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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of the motor system. Recent
work in rodent models of ALS has shown that insulin-like growth factor-1 (IGF-1) slows disease
progression when delivered at disease onset. However, IGF-1’s mechanism of action along the
neuromuscular axis remains unclear. In this study, symptomatic ALS mice received IGF-1 through
stereotaxic injection of an IGF-1-expressing viral vector to the deep cerebellar nuclei (DCN), a region
of the cerebellum with extensive brain stem and spinal cord connections. We found that delivery of
IGF-1 to the central nervous system (CNS) reduced ALS neuropathology, improved muscle strength,
and significantly extended life span in ALS mice. To explore the mechanism of action of IGF-1, we
used a newly developed in vitro model of ALS. We demonstrate that IGF-1 is potently
neuroprotective and attenuates glial cell–mediated release of tumor necrosis factor-α (TNF-α) and
nitric oxide (NO). Our results show that delivering IGF-1 to the CNS is sufficient to delay disease
progression in a mouse model of familial ALS and demonstrate for the first time that IGF-1 attenuates
the pathological activity of non-neuronal cells that contribute to disease progression. Our findings
highlight an innovative approach for delivering IGF-1 to the CNS.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by a
loss of motor neurons in the motor cortex, brain stem, and spinal cord. Approximately 20% of
diagnosed familial cases of ALS are due to dominantly inherited mutations in superoxide
dismutase-1 (SOD1).1 Transgenic mice that express the mutant human SOD1 protein
recapitulate many pathological features of ALS and are currently the best available animal
model to study the disease.2

Trophic factors, such as insulin-like growth factor-1 (IGF-1), have potent effects on motor
neuron survival and have been investigated extensively as potential treatments for ALS.3–5

Recently, it has been shown that simultaneous delivery of IGF-1 to the neuromuscular junction,
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muscle, and spinal cord by intramuscular injection of an IGF-1-expressing viral vector leads
to extended survival in SOD1G93A mice.6 Although it is evident from this experiment that
IGF-1 is beneficial, it is difficult to conclude which component of the neuromuscular axis
IGF-1 is primarily acting on to delay disease progression. Interestingly, existing evidence
suggests that muscle may be the principle target of IGF-1 as double transgenic SOD1G93A and
MLC/mIgf-1 mice show improved survival.7

The mechanism by which IGF-1 slows disease progression when delivered at the time of
disease onset remains unclear. It is likely that IGF-1 is delaying motor neuron cell death through
the stimulation of antiapoptotic pathways. However, it is also possible that IGF-1 may be
attenuating the pathological activity of non-neuronal cells (i.e., astrocytes and microglia) that
have been reported to modulate both disease onset and progression in ALS mice.8,9

In this study, we report that central nervous system (CNS)-restricted delivery of IGF-1 is
sufficient to modify disease progression in ALS mice. We demonstrate that delivery of AAV-
IGF-1 vectors to the deep cerebellar nuclei (DCN) of symptomatic SOD1G93A mice resulted
in axonal transport of vector and/or expressed IGF-1 protein throughout the brain stem and
spinal cord.10–14 Concomitant with IGF-1 expression within the CNS was a profound reduction
in neuropathology throughout the CNS, increased motor neuron survival, improved motor
function, and a significant extension of life span. In addition, the results of our in vitro studies
indicate that IGF-1 may be delaying disease progression through attenuation of glial cell–
mediated release of factors [i.e., tumor necrosis factor-α (TNF-α) and nitric oxide (NO)] known
to initiate motor neuron cell death.

RESULTS
Distribution of IGF-1 in the CNS after the administration of AAV-IGF-1 to the DCN

Figure 1a illustrates the connections between the DCN and the spinal cord. The medial and
interposed nuclei receive input from each division of the spinal cord whereas the lateral nucleus
receives input primarily from the thoracic division.10,12,13,15,16 All of the cerebellar nuclei
have been reported to send input to the cervical division of the spinal cord.14 To determine the
potential for targeting multiple regions of the CNS via the afferent and efferent projection
pathways of the DCN, we tested two adeno-associated virus (AAV) serotypes, AAV2 and
AAV1. AAV2 was chosen because most clinical studies to date have used this serotype vector.
AAV1 was selected because it has been previously demonstrated to express high levels of
transgenes in the brain.17,18 We stereotaxically injected 2 × 1010 DNase resistant particles
(DRP) of AAV1-IGF-1 into the DCN of 90-day-old SOD1G93A mice and evaluated IGF-1
expression 20 days after injection. Positive IGF-1 signal was observed throughout the
hindbrain, brain stem, and spinal cord after bilateral delivery of the IGF-1-expressing AAV
vectors to the DCN. Positive IGF-1 staining was detected in the cerebellar cortex, brain stem
(i.e., pontine nucleus, facial nucleus, locus ceruleus, and vestibular nuclei), and spinal cord.
Within the spinal cord (Figure 1b), positive IGF-1 staining was most widely distributed within
the cervical and thoracic divisions with detectable expression found in the lumbar and sacral
regions, demonstrating that IGF-1 was expressed in all regions of the spinal cord at levels that
may provide trophic support to motor neurons.

Delivery of AAV-IGF-1 to the DCN resulted in motor neuron protection and increased life span
AAV1-IGF-1 and AAV2-IGF-1 were tested for their ability to enhance motor neuron survival
in SOD1G93A mice compared with control AAV1-GFP and AAV2-GFP when injected at
disease onset (88–90 days old). All regions of the spinal cord were evaluated at 110 days of
age for the number of ChAT positive cells. AAV1-IGF-1-treated animals (17.86 ± 1.91)
showed a significant (P < 0.01) preservation of motor neurons in the cervical region of the
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spinal cord compared with AAV2-IGF-1-treated mice (11.8 ± 1.83) or AAV-GFP-treated
controls (12.74 ± 1.08) (Figure 2a). Both AAV1-IGF-1- (19.96 ± 0.39) and AAV2-IGF-1-
treated animals (15.94 ± 1.21) displayed significantly (P < 0.01) higher numbers of motor
neurons per section compared with AAV-GFP-treated animals (11.74 ± 0.762) in the lumbar
region of the spinal cord (Figure 2c). There was no difference in the mean numbers of ChAT-
positive cells between AAV1-IGF-1- and AAV-GFP-treated animals in the thoracic or sacral
regions of the spinal cord at this time point (Figure 2b and d).

In a separate cohort of animals, survival was assessed by Kaplan–Meier survival curves (Figure
2e). AAV-IGF-1 delivered to the DCN resulted in an ~14-day increase in median survival
compared with AAV-GFP-treated animals (n = 25 animals/group, χ2 = 17.16, P = 0.0007).
Median survival of AAV1-IGF-1-treated animals was similar to AAV2-IGF-1-treated animals
(133.5 days versus 134 days, respectively) and the median survival of AAV1-GFP- and AAV2-
GFP-treated animals was comparable (121.5 days versus 120 days). There was no difference
in survival between untreated controls and AAV-GFP-treated animals (data not shown).

Functional benefits of DCN delivery of AAV-IGF-1
A battery of motor function tests was used to monitor disease progression. Forelimb grip
strength measurements demonstrated that AAV-IGF-1-treated animals maintained statistically
(P < 0.05) greater grip strength from 103 days of age through 131 days of age compared with
those administered AAV-GFP (Figure 3a). In addition, animals treated with IGF-1 showed
remarkable, statistically significant (P < 0.05) increases in hindlimb grip strength (Figure 3b).
Rotarod tests also demonstrated that AAV-IGF-1-treated animals maintained their ability to
coordinate their movement for a longer period than AAV-GFP-treated animals from 110 days
of age until end stage (P < 0.05 from 110 days of age onward, n = 25 animals/group). In all of
the motor function tests, there were no statistical differences observed between animals treated
with AAV1-IGF-1 and AAV2-IGF-1 other than one time point at 124 days of age in the rotarod
test (Figure 3c).

IGF-1 was detected throughout the brain and spinal cord of AAV-IGF-1-treated mice
To determine whether IGF-1 was expressed at similar levels by the two serotype vectors, we
measured the levels of the trophic factor using an enzyme-linked immunosorbent assay that
recognized the expressed human IGF-1 and not the endogenous murine counterpart. Detectable
levels of human IGF-1 were noted in all of the regions of the brain and spinal cord of mice
injected with AAV-IGF-1. Highest levels were found in the cerebellum and cervical region of
the spinal cord, which were at or near the site of injection with no statistical differences between
AAV1 and AAV2 (Figure 4a). No IGF-1 was detected in the serum of AAV-IGF-1-treated
animals, indicating that the IGF-1 delivery was not systemic. Little to no IGF-1 was detected
in green fluorescent protein (GFP)-treated animals, with background levels detected <20 ng/
mg (data not shown).

To determine whether IGF-1 detected at locations distal to the site of injection resulted at least
in part from retrograde transport of the AAV vectors, IGF-1 mRNA levels were measured in
different regions of the brain using reverse transcriptase-PCR. Our results demonstrated
significant transport and expression of the IGF-1 transcript in all regions of the spinal cord
including sites distal to the injection site, such as the lumbar and sacral regions of the spinal
cord (Figure 4b). No IGF-1 mRNA was found either in the AAV1-GFP-treated (Figure 4b) or
AAV2-GFP-treated animals (data not shown), or in the reverse transcriptase–minus controls.
These results demonstrate that both the AAV1-IGF-1 and AAV2-IGF-1 vectors underwent
retrograde transport to all regions of the spinal cord after DCN injection.
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IGF-1-expressing AAV vectors reduced Als-associated neuropathology in sod1G93A mice
We next evaluated the ability of this therapy to attenuate the neuropathological features
characteristic of ALS disease. Activated microglia and astrocytes contribute to the propagation
of the disease process in ALS.4 Widespread gliosis is readily apparent in the brain stem and
spinal cord of both human ALS patients and mouse models of the disease.19,20 In addition,
biochemical assays and gene expression profiling studies showed that inflammatory cascades
are activated before and during motor neuron degeneration.21,22 Microglial activation,
astrogliosis, NO synthase expression, and peroxynitrite levels were assessed in mice treated
with the AAV-IGF-1 and AAV-GFP vectors. MetaMorph analysis of our results showed that
delivering AAV-IGF-1 to the DCN led to a reduction in gliosis both within the brain stem and
throughout the spinal cord at 110 days of age compared with AAV-GFP-treated animals.
Markers of microglial activation (F4/80 staining) and astrogliosis (glial fibrillary acidic protein
staining) were diminished throughout the brain stem, including the motor trigeminal,
hypoglossal, and facial nuclei (Figures 5a and c and Figures 6a and c). Throughout the entire
length of the spinal cord, microglial activation and astrogliosis were also dramatically reduced
(Figures 5b and c and Figures 6b and c).

NO has been implicated as a contributing factor to the pathogenesis of ALS.23 Upregulation
of NO has been shown to be involved in initiating Fas-triggered cell death, a programmed cell
death pathway that appears to be restricted to motor neurons.24 Elevated NO has also been
linked to the generation of peroxynitrite, formed by the reaction of NO with superoxide anions,
resulting in the nitration of tyrosine residues in neurofilaments. This, in turn, causes irreversible
inhibition of the mitochondrial respiratory chain, and inhibition of glutamate transporter
activity. 25 Moreover, increased 3-nitrotyrosine immunoreactivity (a marker of peroxynitrite)
has been reported in the spinal cord of both sporadic and familial ALS patients.26 Similar
elevations in 3-nitrotyrosine have also been observed in the CNS of ALS mouse models.27,
28 MetaMorph analysis of our results showed that delivery of IGF-1 resulted in reductions in
the levels of both NO synthase (Figure 7a and c) and 3-nitrotyrosine (Figure 7b and c)
throughout the spinal cord.

IGF-1 is neuroprotective in coculture models of ALS and acts to inhibit microglial cell
activation and astroglial toxicity

Recent studies using embryonic stem cell–derived motor neurons have demonstrated that in
vitro models of ALS could be developed that mimic the motor neuron death seen in animal
models of the disease.29,30 We developed similar models using embryonic stem cell–derived
motor neurons containing the Hb9-GFP reporter that were transduced with a lentivirus
containing the SOD1G93A gene or control SOD1WT. As previously shown, the mutation had
minimal effects when expressed only in motor neurons.29,30 However, when motor neurons
with or without the SOD1G93A gene were cocultured with astrocytes containing the
SOD1G93A, motor neurons exhibited shorter axon lengths, increased cell death, and apoptosis
shown by caspase-9 activation, which demonstrates and confirms that astrocytes expressing
the mutant SOD1 are toxic to motor neurons (Figure 8a and b). To test whether IGF-1 could
rescue the motor neuron toxicity, we replaced the medium from the SOD1G93A-expressing
cocultures with either IGF-1-conditioned medium or mock-transfected control-conditioned
medium and compared the results with wild-type cocultures. We observed significant rescue
and neuroprotective effects of IGF-1 in coculture experiments with motor neurons and
astrocytes both containing the SOD1G93A mutation, which was comparable to control wild-
type cultures. IGF-1 treatment resulted in extensive preservation of neuritic extensions along
with decreased caspase-9 activation indicating that IGF-1 was potently neuroprotective in this
model (Figure 8a and b). We next sought to determine whether IGF-1 may be acting to delay
glial cell activation, because earlier studies have demonstrated that glial cells containing the
SOD1G93A mutation were a major contributor to disease progression and motor neuron death.

Dodge et al. Page 4

Mol Ther. Author manuscript; available in PMC 2009 September 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We obtained the BV2 microglial cell line and transduced the cells using a lentivirus expressing
wild-type SOD1 or SOD1G93A. Upon lipopolysaccharide induction, these cells produce high
levels of TNF-α and NO. SOD1G93A microglia expressed higher levels of both TNF-α and NO
compared with wild-type SOD1 microglia as previously demonstrated, suggesting that
SOD1G93A mutation modestly activated these microglia. 31,32 Consistent with our earlier in
vivo experiments, when BV2 microglial cells were cultured with IGF-1-conditioned media
before lipopolysaccharide-mediated activation, IGF-1 significantly reduced TNF-α levels and
completely suppressed the NO release to baseline levels of nonstimulated microglia, suggesting
that IGF-1 directly attenuates microglial cell activation (Figure 8c).

We next tested the specific action of IGF-1 in our ALS-motor neuron/astrocyte coculture
system using wild-type motor neurons or SOD1G93A motor neurons cocultured with
SOD1G93A astrocytes. Because IGF-1 is a secreted molecule, it is difficult to test the effects
of IGF-1 protein solely on motor neurons or astrocytes; hence, we utilized a signaling pathway
of IGF-1 to test our hypothesis that IGF-1 was acting both on motor neurons and astrocytes
for neuroprotection. IGF-1 is one of the most potent natural activators of the AKT signaling
pathway. We confirmed that IGF-1 could activate AKT in astrocytes (data not shown) and
therefore used an adenovirus encoding a constitutively activated AKT that was restricted to
expression solely in astrocytes to mimic IGF-1 signaling. A dominant negative AKT
adenovirus expressed only in astrocytes was also used as a negative control and as a control to
inhibit IGF-1 signaling through AKT activation in astrocytes. As demonstrated in our earlier
study, motor neurons with or without SOD1G93A perished when cultured on SOD1G93A

astrocytes. IGF-1 added to the cultures significantly rescued the motor neurons from this
toxicity. Interestingly, when motor neurons were cultured on top of SOD1G93A astrocytes
expressing the constitutively activated AKT, there was significant protection of motor neurons
compared with untreated (Figure 8d) or dominant negative AKT only expressing astrocytes
(data not shown). To test whether IGF-1 signaling was required in astrocytes for motor neuron
protection, a dominant negative AKT was expressed in astrocytes and IGF-1-conditioned
media were added to the coculture. Blocking AKT signaling in astrocytes significantly reduced
motor neuron survival, but did not completely abolish the neuroprotective effects of IGF-1,
indicating that IGF-1 signaling to activate AKT acts on both motor neurons and astrocytes.
These results suggest that IGF-1 signaling via AKT activation in astrocytes is sufficient in part
to provide protection to motor neurons from astrocyte-derived toxicity and that there are
additive effects of motor neuron protection by IGF-1 when both motor neurons and astroctyes
are exposed to IGF-1.

DISCUSSION
Trophic factors such as IGF-1 have shown promise for the treatment of ALS.3–5 In this study,
we report that CNS-restricted delivery of IGF-1 is sufficient to modify disease progression in
symptomatic ALS mice. Specifically, we showed that injecting a recombinant AAV vector
encoding IGF-1 within the DCN of SOD1G93A mice resulted in axonal transport of vector and/
or expressed IGF-1 protein to the brain stem and all segments of the spinal cord. This, in turn,
led to improved muscle function and a significant extension of life span. Furthermore, IGF-1
also attenuated astrogliosis, microglial activation, peroxynitrite formation, and glial cell–
mediated release of TNF-α and NO.

Results obtained using mouse models of motor neuron disease have demonstrated that trophic
factors (e.g., IGF-1, BDNF, CNTF, and GDNF) have potent effects on motor neuron survival.
3–5 However, systemic administration of some of these recombinant trophic factors into
subjects with ALS showed only very modest clinical benefit.33–36 Studies in ALS mice
suggested that inadequate delivery of these trophic growth factors to the CNS may have been
responsible for the poor response. Only systemic administration of vascular endothelial growth

Dodge et al. Page 5

Mol Ther. Author manuscript; available in PMC 2009 September 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



factor has been reported to be effective in treating SOD1G93A mice.37 Intrathecal
administration of purified IGF-1 to the same mouse model was also efficacious.38 However,
in both cases, positive effects were reported only when treatment was initiated in
presymptomatic animals. In contrast to the results observed with systemic or intrathecal
delivery of purified trophic factors, intramuscular injections of viral vectors encoding these
factors demonstrated significant therapeutic benefit in the SOD1G93A mice, even when
administered after the onset of overt disease symptoms.6,39 The results of this study indicate
that trophic factor delivery to the CNS is sufficient to modify disease progression in
symptomatic ALS mice. An advantage of this delivery strategy over existing approaches is
that it permits the targeting of multiple areas that undergo neurodegeneration in ALS with a
single injection site and obviates the need for injecting directly into the spinal cord where
neurodegeneration is taking place. Comparison of survival benefits achieved with DCN versus
intramuscular delivery of AAV-IGF-1 is difficult, given that a “death event” in an ALS mouse
is artificially determined (i.e., occurs when the mouse can no longer right itself within 30
seconds). In the mouse model, testing a therapeutic is limited to measuring the ability to offer
protection to motor neurons predominantly residing in the lumbar division of the spinal cord,
which is responsible for the righting reflex. Indeed direct intraspinal injections of AAV-IGF-1
led to significant increases in survival.40 However, given that respiratory failure is the primary
cause of death in ALS patients, we believe that delivering AAV-IGF-1 to the DCN may offer
an advantage in that it permits targeting regions of the CNS that control respiration. This, in
turn, may lead to a level of efficacy in ALS patients beyond what is observed in ALS mice.

Cellular mechanisms that modulate disease progression in ALS have not been known until just
recently. While disease onset is initiated by motor neurons in ALS, it appears that glial cells
modulate disease progression.8,9 The benefit provided by IGF-1 has mainly been thought to
be attributable to activation of anti-apoptotic pathways (e.g., AKT and Bcl-2) within motor
neurons of the spinal cord.41 However, efficacy is still observed when treatment is initiated
during disease onset suggesting that the actions of IGF-1 may also be mediated through
additional mechanisms, including muscle enhancement. While IGF-1 has potent effects on
muscles, it has been recently demonstrated that muscle is not a direct target for mutant SOD1-
mediated toxicity.42 Our in vivo studies here showed that IGF-1 may also attenuate a number
of pathological features that have been linked to motor neuron cell death including increased
NO activity, elevated peroxynitrite expression, astrogliosis, and microglial activation. Using
a newly developed in vitro model of ALS, we corroborate our in vivo findings and also confirm
earlier published results demonstrating that motor neurons containing the SOD1 mutation
required coculture with astrocytes containing the SOD1 mutation for motor neuron death.29–
31 To our knowledge, no study to date has compared the efficacy of a potential therapeutic
such as IGF-1 in this in vitro ALS models system with efficacy results obtained using ALS
mice. We show here that IGF-1 is potently neuroprotective when present in the coculture
system. We observed a delay in neuritic atrophy, cell death, and caspase-9 activation in motor
neurons treated with IGF-1. To decipher whether IGF-1 had effects on non-neuronal cells, we
performed experiments using microglial cells that contained the mutant SOD1, because these
cells have been directly linked to disease progression. Surprisingly, IGF-1 significantly
lowered TNF-α and NO production when these cells were activated with lipopolysaccharide.
Furthermore, we show here that the neuroprotective effects of IGF-1 are not exclusively limited
to motor neurons in the coculture system, rather IGF-1 exerts strong inhibitory effects on
SOD1G93A-mediated toxicity in astrocytes. These results strongly implicate that pleiotropic
effects for IGF-1 in multiple non-neuronal subtypes of ALS suggested by the activation of
AKT (Figure 8e) could be a potent neuroprotective factor for motor neurons along with the
ability to attenuate aberrant glial cell activation and subsequent products produced by
astrocytes and microglia, which have been implicated in ALS, such as glutamate, peroxynitrite,
TNF-α, and NO. While not all of the signaling pathways of IGF-1 were evaluated in this
coculture study, AKT activation appears to play a significant role in protecting motor neurons,
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in part by its actions for neuroprotection in motor neurons themselves, as well as suppressing
the toxicity derived from SOD1G93A-containing astrocytes. This is of interest because it has
recently been demonstrated that activated phosphorylated AKT is absent in motor neurons of
both sporadic and familial ALS patients, and that motor neurons from mutant SOD1 mice lose
activated AKT early in the disease.43 IGF-1 signaling through other signaling pathways may
also be responsible in part for the effects on motor neuron protection.

In summary, these results highlight a novel approach to deliver IGF-1 to multiple regions of
the CNS by a single injection site and show for the first time that CNS-restricted delivery of
IGF is sufficient to modify disease progression in ALS mice. We also show that in addition to
providing motor neuron protection, IGF-1 also modulates pathological events mediated by glial
cells in ALS. These findings support the development of therapies that are designed to treat
ALS by targeting motor neurons and their cellular environment. Furthermore, the data support
the strength of developing therapeutic screens in the ALS coculture system and that potential
future therapies may exploit the activation of AKT pathways in the CNS to curtail ALS
progression.

METHODS
Animals

Transgenic male and female littermate mice that expressed the mutant SOD1G93A transgene
at high levels were divided equally among groups. SOD1 gene copy number and SOD1 protein
expression were confirmed with PCR and western blot analysis. Animals were housed under
light/dark (12:12 hour) cycle and provided with food and water ad libitum. All procedures were
performed using a protocol approved by the Columbus Children’s Research Institutional
Animal Care and Use Committee.

Stereotaxic surgery
Eighty-eight- to ninety-day-old mice anesthetized with isoflurane were bilaterally injected into
the DCN (A–P: −5.75; M–L: −1.8; D–V: −2.6 from bregma and dura; incisor bar: 0.0) with 3
µl/site of AAV1-GFP (n = 26), AAV1-IGF-1 (n = 25), AAV2-GFP (n = 26), and AAV2-IGF-1
(n = 27) using a beveled 10-µl Hamilton syringe (rate of 0.5 µl/min for a total of 2.0 × 1010

DRP/injection site).17

Production of recombinant vectors
Recombinant AAV1 and AAV2 vectors were produced as described earlier.44,45 A contract
manufacturing company (Virapur, San Diego, CA) was used for some virus preparations. Titers
were determined to be 3 × 1012 DRP/ml using quantitative PCR. The cDNA for the human
IGF-1 encoded the Class 1 IGF-1Ea with a portion of the 5′-untranslated region of IGF-1.6 The
human cDNA for either wild-type or mutant G93A SOD1 was cloned into cytomegalovirus-
based expression vector for lentiviral production by the quadruple plasmid trans-fection
method with CaCl2.46

Reverse transcriptase-PCR analysis of IGF-1 mRNA and enzyme-linked immunosorbent
assay of IGF-1

RNA was isolated as described earlier. No reverse transcriptase controls were performed to
evaluate for DNA contamination with no detectable products (data not shown). Primers against
the 5′-untranslated region of the rAAV transcript (5′-GTGGATCCTGAGAACTTCAG-3′)
were used along with the 3′-primer (5′-ATTGGGTTGGAAGACTGCTG-3′), which is
homologous to IGF-1 and PCR performed. Amplified products were confirmed by sequencing
to be specific for the human IGF-1 transcript.
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Protein was isolated by rapidly dissecting the spinal cord on ice and immediately homogenizing
using Tissue Protein Extraction Reagent (Pierce, Rockford, IL) with Complete protease
inhibitor (Roche, Palo Alto, CA). Enzyme-linked immunosorbent assays for human IGF-1
were performed in quadruplicate using the Quantikine kit (R&D Systems, Minneapolis, MN).
Protein homogenates were diluted 1,000-fold using the assay diluent and the assays performed
following the manufacturer’s recommendations.

Immunostaining
Brain and spinal cord sections from 110-day-old mice treated with AAV1-IGF-1, AAV2-
IGF-1, and AAV-GFP (n = 8/group) were stained with rabbit anti-hIGF-1 antibody (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-chAT antibody (1:500; Chemicon
International, Temecula, CA), rabbit anti-glial fibrillary acidic protein antibody (1:2,500;
Dako, Glostrup, Germany), rabbit anti-NO synthase antibody (1:1,000; Chemicon
International), mouse anti-nitrotyrosine antibody (1:2,000; Upstate, Temecula, CA), or rat anti-
F4/80 antibody (1:10; Genzyme, Cambridge, MA). Secondary antibodies used were donkey
anti-species–specific antibodies conjugated with fluorescein isothiocyanate or Cy3. Sections
were visualized using a Nikon Eclipse E800 fluorescent microscope and evaluated for the
percent reduction in fluorescent deposits using a MetaMorph Image Analysis System
(Universal Imaging, Downingtown, PA) as described earlier.17

Rotarod, grip strength, and survival analysis
Testing of motor function using rotarod and grip strength was performed as reported earlier.
A “death event” was entered when animals could no longer “right” themselves within 30
seconds after the animal was placed on its back. “Death event” classification was performed
by two individuals who were blinded to treatment during assessment.

In vitro ALS models
Mouse embryonic stem cells that express GFP driven by the Hb9 promoter (HBG3 cells, gift
from Tom Jessell, Columbia University) were cultured on primary mouse embryonic
fibroblasts (Chemicon International) and differentiated into motor neurons as described earlier.
47 After 5 days of differentiation as embryoid bodies, ~50 embryoid bodies were infected with
2 × 109 viral particles of lentivirus expressing human SOD1G93A or wild-type SOD1.

Neural progenitors were harvested from the spinal cords of B6SJLTg (SOD1G93A) mice and
wild-type B6SJL mice at 8 weeks of age by the Percoll density gradient centrifugation method
as described earlier.48 Spinal cord progenitors were cultured on poly-ornithine-/laminin-coated
plates in fibroblast growth factor/endothelial growth factor/heparin containing media as
described. To induce astrocytic differentiation, fibroblast growth factor-2 and endothelial
growth factor were removed and 10% fetal bovine serum was added to the media for 7 days.
Twenty-four hours after infection of the motor neurons with lentivirus, motor neurons were
plated on top of the astrocytes. In some experiments, astrocytes were infected 24 hours before
starting the coculture with either Adenovirus-CMV-Akt1(Myr) (cA) or Adenovirus-CMV-
Akt1 (dN) (Vector Biolabs, Philadelphia, PA) at 100 plaque forming units/cell. Before motor
neurons were plated on the astrocytes, they were washed five times with phosphate-buffered
saline and then allowed to incubate with fresh media for 30 minutes before motor neuron
plating. The coculture of motor neurons and astrocytes was cultured in conditioned media from
HEK293 cells transfected with either an IGF-1-expressing plasmid or mock-transfected and
conditioned for 24 hours. The coculture media were replaced daily with fresh conditioned
media. Cultures were fixed in 4% paraformaldehyde, blocked in 10% donkey serum with 0.1%
Triton X-100, and stained with primary antibodies to guinea pig glial fibrillary acidic protein
(1:1,000; Advanced ImmunoChemical, Long Beach, CA) and rat cleaved caspase-9 (1:100;
Cell Signaling, Danvers, MA). All images were collected using a laser scanning confocal
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microscope while maintaining the same exposure time, magnification, and gain. For HB9-GFP
+ and cleaved caspase-9 + counts, embryoid bodies were selected at random for quantification.

BV2 microglia (gift of Dr Phil Popovich, Ohio State University) were plated at 100,000 cells/
well to three wells of a six-well dish and infected with 1 × 109 viral particles of either wild-
type- or G93A SOD1 expressing lentivirus in the presence of polybrene (4 ng/ml; Sigma, St
Louis, MO). Two days after infection, the BV2 cells were analyzed for TNF-α and NO
production. BV2 microglia expressing SOD1WT or SOD1G93A was serum-starved overnight
and then treated for 30 minutes with conditioned media from HEK293 cells transfected with
IGF-1 or mock transfected. BV2 cells were then stimulated with lipopolysaccharide (055:B5,
100 ng/ml; Sigma) and the media were harvested 5 hours after stimulation for the TNF-α
enzyme-linked immunosorbent assay (R&D Systems) or 3 days after stimulation for the NO
assay. Total NO levels were determined by measuring nitrite and nitrate levels which are the
breakdown products of NO metabolism. Nitrate is converted to nitrite by nitrate reductase and
total nitrite levels are measured by a colorimetric assay utilizing the Griess reaction (R&D
Systems).

Statistics
Survival analysis was performed by Kaplan–Meier analysis which generates a χ2 value to test
for significance. The Kaplan–Meier test was performed using the log-rank test equivalent to
the Mantel–Haenszel test. In addition, two-tailed P values were calculated. When comparing
survival curves, median survival times were calculated with a 95% confidence interval. All
other statistical tests not involved in survival analysis were performed by multiway analysis
of variance followed by a Bonferroni post hoc analysis of mean differences between groups
(GraphPad Prizm Software, San Diego, CA).
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Figure 1. Delivery of viral vectors capable of axonal transport results in transgene delivery
throughout the spinal cord
(a) Diagram illustrating afferent and efferent connections between the deep cerebellar nuclei
(DCN) and spinal cord. The DCN is composed of three separate nuclei: the lateral (orange),
interposed (purple), and medial (yellow). The medial and interposed nuclei receive input from
every region (i.e., cervical, thoracic, lumbar, and sacral) of the spinal cord whereas the lateral
receives input only from the thoracic division. All the three nuclei send projections to the
cervical division of the spinal cord. Bilateral stereotaxic injections of viral vectors were made
between the medial and interposed nuclei. (b) Insulin-like growth factor-1 (IGF-1) staining in
AAV-GFP- and AAV-IGF-1-treated mice throughout each segment of the spinal cord. AAV,
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adeno-associated virus; GFP, green fluorescent protein. This figure is available in color in the
online version of the article.
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Figure 2. AAV-IGF-1-promoted motor neuron survival and delayed death in amyotrophic lateral
sclerosis mice
Motor neuron counts in (a) cervical, (b) thoracic, (c) lumbar, and (d) sacral regions of the spinal
cord. Kaplan–Meier survival analysis of AAV1-IGF-1-, AAV2-IGF-1-, AAV1-GFP-, and
AAV2-GFP-treated animals (e). Mice were scored as dead when they could no longer right
themselves within 30 seconds of being placed on their back. Green fluorescent protein (GFP)-
treated mice are indicated in green and insulin-like growth factor-1 (IGF-1)-treated mice are
indicated in red. AAV, adeno-associated virus; WT, wild type.
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Figure 3. AAV-IGF-1 significantly prolonged motor function in amyotrophic lateral sclerosis mice
Mice were tested weekly for (a) forelimb grip strength, (b) hindlimb grip strength, and (c)
rotarod coordination. Insulin-like growth factor-1 (IGF-1)-treated mice had increased
performance compared with green fluorescent protein (GFP)-treated mice. GFP-treated mice
are indicated in green and IGF-1 treated mice are indicated in red. AAV, adeno-associated
virus.
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Figure 4. Deep cerebellar nuclei delivery of AAV-IGF-1 resulted in insulin-like growth factor-1
(IGF-1) expression in all regions of the spinal cord along with retrograde transport of vector to
various regions of the spinal cord
(a) Human IGF-1 levels in homogenates of various regions of the central nervous system were
measured by enzyme-linked immunosorbent assay. (b) Retrograde transport of the viral vectors
was detected by reverse transcriptase-PCR analysis of various regions of the spinal cord and
brain after administrating AAV1-IGF-1 and AAV2-IGF-1. Control AAV1-GFP-treated mice
showed no expression of the human IGF-1 transcript. AAV, adeno-associated virus.

Dodge et al. Page 17

Mol Ther. Author manuscript; available in PMC 2009 September 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. AAV-IGF-1 attenuated microglial activation in amyotrophic lateral sclerosis (ALS) mice
Microglial activation (F4/80 staining) in the (a) brain stem (7 = facial nucleus, 12 = hypoglossal
nucleus, and Mo5 = motor trigeminal nucleus) and (b) spinal cord in 110-day-old superoxide
dismutase-1 mice that were treated with either AAV-GFP or AAV-IGF-1 at 90 days of age.
(c) MetaMorph analysis of F4/80-stained brain stem and spinal cord sections taken from ALS
mice treated with either AAV-IGF-1 or AAV-GFP and wild-type (WT) controls. AAV, adeno-
associated virus; GFP, green fluorescent protein; IGF, insulin-like growth factor.
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Figure 6. AAV-IGF-1 significantly attenuated astrogliosis in amyotrophic lateral sclerosis (ALS)
mice
Astrogliosis [glial fibrillary acidic protein (GFAP) staining] in the (a) brain stem (7 = facial
nucleus, 12 = hypoglossal nucleus, and Mo5 = motor trigeminal nucleus) and (b) spinal cord
in 110 day old superoxide dismutase-1 mice that were treated with either AAV-GFP or AAV-
IGF-1 at 90 days of age. (c) MetaMorph analysis of GFAP-stained brain stem and spinal cord
sections taken from ALS mice treated with either AAV-IGF-1 or AAV-GFP (P < 0.05) and
wild-type (WT) controls. AAV, adeno-associated virus; GFP, green fluorescent protein; IGF,
insulin-like growth factor.
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Figure 7. AAV-IGF-1 treatment reduced disease-induced elevations in nitric oxide synthase (NOS)
activity and peroxynitrite formation in amyotrophic lateral sclerosis (ALS) mice
(a) NOS and (b) 3-nitrotyrosine staining (peroxynitrite marker) in the spinal cord of 110-day-
old superoxide dismutase-1 mice treated with either AAV-GFP or AAV-IGF-1 at 90 days of
age. (c) MetaMorph analysis of NOS and 3-nitrotyrosinestained spinal cord sections taken from
ALS mice treated with either AAV-IGF-1 or AAV-GFP (P < 0.05) and wild-type (WT)
controls. AAV, adeno-associated virus; GFP, green fluorescent protein; IGF, insulin-like
growth factor.
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Figure 8. Insulin-like growth factor-1 (IGF-1) rescues amyotrophic lateral sclerosis (ALS) motor
neuron toxicity and attenuates glial activation and toxicity in an in vitro coculture model of ALS
(a) SOD1-G93A motor neurons cultured with SOD1-G93A astrocytes in the presence of IGF-1
extend axons comparable to wild-type (WT) motor neurons cocultured with WT astrocytes.
(b) SOD1-G93A motor neurons in a coculture with SOD1-G93A astrocytes survive longer
with IGF-1 assessed by HB9-GFP counts and cleaved (cl.) caspase-9 + cells per embryoid body
(EB) and compared to SOD1-WT motor neurons cultured with WT astrocytes. (c) SOD1-G93A
microglia produce increased amounts of tumor necrosis factor-α (TNF-α) and nitric oxide and
IGF-1 attenuates the release of these factors. (d) Coculture of WT or SOD1-G93A motor
neurons with WT or SOD1-G93A containing astroctyes in the presence of IGF-1-conditioned
media and/or astrocytes expressing dominant negative (dN) AKT or constitutively active (cA)
AKT demonstrates IGF-1’s neuroprotective ability and its actions on both motor neurons and
astrocytes to protect motor neuron survival. (e) IGF-1 serves dual roles as an antiapoptotic
factor and to block microglial activation and astrogliosis for motor neuron protection in ALS
via activation of AKT. (*P < 0.05). GFAP, glial fibrillary acidic protein; GFP, green fluorescent
protein; LPS, lipopolysaccharide; SOD1, superoxide dismutase-1.
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