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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, devastating disease that affects both

central and peripheral motor neurons.1 Familial ALS accounts for less than 10 % of diagnosed

cases, of which 1/4 is associated with missence mutations in the antioxidant enzyme

copper/zinc superoxide dismutase 1, 2. There are many hypotheses on the cause of sporadic

ALS. These include autoimmune reactions to calcium channels on motor neurons, glutamate-

induced excitotoxic injury, exposure to toxins or latent infections, disorganisation of

intermediate filaments, and loss of neurotrophic support to motor neurons.1

Evidence that insulin-like growth factor I (IGF-I) rescues motor neurons in vitro and in

animal models, 3, 4 has led to therapeutic trials of human recombinant IGF-I in ALS. Two

double-blind placebo-controlled trials with subcutaneous IGF-I in ALS have been performed.

In a US study of high (0.1 mg/kg per day) and low (0.5 mg/kg per day) doses of human

recombinant IGF-I the average Appel amyotrophic lateral sclerosis rating scale in 9 months

was 9 points lower for the high-dose (0.1 mg/kg/day) group than for the placebo group.

However, death rates did not differ 5. The results of an European trial (IGF-I: 0.1 mg/kg/day

versus placebo) showed no therapeutic benefit 6. The FDA did not approve the use of IGF-I

on the basis of these trials. New trials with IGF-I are being considered.

The IGF-I signalling system is complex and regulated by multiple influences. Besides the

IGF-I receptor there are at least six distinct insulin-like growth factor binding proteins

(IGFBPs) 7, 8. At the level of the extracellular matrix or cell surface of target cells, these

IGFBPs can either inhibit or enhance the presentation of IGF-I to their receptors. In addition,

some IGFBPs are capable of mediating biological actions that are IGF-I independent 7, 8.

Surprisingly little information is available on the different components of the IGF-I system in

ALS. In patients with ALS, serum levels of IGF-I were found to be either normal or slightly

decreased 9, 10, 11. The expression of IGF-I in ALS spinal cords was found to be normal 12.

Previous studies have reported an increased number of [125I]IGF-I binding sites in ALS spinal

cord 13, 14. However, it remained unclear whether these binding sites represented IGF-I

receptors or IGFBPs, or both. The present work was undertaken to further characterise the

components of the IGF-I system in spinal motor neurons in ALS.
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Material and methods

Neuropathological Material

Cervical (level C4 – C8) spinal cord was obtained at autopsy from ten patients (7 woman,

aged 51 to 82 years; 3 man, aged 71 to 76 years) with clinical definite and pathologically

confirmed sporadic ALS 15. Causes of death were respiratory failure or bronchopneumonia.

Disease duration ranged between 16 to 36 months (median 27.5). Control spinal cord was

collected from ten patients without evidence of neurological or psychiatric disease (7 woman,

aged 61 to 82; 3 man, aged 72 to 88 years), who died of respiratory failure/

bronchopneumonia (5), cardiac arrest (4), and heart failure (1). Post-mortem intervals for the

2 groups were not significantly different (median 8, range 6 and 12 h).

Immunohistochemistry

Paraffin sections were deparaffinated in xylol and dehydrated in ethanol, followed by

microwaving in 25 mM Tris buffer (pH 7.4) containing 10 mM MgCl2, for 15 min at 95ºC.

Sections were rinsed in phosphate buffered saline (PBS) 3 times for 5 min, and immersed for

10 min in 0.3% H2O2 in PBS. Before the addition of the first and secondary antibody, sections

were incubated for 60 min at room temperature in 5 % normal goat or sheep serum to

suppress non-specific antibody binding.

Sections were incubated with the primary antibody: rabbit-anti-human IGFBPs -1, -2, -3, -4,

-5, or -6 (1:100: polyclonal antibodies obtained from Gropep, Adelaide, Australia; or Upstate,

Lake Placid, New York, USA), or mouse-anti-human IGF-I receptor (1:100: monoclonal

antibodies against the alpha-chains were obtained from Gropep) in PBS, for 2 h at room

temperature and 24 h at 4 °C. Next, the sections were incubated with the proper secondary

antibody: biotinylated goat-anti-rabbit (1:200: Zymed, San Francisco, California, USA) or

sheep-anti-mouse (1:200: Amersham, Arlington Heights, Illinois, USA) in PBS, for 2 h at

room temperature. Finally, sections were incubated in HRP-conjugated streptavidin (1:200) in

PBS for 2 h at room temperature. The complexes were visualised using freshly prepared

diaminobenzidine (30 mg/100 ml Tris buffer, pH 7.4) and 0.01% H2O2, and examined by

light microscopy.
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Western immunoblotting

Ventral horns containing the motor neurons were carefully dissected at 4 °C from frozen

spinal cord blocks, and homogenised in ice cold Tris/HCl buffer (10 mM, pH 7.4) containing

serine-, cysteine-, aspartic- and metalloproteinase-inhibitors.

For the study of IGFBPs and IGF-I receptors, suspensions were centrifuged at 300 rpm for 3

min at 4 ºC, and supernatants were centrifuged at 15000 rpm for 30 min at 4ºC. The pellets

were resuspended in the same buffer containing 10 % glycerol (vol/vol), and stored at –80ºC.

For the study of total and free IGF-I, homogenates were centrifuged at 15000 rpm for 2 min.

One part of the supernatant was filtered through 50-kDa filters and contained total IGF-I (free

IGF-I and IGF-I bound to IGFBPs). The other part of the supernatant used for the detection of

free IGF-I was filtered through 10-kDa filters. These filters allow the passage of free IGF-I

(7.5-kDa) but not of IGFBPs (20 and 45-kDa).

Protein concentrations were measured with the method of Neuhoff et al.,16. Based on the

protein concentrations samples were diluted in buffer to equal amounts. Blood contamination

was excluded by demonstrating the absence of albumin, which was measured with an albumin

immunoassay (BN2, Behring, Marburg, Germany).

The separation of IGFBPs and the IGF-I receptor were done in a Tris-HCl gel system. Equal

amounts of membrane suspensions (60 µg) were subjected to SDS-PAGE in a 10 % gel for

the separation of small proteins (ranging between 20 and 70-kDa) and in a 7.5 % gel (Tris-

HCl) for proteins with molecular sizes ranging between 60 and 300-kDa. The separation of

IGF-I was done in a Tris-Tricine gel system (for the separation of small molecules between 1

and 15-kDa).

Equal amounts of protein (10 µg for total IGF-I and 60 µg for free IGF-I) of each sample

were subjected to SDS-PAGE in a 15 % gel. Positive controls used to determine the

specificity of the bands were human recombinant IGFBPs-1, -2, -3, -4, -5 and -6 (Gropep and

Upstate), human recombinant IGF-I (Santa Cruz, California, USA), and human cerebellar

membrane fractions for the IGF-I receptor. After electrophoresis, the separated proteins were

electroblotted on nitrocellulose membranes. All samples were transferred under the same

conditions. The membranes were dried and incubated overnight at 4ºC with the primary

antibody solution: rabbit-anti-human IGFBPs-1, -2, -3, -4, -5 or -6 (1:1000) or mouse-anti-

human IGF-I receptor (1:1000), and or mouse-anti-human IGF-I (monoclonal antibody from

GroPep) in Tris buffered saline (TBS, pH 7.4). This was followed by incubation with the

secondary antibody solution: horse peroxidase (HRP)-conjugated goat-anti-rabbit (1:2000) or

biotinylated sheep-anti-mouse (1:2000) in TBS. Finally, membranes were incubated with
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HRP-conjugated streptavidin (1:1000) or alkaline-conjugated streptavidin in TBS, for 1 h at

room temperature. IGFBPs and IGF-I receptors were visualised using the opti-4CN staining

kit from Bio-Rad (San Francisco, California, USA). Total and free IGF-I was visualised using

the alkaline phosphatase staining method. Specific bands were scanned and pixel densities

were measured using National Institute of Health Image Analysis software.

Results

Statistical analysis

We used the Mann-Whitney U-test to test for significant differences between ALS patients

and controls. We judged a P-value of 0.05 or less to be significant. Results were also log-

transformed for analysis with an unpaired t-test. The resulting between group differences and

95 % CI were back transformed to give a ratio (95 % CI), from which relative changes

between ALS patients and controls were calculated. Statistical analyses were performed using

GraphPad Instat® 3 for Macintosh. (Table 1).

Immunohistochemistry

Spinal motor neurons in controls and ALS patients stained for IGF-I receptors and all six

IGFBPs. Immunoreactivity for IGF-I receptor and IGFBPs-2, -5 and -6, was higher in ALS

patients than in controls, but immunoreactivity for IGFBPs-1, -3, and -4 did not differ

between the two groups (Figure 1). The specificity of the antibodies against IFGBPs was

confirmed using the antibodies pre-absorbed with excess of matched recombinant human

IGFBP. Specificity of the immunoreactivity was also controlled by the incubation of tissue

sections in 5 % goat or sheep serum instead of primary antibodies; the immunohistochemical

reactions were negative (Figure 1).

Western immunoblotting

Immunoblotting of membrane fractions from the ventral horns, using polyclonal antibodies

against the six IGFBPs and a monoclonal antibody against the IGF-I receptor alpha-chain

confirmed the immunohistochemical results. We found one specific band of about 32-kDa

corresponding IGFBP-2, a band of 40-kDa and two fragments corresponding to IGFBP-3, one

band of 29-kDa corresponding to IGFBP-5, and another band of about 36-kDa corresponding

to IGFBP-6 (Figure 2).
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Abstract

Insulin-like growth factor-I (IGF-I) is a potent survival factor for motor neurons and is being

studied as possible therapeutic agent for amyotrophic lateral sclerosis (ALS). However, very

little information is available on the IGF-I system components in ALS. Insulin-like binding

proteins (IGFBPs) play an important role in regulating the bioavailability of IGF-I. We

investigated the components of the IGF-I system in spinal cord sections of 10 patients with

ALS and 10 control subjects without neurologic disease. IGF-I was studied by western

immunoblotting. IGFBPs and IGF-I receptors were studied by both immunohistochemistry

and western immunoblotting. Total IGF-I in ventral horn homogenates was not different

between ALS patients and controls. However, free IGF-I was drastically reduced in ALS

patients  (53 % relative decrease compared to controls). In spinal motor neurons of patients

with ALS there was enhanced immunoreactivity for IGFBPs-2 (64% relative increase

compared to controls), -5 (46% increase) and -6 (33% increase), together with an up-

regulation of IGF-I receptors. Immunoreactivity for IGFBPs -1, -3, and -4 was not different

between ALS and controls. In the ventral horns of ALS patients free IGF-I is reduced, which

may be due to specific increases in IGFBPs-2, -5, and -6 in spinal motor neurons. This

abnormality may play an important role in the processes that lead to motor neuron death, and

should be taken into account when developing therapies aimed to stimulate motor neuron

IGF-I receptors.



IGF-system in ALS 139

Figure 1

Immunostaining for IGF-I receptors and six IGFBPs in spinal motor neurons in ALS and controls

(CON) without neurologic disease. Motor neurons (arrows) were studied in cervical ventral horns (red

circle). Nsb = non-specific binding obtained by incubation of tissue sections in 5 % goat or sheep

serum instead of primary antibodies. Scale bar = 30 µm.
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We found a band of 230-kDa, which correspond to the dimer of the IGF-I receptor, and a

band of 115-kDa corresponding to the alpha-monomer of the IGF-I receptor (Figure 2). We

found one band of about 7.5-kDa corresponding to IGF-I. The concentration of IGFBP-2 was

64 % higher, of IGFBP-5 was 46 % higher, of IGFBP-6 was 33 % higher, and of IGF-I

receptors was 50 % higher in the ventral horn membranes of ALS patients than in those of

controls (Table 1). The presence of IGFBPs-1, -3, and -4 did not differ between ALS patients

and controls (Table 1). In ventral horn homogenates, total concentrations of IGF-I did not

differ between ALS patients and controls. By contrast, patients with ALS had 53 % lower

concentrations of free IGF-I in ventral horn homogenates than did controls (Table 1, Figure

2). Free IGF-I represented respectively 12 % of total IGF-I in controls and 6% of total IGF-I

in ALS patients. The specificity of the bands was confirmed using purified IGFBPs, IGF-I,

and cerebellar membrane fractions for the IGF-I receptor (Figure 2).

Figure 2

Representative western immunoblots in ALS and control (CON) ventral horn membrane fractions.

Protein concentration per sample was calculated and 60 µg (for IGFBPs, IGF-I-R = IGF-I receptor,

and free IGF-I) or 10 µg (total IGF-I) were loaded onto gels. We found one specific band of

approximately 32-kDa corresponding to IGFBP-2 (A ), one band of 40-kDa and 2 fragments

corresponding to IGFBP-3 (B), one specific band of 29-kDa corresponding to IGFBP-5 (C), and

another band of approximately 36-kDa corresponding to IGFBP-6 (D). We found a specific band of

230-kDa corresponding to the alpha-dimer of the IGF-I receptor, and one band of 115-kDa

corresponding to the alpha-monomer of the IGF-I receptor (E). We found one band of approximately

7.5-kDa corresponding to IGF-I (F). kd = kDa.
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Table 1 Western immunoblots: analyses of the different components of the IGF-I system

in ventral horn homogenates.

Component Patients Controls *P Mean (95% CI) ‡

IGFBP-1 117.3 114.4 0.528 1.02 

(95.8-126.8) (93.3-138.0) (0.93-1.12)

IGFBP-2 247.3 150.6 <0.0001 1.64

            (221.5-261.2) (129.1-160.9) (1.55-1.74)

IGFBP-3 87.5 85.9 0.879 1.01

           (67.8-102.4) (63.7-102.0) (0.86-1.17)

IGFBP-4 37.0 35.8 0.529 1.02

           (31.0-40.9) (29.8-39.9) (0.94-1.11)

IGFBP-5 175.6 119.5 <0.0001 1.46

           (139.7-190.8) (101.9-129.4) (1.35-1.58)

IGFBP-6 125.1 96.4 <0.0001 1.33

           (116.1-150.8) (85.0-110.1) (1.24-1.44)

IGF-I receptor 162.5 107.3 <0.0001 1.50

           (115.0-215.6)  (76.2-140.0) (1.77-1.27)

Total IGF-I 246.0 244.3 0.217 1.02

           (230.5-250.4) (236.8-249.7) (0.93-1.12)

Free IGF-I 90.1 183.8 <0.0001 0.47

           (52.8-107.0) (150.8-202.7) (0.39-0.55)

Values are median (range) pixel density. IGF = Insulin like growth factor; IGFBP = Insulin like growth factor

binding protein. *Mann-Whitney U-test. ‡ Geometric mean (95%CI) of the ratio of patients to controls; unpaired

t-test on log-transformed data.
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Discussion

Our results showed that concentrations of free IGF-I were lower in ventral horn homogenates

from patients with ALS than in those from controls. Furthermore, spinal motor neurons in

ALS showed enhanced immunoreactivity for IGFBPs-2, -5 and -6, which are known to bind

IGF-I with high affinity. It has been shown that IGFBP-2 behaves as an inhibitor of IGF-I,

both in vitro and in vivo 7, 8, 17, 18. Depending on the cell type, IGFBP-5 has been reported to

either inhibit or stimulate the actions of IGF-I 7, 8. However, it has been shown that treatment

of avian embryos with IGFBP-5 reduces motor neuron survival 19. IGFBP-6 also acts

inhibitory 20, 21, 22. Thus, the reduction in free biologically available IGF-I in the ventral horns

of patients with ALS could be because high concentrations of IGFBP-2, -5 and -6 in spinal

motor neurons prevent binding of IGF-I to IGF-I receptors, which become upregulated due to

reduced free IGF-I (Figure 3). Receptors undergo upregulation in response to a depletion of

their naturally occurring activator. Our finding that IGF-I receptors in spinal motor neurons in

ALS are upregulated is also in agreement with a reduced neurotrophic support by IGF-I.

Interestingly, different types of lesions affecting lumbar motor neurons in rats produced a

similar pattern of increased levels of IGFBPs-2, -5 and -6, and not of the other IGFBPs, in

these motor neurons. Lesions included ventral root avulsion, cut lesions in the ventral

funiculus of the spinal cord, or sciatic nerve transection 23. In these models, local application

of IGF-I failed to prevent motor neuron death, 24 which might be explained by the enhanced

levels of IGFBPs-2, -5 and -6 on the affected motor neurons, preventing binding of IGF-I to

its receptors.

The striking resemblance between these experimental data in rats and our findings suggests

that increases in IGFBPs-2, -5 and -6 in spinal motor neurons could represent a secondary

reaction to different triggers that perturb cellular/axonal functions of motor neurons. The

primary molecular pathways that cause dysfunction of motor neurons in ALS are uncertain.

Several mechanisms may be involved, including a disorganisation of intermediate filaments,

glutamate mediated toxicity, abnormalities of intracellular calcium homeostasis, and

mutations in the gene for superoxide dismuthase 1.

We can only speculate about the possible mechanism(s) underlying the increase in IGFBPs-2,

-5 and -6 levels in spinal motor neurons in ALS. Proteolysis by IGFBP proteases is a

physiological posttranslational processing mechanism that cleaves IGFBPs into smaller

molecular weight forms, which have a markedly reduced affinity for IGF-I 7, 8. It is considered
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an important mechanism by which bioactive IGF-I is made available to the IGF-I receptors on

target cells. The increases in IGFBPs-2, -5, and-6 in ALS spinal cord might be caused by a

decreased activity of proteases or an increase in protease inhibitors. Both IGFBPs-2 and-5 are

proteolytically cleaved by serine proteases; the identity of proteases cleaving IGFBP-6

remains to be determined 7, 8. The role of serpins (serine protease inhibitors), which form

stable complexes with serine proteases, thereby preventing their proteolytic activity, may be

of special interest. Once formed serpin-protease complexes are rapidly incorporated into the

cells. Serine protease-like complexes have been identified in ALS motor neurons, and an

imbalance of serine proteases and serpins has been hypothesised to play a role in the

pathogenesis of ALS 25. Transgenic mice overexpressing protease nexin-1 (PN-1), a secreted

serine protease inhibitor, develop disturbances in motor behaviour and histopathological

changes described in early stages of human motor neuron disease 26. A possible role of serine

protease inhibitors on the expression/proteolysis of IGFBPs in motor neurons in ALS should

be further investigated.

Figure 3

Components of the IGF-I system in spinal motor neurons. (A) IGF-I, acting

through stimulation of IGF-I receptors, is an important survival factor for

motor neurons. (B) In ALS, enhanced levels of IGFBPs-2, -5 and -6 prevent

binding of IGF-I to IGF-I receptors, which become upregulated due to

reduced free IGF-I. The reduced neurotrophic support of IGF-I could play an

important role in the pathogenesis of motor neuron cell death.
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In conclusion, the enhanced levels of IGFBPs-2, -5, and -6 in motor neurons in ALS is

probably a common secondary phenomenon resulting from motor neuron dysfunction, which

may have different causes. This abnormality may play an important role in the processes of

motor neuron degeneration by reducing neurotrophic support of IGF-I. Our findings might

explain the disappointing results of the clinical trials with exogenously administered IGF-I in

ALS. IGF-I analogues with high affinity for IGF-I receptors and little or no affinity for IGFBPs,

such as DES(1-3)IGF-I, which is a truncated IGF-I missing the first three amino acids, may be

better candidates for stimulating motor neuron IGF-I receptors. IGF-I analogues that display

very high affinity for IGFBPs, displacing endogenous IGF-I from the IGFBPs, could also be

considered. The latter approach has been studied in rats with focal cerebral ischemia 27. In this

model, the intracerebroventricular administration of the IGF-I analogue [(Leu24, 59, 60,

Ala31)hIGF-I] with high affinity to IGFBPs and no biological activity at the IGF-I receptors,

increased the levels of free biological available IGF-I and provided potent neuroprotection.
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