 groups at P75.
Data are represented as percent of WT ± SEM at each time point. N = 5 for each group. Statistical significance was determined by running
an ANOVA, followed by the Tukey-Kramer multiple comparisons post-hoc test. (b) Although there was not a significant diﬀerence in the
number of axons in treated and untreated mice, photomicrographs suggest that disease morphology of myelinated axons has progressed
more in untreated mice as compared to treated animals. Photomicrographs of myelinated axons were taken at 40x. Scale bars = 40 μm. (c)
Enlargements of photomicrographs of myelinated axons taken at 40x. Scale bars = 40 μm. (d) Size profiles of the axon area revealed a greater
number of larger axons in WT animals (∗ P < 0.05). Data are representative histograms of the average area of myelinated axons in the L4VR
of SOD1-untreated and WT mice at P30. Statistical significance was determined by running a two-way ANOVA. Axons were traced using
a camera lucida at 40x scanned and average axon area was determined using Scion Image software. Data are represented as the average
number of axons per area range. N = 5 for each group. (e) There were a greater number of larger axons in SOD1-treated and WT animals
as compared to SOD1-untreated mice (∗∗∗ P < 0.001) at P75. There was no significant diﬀerence in the number of larger axons between
SOD1-treated and WT animals. Data are representative histograms of the average number of axons per area range. N = 5 for each group at
P75. Statistical significance was determined using repeated measures (mixed model) ANOVA. Statistical significance was determined using
repeated measures (mixed model) ANOVA.
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Figure 3: There is no change in number or size of axons in sciatic nerve with rhHsp70 treatment. (a) There was no diﬀerence in the overall
number of myelinated axons in the sciatic nerve at P30 or P75. Data are represented as percent of WT ± SEM at each time point; n = 5 for
each group. Statistical significance was determined as previously described. (b) Size profiles of the axon area done at P30 revealed there was
no diﬀerence in the number of larger axons in SOD1 mice. Axon area and statistical significance were determined as previously described.
(c) Data are representative histograms of the average area of myelinated axons in the sciatic nerve of each group at P75. There was not a
significant diﬀerence in average area number of axons between the groups at this age. Axon area and statistical significance were determined
as previously described.

a diameter of 5–7 μm. These data suggest that there is a little
change in the number or size of axons in more distal nerves
between SOD1 and WT animals. Furthermore, treatment
with rhHsp70 appears to maintain axon health in the VR
where diﬀerences between SOD1 and WT are detected.
3.3. rhHsp70 Reduces Glial Activation. ALS MN pathology is accompanied by astrocyte and microglia activation

[5, 28–31]. Increased microglia activation is an event that
has been shown to occur both early and near end stage in
SOD1G93A mice [5, 28]. At P30, there was a five-fold increase
in microglial activation as detected by Iba1 immunofluorescence levels in SOD1 versus WT lumbar spinal cords
(Figure 5(a)). Interestingly, there was an apparent decrease
in microglial activation in our untreated P75 SOD1 mice
as compared to P30 animals. Treatment with rhHsp70
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Figure 4: rhHsp70 slows axon atrophy in the tibial branch of the sciatic nerve. (a) There was no diﬀerence in the overall number of
myelinated axons in the tibial branch of the sciatic nerve at P30 or P75. Data are represented as percent of WT ± SEM at each time point;
n = 5 each group. Statistical significance was determined as previously described. (b) Size profiles of the axon area at P30 revealed that there
are comparable numbers of larger myelinated axons between WT and SOD1-untreated animals. Axon area and statistical significance were
determined as previously described. (c) Axon area analysis determined that only WT animals had a greater number of larger myelinated
axons in the tibial branch of the sciatic nerve at P75 (∗ P ≤ 0.05). Axon area and statistical significance were determined as previously
described. Axon area was determined as previously described.

beginning at P30 resulted in reduced microglial activation
at P75, although the level of activation at this stage is
much lower as compared to earlier and later time points.
Microglial activation was observed in close proximity to MNs
as opposed to throughout the spinal cord, in SOD1 animals

(Figure 5(b)). At P120 both treated and untreated SOD1
groups exhibited microglial activation at comparable levels
to that observed at P30 (data not shown).
Dramatic changes in astrocyte activation have been
reported between P80 and P100 [3, 28], and as early as P40 in
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Figure 5: rhHsp70 injections attenuate early glial cell activation. (a) The fluorescent pixel intensity of Iba1 staining for microglia was
increased in the SOD1 versus WT animals at P30 and P75. Treatment with rhHsp70 appeared to reduce the expression of Iba1 at P75, but
the levels were greater than WT animals. Pixel intensity was measured using Image J software. Each fluorescent pixel in the section was
measured and the values were compiled and averaged across each treatment group. Histograms represent the average number of pixels in
a given range of arbitrary intensity units presented as % WT. Statistical significance was determined using a two-way ANOVA at P30 and a
repeated measure (mixed model) ANOVA at P75 on all of the measured values above baseline (∗∗∗ P ≤ 0.001; ∗∗ P ≤ 0.01; ∗ P ≤ 0.05). N = 4
for each group. Images of the lateral motor column of P75 mice that were treated with Hsp70, untreated, or WT are shown on the right.
30 μm spinal cord sections were stained with Iba-1 (red) and ChAT (green). Scale bars = 20 μm. (b) GFAP expression was the greatest in
SOD1 animals as compared to WT at P30 and P75. Treatment with rhHsp70 substantially reduced the expression of GFAP in SOD1 animals.
Quantification of fluorescence and statistical analysis was performed as described above. Images of the ventral horn of P75 mice that were
treated with Hsp70, untreated, or WT are shown on the right. 30 μm spinal cord sections were stained with GFAP (red) and ChAT (green).
Scale bars = 20 μm.
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Figure 6: Treatment with rhHsp70 has no eﬀect on ER stress in the spinal cord as determined by BiP expression. (a) Protein extracts
were collected from individual lumbar spinal cords and subjected to electrophoresis on a 12% SDS PAGE gel. Proteins were transferred to
Immobilon-P membrane, blocked in TBS-T, incubated with a BiP antibody (Cell Signaling) and a donkey anti-rabbit secondary antibody
(Jackson Immuno), reacted in ECL, and exposed to X-ray film. (b) Relative levels of BiP were determined using densitometry (n = 5 blots
for each spinal cord). There was only a slight increasing trend in relative levels of BiP when comparing SOD1-untreated to SOD1-treated
and WT mice. Statistical significance was determined using a two-way ANOVA followed by Tukey-Kramer post hoc test.

another report in ALS mice [1]. In the current study astrocyte
activation was detected by increased GFAP immunohistochemistry as early as P30 in SOD1 versus WT spinal cord. At
P75 a similar level of activation as seen at P30 was observed
in SOD1-untreated animals; however, activation was reduced
in treated animals versus untreated SOD1 mice (Figure 5(a)).
As with microglia, activated astrocytes were observed in the
region of the ventral horn. (Figure 5(b)). By P120 the extent
of astrocyte activation was similar in both SOD1 groups of
mice (data not shown).
3.4. rhHsp70 Has No Eﬀect on Bip Levels in the Lumbar Spinal
Cord. Gene expression profiling revealed that vulnerable
MNs in the SOD1 mouse exhibit increased components of
the ER stress response [5]. Increased expression of BiP, an
ER luminal protein, is a hallmark indicator of ER stress
and was shown to have increased expression in vulnerable
MNs as early as day 28 in SOD1G93A mice. To determine if
administration of rhHSP70 aﬀected BiP expression, lumbar
spinal cord protein extracts were examined by Western blot
at P30 and P75 (Figure 6). There was no detectable diﬀerence
between BiP levels between WT and SOD1 mice at P30,
nor was there a significant diﬀerence in BiP levels between
groups; treatment with Hsp70 did not aﬀect expression of
BiP as compared to untreated group.
3.5. Hsp70 Expression Varies in Diﬀerent Hindlimb Skeletal
Muscles. Muscle cells can secrete Hsp70 and Hsp70 appears
to be critical for muscle extract’s survival promoting activity
for MN in culture [29]. TA muscle contains type 2a and 2b
fibers, and the MG contains a mixture of fast and slow fibers
[22, 23]. These muscles undergo early NMJ denervation

([1, 23]; Figure 1). The soleus muscle contains predominantly slow-type fibers and undergoes little denervation even
at late-stage ([22, 23]; Milligan and Oppenheim labs, submitted). The diﬀerent fiber types may exert diﬀerent survival
promoting activity, and for this reason the expression of heat
shock proteins was examined. The overall level of Hsp70 was
significantly greater in the soleus and MG muscles, and lowest in the TA that expresses only fast-type fibers (Figure 7).
While there was no change in expression of Hsp90, expression of Hsp40 showed an opposite expression pattern compared to Hsp70 (not shown). Treatment with rhHsp70 did
not appear to alter the levels of Hsps expression in any of the
muscles examined (Figure 7 and not shown).

4. Discussion
A prominent clinical feature of ALS is muscle weakness
due to lower MN dysfunction and degeneration resulting
in denervation of the NMJ. Muscle strength correlates well
with function and survival in ALS [32] and ALS patients
with predominantly upper MN symptoms live significantly
longer than those with more lower MN (LMN) dysfunction
[33]. Therefore, preserving functional integrity of the entire
lower neuromuscular system (MNs, axons, and NMJs) may
lead to improved function and survival even in the face of
continued upper MN (UMN) degeneration. In patients with
ALS, clinical weakness (weakness that aﬀects function and
can be demonstrated on routine neurological examination)
does not develop until 30–50% of the MNs innervating that
muscle have degenerated [34]. In ALS mouse models muscle
denervation and NMJ abnormalities occur months before
overt clinical disease onset or MN death [2–4, 23, 35–39].
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Figure 7: Muscles with type 1 fibers have increased expression of Hsp70 as compared to muscles with predominantly Type 2 fibers. (a)
Images of representative Western blots probed for Hsp70 or actin (loading control). (b) Quantification of Hsp70 expression was performed
with densitometry analysis confirmed increased expression of Hsp70 in muscles containing type 1 fibers. There was no significant diﬀerence
in Hsp70 expression between WT and SOD1 muscles and treatment with rhHsp70 did not aﬀect this expression. Statistical significance was
determined using a two-way ANOVA followed by Tukey-Kramer post hoc test (n = 3 ∗ P < 0.05).

Indeed, our study confirms a previous report that significant
NMJ denervation occurs as early as the first postnatal month
[1]. This early denervation correlates with behavioral deficits
such as altered paw placement and grip strength ([23],
and Milligan, Oppenheim submitted), righting behavior
and movement patterns [6, 40, 41]. While we did not
perform behavioral analysis in this study, we found that
administration of rhHsp70 substantially delays early muscle
denervation such that the level of muscle innervation present
at the start of treatment (P30) was maintained for 1.5 months
in treated animals whereas it significantly decreased in
untreated mice over this same period. Preventing or delaying
these as well as other early pathological events may be more
relevant in terms of therapeutic eﬃcacy, whereas prevention
of late events, such as MN death has been shown to be
relatively ineﬀective [1]. Our study provides further evidence
that NMJ maintenance is necessary for survival and might be
a viable therapeutic target.
We also determined whether rhHsp70 treatment provided protection to peripheral axons together with the
maintenance of muscle innervation. Although there were no
diﬀerences in the number of axons between SOD1 (treated
or untreated) and WT animals at P30 or P75, there was an
increase in the size of myelinated fibers in Hsp70-treated as
compared to untreated SOD1 animals in the ventral roots
where the peak axon diameter in treated animals was approximately 6 μm larger than untreated animals. The morphology
of axons in L4VRs at P75 of treated mice more closely
resembled those in WT mice, compared to obvious signs

of degeneration in untreated SOD1 mice. The maintenance
of VR axonal integrity is in agreement with our previous
observations that administration of rhHsp70 maintained
MN soma size and MN number for a longer period of
time as compared to untreated animals [15]. At P90 there
is an increased number of healthy MNs in rhHsp70-treated
animals as compared to untreated SOD1G93A , and at P120,
while there was no diﬀerence in the absolute number of MNs,
the soma size was significantly larger in treated animals [15].
Glial activation has been shown to occur in step with
ALS progression. Numerous studies have provided evidence
of increased glial activation prior to MN death in ALS [28, 30,
42–48]. Activation can be characterized by an increase in the
number and shape of microglia and astrocytes in a given area.
Along with their increase in numbers and altered morphology, glia also secretes both beneficial and toxic factors that
act on MNs [30, 44, 46, 49]. Using immunohistochemistry
we find that there is an apparent activation of microglia and
astrocytes as early as P30 in the ventral horn of SOD1 mice,
whereas glia in other regions of the spinal cord appear to
be unaﬀected. Microglial activation appeared to subside by
P75 and reappear at end stage, whereas astrocyte activation
in SOD1 mice appeared to increase with disease progression. These results indicate distinct responses by microglia
and astrocytes to MN pathology. Treatment with rhHsp70
reduced activation of glia; however, by end stage there was
no diﬀerence between treated and untreated animals.
This evidence suggests that rhHsp70 treatment alters
glial activation which is important in maintaining MN axon
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function [50]. Delaying glial activation using minocycline
has been shown to increase lifespan in SOD1 mice [51–54].
Interestingly, the administration of minocycline to late-stage
symptomatic mice exacerbated gliosis [55]. Taken together,
these data suggest that the timing of glial activation may
be critical for mediating a protective versus adverse eﬀect,
and that early suppression of glial activation is necessary
to achieve increased lifespan. In our studies, there was no
evidence of exogenous rhHsp70 entering the CNS rather
it was localized to skeletal muscle [15]. The apparent
suppression of glial activation may be an indirect result of
rhHsp70’s protective eﬀect at the NMJ.
Hsp70 interacts with the DnaJ-like chaperone cysteine
string protein (Csp) at the NMJ to ensure the proper release
of neurotransmitter [56, 57]. In our previous study, we examined whether rhHsp70 interacts with Csp as a mechanism
to promote NMJ innervation, but the data did not support
this idea [15], and the present results are supportive of this
(not shown). ER stress has been shown to be elevated in
SOD1 MNs and may be one of the underlying causes of
MN stress and eventual death [5, 58, 59]. Results from the
current study suggest a slight increasing trend of Bip/GRP78
levels in spinal cord homogenates, but expression levels of
BiP/Grp78 were not significantly diﬀerent in WT versus
SOD1 mice and administration of rhHsp70 did not appear
to alter Bip/GRP78 expression. We should note, however,
that our results are not necessarily inconsistent with previous
studies, because we examined BiP levels in spinal cord lysate
whereas the previous studies utilized single cell analysis of
MNs (e.g., [6]).
Hsp70 levels have been shown to be greater in type I
muscle fibers compared to type II muscles [60, 61]. Quantification of Western blot analysis suggests the TA has the lowest
Hsp70 levels of the muscles examined. Additionally, the TA
also showed decreased expression of Hsp90 and increased
expression of Hsp40. These results are intriguing because
administration of Hsp70 to motoneurons in culture is protective, while administration of recombinant Hsp40 resulted
in the death of the cells [29]. Because MNs that innervate
type 2B fibers are most susceptible in ALS, the apparent
reduced expression of Hsp70 in the TA, a muscle that has
predominantly type 2B fibers, may limit availability of Hsp70
at the NMJ that may contribute to the susceptibility of the
MNs innervating those muscle fibers. Muscle cells have been
shown to be able to secrete Hsp70 and Hsp70 appears to
be a critical component of muscle extract’s MN survival
promoting activity [29].
The mechanism by which administration of rhHsp70
maintains NMJ innervation and MN survival in our ALS
mice is not known. Unfortunately, at this time, this line
of investigation is constrained by the prohibitive cost of
the recombinant Hsp70 protein; however, taken together
with other studies, our results provide some guidance for
future mechanistic studies. Although Hsp70 overexpression
has been shown to be beneficial in rodent Alzheimer’s disease
models [62], when Hsp70 was ubiquitously over-expressed
in SOD1 mice, there was no protective eﬀect [63]. These data
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appear diﬃcult to reconcile with our results; however, one
must consider the potential diﬀerent mechanisms of action
of intracellular versus exogenous protein. By crossing SOD1
with mice that chronically expressed inducible Hsp70 at ten
times the level of endogenous protein resulted in increased
intracellular concentrations in all cells both in CNS and
peripheral tissues [63]. Increased intracellular expression of
Hsp70 may not be suﬃcient to promote cell survival. We
were able to localize the recombinant protein in muscle
(and other peripheral tissues such as liver) and not in
the spinal cord or brain. Furthermore, when rhHsp70 is
injected into muscle of developing chick embryos, it was
not observed internalized in axons or MN soma [29]. While
the amounts of rhHsp70 in MNs may be below the level of
detection, an alternative hypothesis is that the administered
protein is acting via an extracellular mechanism at the
NMJ. Biochemical changes within muscle or activation of
complement at the NMJ have been suggested to contribute to
NMJ denervation [64, 65]. Extracellular rhHsp70 may bind
to potentially toxic molecules such as complement to prevent
detrimental eﬀects. Alternatively, it may bind to trophic factors to promote their survival promoting activity at the NMJ.
These possibilities are the subject of future investigations and
may provide novel insight into the mechanism that underlie
initial denervation in ALS. Administration of rhHsp70 was
not eﬀective at late or end stage of the disease (P120). One
possible explanation may be that other disease processes or
cell nonautonomous eﬀects not responsive to rhHsp70 have
a larger role at this stage. Alternatively, diﬀerent doses of
rhHsp70 may be required at diﬀerent stages of the disease.

5. Conclusions
The major findings of the present study provide evidence
that exogenous rhHsp70 aﬀects both central and peripheral
disease processes in SOD1G93A mice. The data suggest that
larger myelinated axons in L4 VR and NMJ innervation in
the TA and MG are maintained until P75 with rhHsp70
injections. Also at the same time point, glia activation,
assayed by measuring the amount of fluorescence above of
background, is reduced.
Currently, the mechanism of action for rhHsp70 is
unidentified. Our findings and the results of previous studies
have resulted in two prevailing hypotheses, the administered
protein is acting via an extracellular mechanism at the NMJ
or it may bind to trophic factors to promote their survival
promoting activity at the NMJ. Future studies aimed at the
NMJ will provide novel insight into how and if the protein is
acting locally at the NMJ.

Acknowledgments
The authors thank Dr. Ronald Oppenheim for critically
reading this paper and Sherry Vinsant and Laura Delbono
for technical assistance. This work was supported in part by
National Institutes of Health Grants NS36081, NS46615 and
by funds from the WFUSM Brian White ALS Foundation (C.
Milligan).

12

Neurology Research International

References
[1] T. W. Gould, R. R. Buss, S. Vinsant et al., “Complete dissociation of motor neuron death from motor dysfunction by
Bax deletion in a mouse model of ALS,” Journal of Neuroscience, vol. 26, no. 34, pp. 8774–8786, 2006.
[2] D. Frey, C. Schneider, L. Xu, J. Borg, W. Spooren, and P.
Caroni, “Early and selective loss of neuromuscular synapse
subtypes with low sprouting competence in motoneuron
diseases,” Journal of Neuroscience, vol. 20, no. 7, pp. 2534–2542,
2000.
[3] L. R. Fischer, D. G. Culver, P. Tennant et al., “Amyotrophic
lateral sclerosis is a distal axonopathy: evidence in mice and
man,” Experimental Neurology, vol. 185, no. 2, pp. 232–240,
2004.
[4] A. M. Schaefer, J. R. Sanes, and J. W. Lichtman, “A compensatory subpopulation of motor neurons in a mouse
model of amyotrophic lateral sclerosis,” Journal of Comparative
Neurology, vol. 490, no. 3, pp. 209–219, 2005.
[5] S. Saxena, E. Cabuy, and P. Caroni, “A role for motoneuron
subtype-selective ER stress in disease manifestations of FALS
mice,” Nature Neuroscience, vol. 12, no. 5, pp. 627–636, 2009.
[6] J. Amendola, B. Verrier, P. Roubertoux, and J. Durand,
“Altered sensorimotor development in a transgenic mouse
model of amyotrophic lateral sclerosis,” European Journal of
Neuroscience, vol. 20, no. 10, pp. 2822–2826, 2004.
[7] Z. Mourelatos, N. K. Gonatas, A. Stieber, M. E. Gurney, and M.
C. Dal Canto, “The Golgi apparatus of spinal cord motor neurons in transgenic mice expressing mutant Cu,Zn superoxide
dismutase becomes fragmented in early, preclinical stages of
the disease,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 93, no. 11, pp. 5472–5477,
1996.
[8] A. Stieber, Y. Chen, S. Wei et al., “The fragmented neuronal
Golgi apparatus in amyotrophic lateral sclerosis includes
the trans-Golgi-network functional implications,” Acta Neuropathologica, vol. 95, no. 3, pp. 245–253, 1998.
[9] C. Bendotti, N. Calvaresi, L. Chiveri et al., “Early vacuolization
and mitochondrial damage in motor neurons of FALS mice are
not associated with apoptosis or with changes in cytochrome
oxidase histochemical reactivity,” Journal of the Neurological
Sciences, vol. 191, no. 1-2, pp. 25–33, 2001.
[10] N. K. Gonatas, A. Stieber, and J. O. Gonatas, “Fragmentation
of the Golgi apparatus in neurodegenerative diseases and cell
death,” Journal of the Neurological Sciences, vol. 246, no. 1-2,
pp. 21–30, 2006.
[11] H. Ilieva, M. Polymenidou, and D. W. Cleveland, “Non-cell
autonomous toxicity in neurodegenerative disorders: ALS and
beyond,” Journal of Cell Biology, vol. 187, no. 6, pp. 761–772,
2009.
[12] F. Ritossa, “A new puﬃng pattern induced by temperature
shock and DNP in drosophila,” Experientia, vol. 18, no. 12,
pp. 571–573, 1962.
[13] R. A. Stetler, Y. Gan, W. Zhang et al., “Heat shock proteins:
cellular and molecular mechanisms in the central nervous
system,” Progress in Neurobiology, vol. 92, no. 2, pp. 184–211,
2010.
[14] C. Voisine, J. S. Pedersen, and R. I. Morimoto, “Chaperone
networks: tipping the balance in protein folding diseases,”
Neurobiology of Disease, vol. 40, no. 1, pp. 12–20, 2010.
[15] D. J. Gifondorwa, M. B. Robinson, C. D. Hayes et al., “Exogenous delivery of heat shock protein 70 increases lifespan in

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

a mouse model of amyotrophic lateral sclerosis,” Journal of
Neuroscience, vol. 27, no. 48, pp. 13173–13180, 2007.
G. E. Truett, P. Heeger, R. L. Mynatt, A. A. Truett, J. A. Walker,
and M. L. Warman, “Preparation of PCR-quality mouse
genomic dna with hot sodium hydroxide and tris (HotSHOT),” BioTechniques, vol. 29, no. 1, pp. 52–54, 2000.
T. D. Heiman-Patterson, J. S. Deitch, E. P. Blankenhorn
et al., “Background and gender eﬀects on survival in the
TgN(SOD1-G93A)1Gur mouse model of ALS,” Journal of the
Neurological Sciences, vol. 236, no. 1-2, pp. 1–7, 2005.
D. Brown, J. Lydon, M. McLaughlin, A. Stuart-Tilley, R.
Tyszkowski, and S. Alper, “Antigen retrieval in cryostat tissue
sections and cultured cells by treatment with sodium dodecyl
sulfate (SDS),” Histochemistry and Cell Biology, vol. 105, no. 4,
pp. 261–267, 1996.
M. Maeda, N. Ohba, S. Nakagomi et al., “Vesicular acetylcholine transporter can be a morphological marker for
the reinnervation to muscle of regenerating motor axons,”
Neuroscience Research, vol. 48, no. 3, pp. 305–314, 2004.
N. J. Buchkovich, T. G. Maguire, Y. Yu, A. W. Paton, J. C.
Paton, and J. C. Alwine, “Human cytomegalovirus specifically
controls the levels of the endoplasmic reticulum chaperone
BiP/GRP78, which is required for virion assembly,” Journal of
Virology, vol. 82, no. 1, pp. 31–39, 2008.
D. Kieran, B. Kalmar, J. R. T. Dick, J. Riddoch-Contreras, G.
Burnstock, and L. Greensmith, “Treatment with arimoclomol,
a coinducer of heat shock proteins, delays disease progression
in ALS mice,” Nature Medicine, vol. 10, no. 4, pp. 402–405,
2004.
S. Pun, M. Sigrist, A. F. Santos et al., “An intrinsic distinction
in neuromuscular junction assembly and maintenance in
diﬀerent skeletal muscles,” Neuron, vol. 34, no. 3, pp. 357–370,
2002.
S. Pun, A. F. Santos, S. Saxena, L. Xu, and P. Caroni, “Selective
vulnerability and pruning of phasic motoneuron axons in
motoneuron disease alleviated by CNTF,” Nature Neuroscience,
vol. 9, no. 3, pp. 408–419, 2006.
M. C. Raﬀ, A. V. Whitmore, and J. T. Finn, “Neuroscience:
axonal self-destruction and neurodegeneration,” Science, vol.
296, no. 5569, pp. 868–871, 2002.
I. M. Medana and M. M. Esiri, “Axonal damage: a key
predictor of outcome in human CNS diseases,” Brain, vol. 126,
no. 3, pp. 515–530, 2003.
J. J. Palop, J. Chin, and L. Mucke, “A network dysfunction perspective on neurodegenerative diseases,” Nature, vol. 443, no.
7113, pp. 768–773, 2006.
T. W. Gould and R. W. Oppenheim, “Synaptic dysfunction
in disease and following injury in the developing and adult
nervous system: caveats in the choice of therapeutic intervention,” Neuroscience and Biobehavioral Reviews, vol. 31, no. 8,
pp. 1073–1087, 2007.
E. D. Hall, J. A. Oostveen, and M. E. Gurney, “Relationship
of microglial and astrocytic activation to disease onset and
progression in a transgenic model of familial ALS,” GLIA, vol.
23, no. 3, pp. 249–256, 1998.
M. B. Robinson, J. L. Tidwell, T. Gould et al., “Extracellular
heat shock protein 70: a critical component for motoneuron
survival,” Journal of Neuroscience, vol. 25, no. 42, pp. 9735–
9745, 2005.
P. L. McGeer and E. G. McGeer, “Inflammatory processes in
amyotrophic lateral sclerosis,” Muscle and Nerve, vol. 26, no. 4,
pp. 459–470, 2002.

Neurology Research International
[31] S. A. Sargsyan, P. N. Monk, and P. J. Shaw, “Microglia as
potential contributors to motor neuron injury in amyotrophic
lateral sclerosis,” GLIA, vol. 51, no. 4, pp. 241–253, 2005.
[32] T. Magnus, M. Beck, R. Giess, I. Puls, M. Naumann, and K. V.
Toyka, “Disease progression in amyotrophic lateral sclerosis:
predictors of survival,” Muscle and Nerve, vol. 25, no. 5, pp.
709–714, 2002.
[33] P. H. Gordon, B. Cheng, I. B. Katz, H. Mitsumoto, and L. P.
Rowland, “Clinical features that distinguish PLS, upper motor
neuron-dominant ALS, and typical ALS,” Neurology, vol. 72,
no. 22, pp. 1948–1952, 2009.
[34] J. R. Daube, “Electrophysiologic studies in the diagnosis and
prognosis of motor neuron diseases,” Neurologic Clinics, vol.
3, no. 3, pp. 473–493, 1985.
[35] M. Dadon-Nachum, E. Melamed, and D. Oﬀen, “The “dyingback” phenomenon of motor neurons in ALS,” Journal of
Molecular Neuroscience, vol. 43, no. 3, pp. 470–477, 2011.
[36] L. Dupuis and J. P. Loeﬄer, “Neuromuscular junction destruction during amyotrophic lateral sclerosis: insights from transgenic models,” Current Opinion in Pharmacology, vol. 9, no. 3,
pp. 341–346, 2009.
[37] T. Gordon, J. Hegedus, and S. L. Tam, “Adaptive and maladaptive motor axonal sprouting in aging and motoneuron
disease,” Neurological Research, vol. 26, no. 2, pp. 174–185,
2004.
[38] T. Gordon, V. Ly, J. Hegedus, and N. Tyreman, “Early detection
of denervated muscle fibers in hindlimb muscles after sciatic
nerve transection in wild type mice and in the G93A mouse
model of amyotrophic lateral sclerosis,” Neurological Research,
vol. 31, no. 1, pp. 28–42, 2009.
[39] J. Hegedus, C. T. Putman, and T. Gordon, “Time course of
preferential motor unit loss in the SOD1G93A mouse model of
amyotrophic lateral sclerosis,” Neurobiology of Disease, vol. 28,
no. 2, pp. 154–164, 2007.
[40] J. Hegedus, C. T. Putman, N. Tyreman, and T. Gordon, “Preferential motor unit loss in the SOD1 G93A transgenic mouse
model of amyotrophic lateral sclerosis,” Journal of Physiology,
vol. 586, no. 14, pp. 3337–3351, 2008.
[41] C. R. Hayworth and F. Gonzalez-Lima, “Pre-symptomatic
detection of chronic motor deficits and genotype prediction in
congenic B6.SOD1G93A ALS mouse model,” Neuroscience, vol.
164, no. 3, pp. 975–985, 2009.
[42] N. Kafkafi, D. Yekutieli, P. Yarowsky, and G. I. Elmer, “Data
mining in a behavioral test detects early symptoms in a model
of amyotrophic lateral sclerosis,” Behavioral Neuroscience, vol.
122, no. 4, pp. 777–787, 2008.
[43] S. J. Feeney, P. A. McKelvie, L. Austin et al., “Presymptomatic
motor neuron loss and reactive astrocytosis in the SOD1
mouse model of amyotrophic lateral sclerosis,” Muscle and
Nerve, vol. 24, no. 11, pp. 1510–1519, 2001.
[44] H. Guo, L. Lai, M. E. R. Butchbach et al., “Increased expression
of the glial glutamate transporter EAAT2 modulates excitotoxicity and delays the onset but not the outcome of ALS in
mice,” Human Molecular Genetics, vol. 12, no. 19, pp. 2519–
2532, 2003.
[45] J. S. Henkel, D. R. Beers, W. Zhao, and S. H. Appel, “Microglia
in ALS: the good, the bad, and the resting,” Journal of
Neuroimmune Pharmacology, vol. 4, no. 4, pp. 389–398, 2009.
[46] J. B. Levine, J. Kong, M. Nadler, and Z. Xu, “Astrocytes
interact intimately with degenerating motor neurons in mouse
amyotrophic lateral sclerosis (ALS),” GLIA, vol. 28, no. 3, pp.
215–224, 1999.

13
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