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Abstract 

 

Age is the single most important determinant of recovery after peripheral nerve 

injury. With aging, there is a decrease in circulating levels of growth hormone 

(GH) and insulin-like-growth factor 1 (IGF-1). The purpose of this research was to 

examine the effect of age, GH and IGF-1 on neuromuscular recovery after 

peripheral nerve injury in aged rats. It was found that with aging, there is a 

significant impairment in neuromuscular recovery after peripheral nerve injury 

and repair. There was a significant impairment in the response of the 

neuromuscular junction (NMJ) to peripheral nerve injury. Using a dwarf rat model 

of GH-deficiency, it was found that a lack of circulating GH does not lead to 

impairments in neuromuscular recovery after nerve injury. Replenishment of GH 

in aged or GH-deficient rats does not affect neuromuscular recovery. Lastly, it 

was found that IGF-1, locally-delivered to the site of the regenerating nerve, 

improved neuromuscular recovery after injury in aged rats. Overall, these results 

emphasize the role of the NMJ in age-related decline in neuromuscular recovery 

after peripheral nerve injury and suggest that alterations in local regenerative 

mechanisms are more important than changes in the systemic GH-IGF-1 axis. 
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Chapter I: Introduction 

 

Clinical significance 

Peripheral nerve injury is devastating to the affected extremity. The age of the 

patient at the time of injury has a major impact on the outcome of nerve injury 

and repair1. Children often regain near normal function after nerve injury2,3, but 

adults or aged individuals experience slow or absent neuromuscular recovery. 

Over half of patients over the age of 50 do not achieve any functional recovery 

following nerve repair4, resulting in impaired activities of daily living. In addition to 

the problem of age and nerve injury, there is a steady decline in neuromuscular 

function with age in the absence of injury5,6. This decline is only weakly 

correlated with smoking, physical activity, or systemic disease6, suggesting that 

age itself, rather than lifestyle, behavior or disease is the cause of neuromuscular 

decline during senescence.  

 

The neuromuscular junction (NMJ) 

The post-synaptic NMJ is largely composed of ligand-gated ion channels in the 

sarcolemma. Nicotinic-type acetylcholinergic receptors (nAChRs) are the 

predominant ion channel in the NMJ and are made up of five subunits arranged 

symmetrically around a central pore. The mature adult formula is α2βδε and the 

embryonic formula is α2βδγ. Following chemical or traumatic pre-synaptic 

denervation, the post-synaptic channels undergo change in their chemical 

properties, including increased conductance and a higher rate of turnover. 
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Furthermore, there is a generalized declustering of the ion channels and NMJs. 

These changes serve to preserve muscle by maximizing ion flow during periods 

of denervation and maximizing post-synaptic receptive area, should an 

innervating axon terminal reach the muscle. With this chemical change, there is a 

shift in mRNA expression patterns typified by an increase in the embryonic 

pattern of nAChR subtype mRNA expression7-9. The embryonic pattern of 

expression is characterized by increased mRNA expression (10 to 1000-fold) of 

all the nAChR subtypes and high relative mRNA expression of the embryonic-

specific subtype, γ-AChR9,10. This transformation to the γ-nAChR subtype is what 

alters the conductance of the ion channel. In addition, since there is increased 

turnover of the nAChR subunits, this necessitates the increased mRNA 

expression and subsequent production of nAChRs to maintain a steady state. 

 

Aging and the NMJ 

Normal neuromuscular changes due to aging include decreased muscle strength, 

slower conduction velocity, demyelination, and axonal atrophy4. During aging, the 

NMJ undergoes degenerative changes typified by denervation, reinnervation and 

remodeling11. The aged NMJ is morphologically different than the young adult 

NMJ as evidenced by decreased axonal branching, decreased length and 

decreased density of synaptic folds12,13. There are a decreased number of axon 

contacts, gapping of the terminal Schwann cells and generalized atrophy of the 

NMJ11,14,15. Overall, this is consistent with denervation of the aged NMJ. This 

denervation and subsequent reinnervation of the muscle leads to changes in the 
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NMJ and muscle phenotype16, as well as remodeling of motor units17. As aging 

progresses, denervation outpaces reinnervation and some muscle becomes 

functionally excluded, leading to sarcopenia18. The reason for the imbalance 

between denervation and reinnervation is unknown.  

 

The NMJ phenotype is correlated with the ‘critical period’ for neuromuscular 

recovery 

In the rat model, the acute changes in the NMJ phenotype after denervation last 

about 1 month9, after which there is a reversion to the adult phenotype, 

characterized by low levels of nAChR expression. Functional neuromuscular 

recovery declines precipitously following greater than 1 month of denervation in 

rats19, consistent with the duration of these molecular changes9. This decline in 

neuromuscular recovery after prolonged denervation is in spite of excellent 

axonal regeneration19, thus implicating the NMJ as the „weak link‟ in 

neuromuscular recovery following nerve injury. Thus, it is clear that muscle 

reinnervation during this acute period is crucial to functional recovery. 

 

Physiology of growth hormone (GH)  

The physiology of the growth hormone (GH) and insulin-like growth factor 1 (IGF-

1) axis has been well studied. GH is synthesized by the somatotroph cells of the 

anterior pituitary gland in response to growth hormone releasing hormone 

(GHRH), which is released by the hypothalamus into the hypophyseal-pituitary 

portal system. GH secretion is pulsatile, with the greatest peaks during the early 



4 
 

hours of sleep20. The systemic effects of GH are wide and include calcium 

retention, bone mineralization, lipolysis, protein synthesis, visceral and somatic 

growth. The existence of a GH potentiator was first described in 1973 when it 

was found that the actions of GH alone were limited, but that GH-stimulated 

serum increased the incorporation of sulfate into chondroitin sulfate, thymidine 

into DNA, proline into collagen and uridine into RNA21. This led to the discovery 

of somatomedin C, subsequently renamed IGF-1 after the molecular homology to 

insulin was determined. IGF-1 is produced by tissues in response to growth 

hormone22. Although many tissues produce IGF-1 in response to GH, the liver is 

the main site of synthesis of systemic IGF-1. However, IGF-1 is not exclusively 

stimulated by GH. There are multiple autocrine and paracrine mechanisms that 

are incompletely understood. 

 

Physiology of insulin-like growth factor 1 (IGF-1) 

IGF-1 is single chain, 70-amino acid polypeptide, with a molecular mass of 7.6 

kD. In humans, the gene for IGF-1 is situated on the q arm of chromosome 12 

and is in close proximity to nerve growth factor (NGF) and the Ras family of 

proto-oncogenes, giving credence to the speculation that these cell growth 

regulators are closely related and co-evolved23. IGF-1 plays a significant role in 

neuronal development24 and recovery from neuronal injury25,26. Lundborg et al 

first showed that IGF-1 is secreted from Schwann cells after peripheral nerve 

injury25. IGF-1 has been shown to affect multiple facets of Schwann cell function 

in vitro that likely contribute to improved nerve regeneration27, including 
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proliferation28, mobilization, myelination29, and Schwann cell-axon interaction. 

IGF-1 knockout mice have defects in neurological development30-32, in addition to 

impaired recovery from neuronal injuries33. Overexpression of IGF-1 in muscle 

has been shown to improve neuromuscular recovery following a crush injury34. 

Thus, there is substantial evidence that IGF-1 plays a key role in neuromuscular 

recovery following injury. 

 

Effects of age on GH and IGF1 

Age and developmental stage are the major determinants of GH and IGF-1 

levels. GH peaks during puberty, initiates and maintains the pubertal growth 

spurt20. Following the pubertal growth spurt, GH secretion declines35-37. Both the 

frequency and amplitude of GH pulsation decline with age38, at a rate of 

approximately 14% per decade39,40. With continued aging, IGF-I concentrations 

also fall to levels 20% to 80% of young adult values41. 

 
 
GH replacement during aging 

GH replacement has been studied extensively and has demonstrated many age-

related benefits including improvement of cognitive42,43, cerebrovascular44, 

cardiovascular44, and hepatocellular function45, in addition to improving body 

composition46,47 and decreasing oxidative stress48. However, it is not known if GH 

replacement can reverse the decline in neuromuscular recovery following injury 

seen in this population. 
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GH and IGF-1 levels and neuroregenerative capacity  

Neonatal rats younger than post-natal day 14 have a complete absence of nerve 

regeneration after injury49. Neonatal rats also have an impaired molecular 

response to injury50. Rats gain neuroregenerative capacity near puberty (PN14-

28D) 49. It is known that IGF-I levels are lowest in infancy and peak during 

puberty51. After the pubertal growth spurt, GH and IGF-1 levels steadily decline 

through mid and late phases of life35-37, corresponding to the timeline of 

neuroregenerative capacity11,52. Thus, the decline in GH/IGF-1 and 

neuroregenerative capacity are closely correlated, however a direct causal link 

remains unproven. 

 

Exogenous GH and IGF-1 administration in young animals after nerve injury 

The effect of GH on sensory recovery following crush injury in young rats has 

been studied. Kanje, Skottner, and Lundborg found that continuously 

administered GH improved sensory nerve recovery measured at 2-6 days 

following a crush injury53. This same group found that IGF-1, delivered to the 

crush site or to the dorsal root ganglion also improved sensory nerve function54. 

Vergani found that systemic IGF-1 administration improves nerve regeneration in 

post-natal rats55. However, no studies have examined the effects of GH or IGF-1 

during aging, nor have their effects on motor recovery been investigated.  
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Purpose and Overarching Hypothesis 

 

The purpose of this research was to examine the effects of age, GH and IGF-1 

on neuromuscular recovery following nerve injury.  

 

The overarching hypothesis of this work was that GH and IGF-1 deficiency 

contribute to age-related impairments in neuromuscular recovery and that 

replenishing GH and IGF-1 can promote neuromuscular recovery during aging. 
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Abstract 

 

Age is the most important predictor of clinical outcome after peripheral nerve 

injury. The stability of the neuromuscular junction (NMJ) after denervation is 

thought to be central to neuromuscular recovery. Stability is characterized by 

maintenance of the motor endplate and mRNA upregulation of the constituent 

nicotinic acetylcholinergic receptor (nAChR) subtypes and the muscle regulatory 

factors (MRFs). The purpose of this study was to determine the effect of age on 

the recovery and stability of the post-synaptic NMJ after peripheral nerve injury. 

Young and aged rats underwent transection and repair of the tibial nerve. At 1, 2, 

4, 8 or 16 weeks following transection, the gastrocnemius was examined for 

electrical recovery, NMJ fragmentation and endplate area, mRNA and protein 

levels of the MRFs and nAChR subtypes. After nerve injury, aged NMJ exhibited 

significant fragmentation and loss of motor endplate area while the young NMJ 

remained relatively stable. Concomitantly, age impaired peak upregulation of the 

MRFs and nAChRs. However, expression of γ-nAChR and myogenin after nerve 

injury was not affected by age. These data support the claim that upregulation of 

the nAChRs and MRFs may play an important role in maintaining NMJ stability 

following nerve transection and repair. Furthermore, expression of γ-nAChR and 

myogenin does not appear to prevent age-related NMJ fragmentation and loss of 

endplate area after nerve injury. These impairments of the aged NMJ response 

to injury may contribute to the poor neuromuscular recovery seen after nerve 

injury in this population. 
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Introduction 

 

Peripheral nerve injury is devastating to the affected extremity. The age of the 

patient at the time of injury is the most important predictor of outcome of nerve 

injury and repair4,56,57. Children often regain near normal function after nerve 

injury2,3, but adults or aged individuals experience slow or absent neuromuscular 

recovery. Greater than half of patients over the age of 40 do not achieve any 

functional recovery following nerve repair4, resulting in impaired activities of daily 

living. In spite of the well-known association between aging and functional 

recovery, little is known of the mechanism by which age impairs neuromuscular 

recovery. 

 

During aging, the pre-synaptic neuromuscular junction (NMJ) undergoes 

degenerative changes typified by axonal denervation, reinnervation and 

remodeling11. These changes lead to a „functional denervation‟ of the aged 

muscle58, which leads to changes in the NMJ and muscle phenotype16, as well as 

remodeling of motor units17. As aging progresses, denervation outpaces 

reinnervation and contributes to sarcopenia18. Although the etiology of age-

related sarcopenia is likely multifactorial, the role of the post-synaptic NMJ in this 

process is not well understood. Furthermore, how aging affects the imbalance 

between denervation and reinnervation is unknown.  

 

In response to denervation, there are numerous alterations of the post-synaptic 

NMJ. In young rats, there is an increase in motor endplate area58, as well as 



11 
 

appearance of extra-junctional nAChR sites59, de-clustering of the nAChRs and a 

shift to the embryonic pattern of nAChR subtype mRNA expression7-9. The 

embryonic pattern of expression is characterized by 10 to 1000-fold increased 

mRNA expression of the embryonic-specific subtype, γ-AChR9,10. In rats, this 

„acute pattern‟ lasts 3-4 weeks, after which there is a reduction in expression of 

the nAChRs. This „acute pattern‟ is similar for both complete denervation9 and 

temporary chemical denervation with botulinum toxin8. It is not known if this 

pattern is similar with nerve transection and repair or if age affects the nAChR 

response to denervation. 

 

Muscle and NMJ regeneration is closely regulated by the myogenic regulator 

factors (MRFs), a family of helix-loop-helix transcription factors which includes 

Myf5, MRF4, myogenin and MyoD. The MRFs stimulate myoblast formation, 

satellite cell proliferation60 and maintain the fast-twitch, IIB/IIX fiber type during 

regeneration and differentiation61. MRFs also closely regulate NMJ subtype 

expression62, are elevated after nerve injury, and are thought to have a central 

role in promoting NMJ and muscle recovery9.  

 

In the rat model, the acute changes in the NMJ phenotype after denervation last 

about 1 month9, after which there is a reversion to the adult phenotype, 

characterized by low levels of nAChR expression. Functional neuromuscular 

recovery declines precipitously following greater than 1 month of denervation in 

rats19, consistent with the duration of these molecular changes. This decline in 
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neuromuscular recovery after prolonged denervation is in spite of excellent 

axonal regeneration19, thus implicating the NMJ as the „weak link‟ in 

neuromuscular recovery following nerve injury. Given the role of the NMJ in 

limiting neuromuscular recovery following injury and the decline in neuromuscular 

recovery seen during aging, the purpose of the current study was to determine 

the effect of age on the acute response of the NMJ to denervation and 

reinnervation. The hypothesis was that age would impair the response of the 

NMJ to nerve transection and repair. 

 

Methods 

 

Animal model 

Sixty-eight male young (4 month-old) or aged (24 month old ) F344 x BN F1 rats 

were acquired from the National Institute for Aging colony maintained at Harlan 

Labs. Rats were allowed 7 days to adapt to the facility prior to initiation of 

experimental procedures and were maintained on a 12 hour light, 12 hour dark 

cycle with rat chow and water available ad libitum for the duration of the study. 

The Institutional Animal Care and Use Committee approved all experimental 

procedures used in this study. 
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Experimental design 

Young and aged animals underwent nerve transection and repair and were then 

assigned to groups to be sacrificed after 1, 2, 4, 8 or 16 weeks. Thus for each 

age group, there were either n=6 animals per time point (1, 2 and 4 week time 

point) or n=5 (8 and 16 week time point). In addition, n=6 uninjured young rats 

and n=6 uninjured aged rats served as controls.  

 

Surgical technique 

The animals were anesthetized with isoflurane. Using aseptic surgical technique, 

an incision was made over the left posterior thigh and the left sciatic nerve was 

exposed. With use of a surgical microscope, the tibial nerve was transected 1 cm 

proximal to the knee joint. The nerve was immediately repaired using two 9-0 

epineurial sutures. The wound was closed in layers and the animal was allowed 

to recover. 

 

Electrophysiology 

The purpose of electrophysiological testing was to follow the time course of 

reinnervation, document functional recovery, and measure NMJ endplate 

depolarization in response to nerve stimulus. At 4, 8 and 16 weeks following 

surgery, each animal underwent compound motor action potential (CMAP) 

testing as previously described63,64. Parameters were expressed as a percentage 

of the contralateral reference. 
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Morphometry of the post-synaptic NMJ 

For histological analysis of the post-synaptic NMJ, the soleus muscle was 

harvested, pinned to resting length and flash frozen in isopentane cooled with dry 

ice. Serial sections of 25µm were obtained and stained with AlexaFuor 488 

conjugated α-bungarotoxin (Invitrogen, Carlsbad, CA) 1:200 for 30 minutes and 

fixed in 10% neural buffered formalin for 1 hour. For each muscle, 5-10 NMJs 

were imaged from the mid-portion of the muscle. Confocal images were obtained 

on a Zeiss 510 laser scanning confocal microscope. For analysis, total number of 

fragments and total NMJ area were digitally measured using SigmaScan Pro 5 

(Systat Software Inc., San Jose, CA). 

 

mRNA expression 

At 1, 2, 4, 8 or 16 weeks following nerve transection and repair, gastrocnemius 

muscle was harvested, frozen in liquid nitrogen, and total RNA was extracted 

with Trireagent (Ambion, Austin, TX). Quantity and purity of the RNA was 

assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). The mRNA was transcribed to cDNA using 

random hexamers (Invitrogen, Carlsbad, CA) and Superscript II (Invitrogen, 

Carlsbad, CA). Taqman® gene expression assays (Applied Biosystems Foster 

City, CA) were used to perform quantitative real-time polymerase chain reaction 

(qRTPCR). Probed sequences are listed in the Supplementary Data. Relative 

quantification (ΔΔ-CT) qRTPCR was performed on an Applied Biosystems 

7900HT. Muscle creatine kinase mRNA expression is stable with aging in 
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skeletal muscle65 thus used as the endogenous control. Data were normalized to 

the average of the young adult uninjured group.  

 

Semi-quantitative protein analysis 

Pulverized and homogenized muscle from animals was dissolved in RIPA buffer 

(Santa Cruz Biotechnology, Santa Cruz, CA), quantified, standardized and run on 

a SDS-PAGE agarose gel (Criterion®, Bio-Rad, Hercules, CA). Proteins were 

then transferred to a nitrocellulose membrane (Transblot SD, Bio-Rad, Hercules, 

CA), blocked for 1 hour at room temperature and incubated with the primary 

antibody. Primary antibodies and dilutions are available in Supplementary Data. 

Fluorescent secondary antibodies were then applied. Membranes were then 

scanned (Odyssey Infrared Imaging System; LI-COR Biosciences, Lincoln NE, 

USA) and intensity for each band was quantified. GAPDH protein levels are 

relatively stable with age66, thus GAPDH was used a loading control.  

 

Statistical analysis 

All data was imported into SigmaStat 3.11 (Systat Software Inc., San Jose, CA) 

for analysis. For each outcome measure, a two-way ANOVA model was 

established with age and treatment as the independent variables. Post-hoc 

pairwise comparisons were made with Student-Newman-Keuls test. 

Transformations to ranked sums were made for non-parametric data. Fisher‟s 

Exact Test was used for categorical data. Type 1 error was set at 0.05. All data 

are expressed as mean ± standard error. 
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Results 

 

Aged muscle expresses the ‘acute denervation’ profile, but at a very low level.  

For normal, uninjured muscle, there was significantly higher α-nAChR, γ-nAChR 

and δ-nAChR mRNA expression in aged animals compared to young adult 

animals. In aged animals mRNA levels were increased compared to young adult 

animals for α-nAChR, γ-nAChR and δ-nAChR respectively.  (Figure 1) 

Additionally, there was a significant increase in mRNA expression of MRF4 and 

myogenin in aged animals compared to young adult animals. Traumatic 

denervation results in a similar pattern of upregulation of the nAChRs and MRFs, 

but 10 to 100-fold greater (Ref 9 and Figure 3, discussed below). Thus, this 

pattern of nAChR and MRF upregulation in aged animals is consistent with a low 

level expression of the acutely denervated pattern.  
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Figure 1. mRNA expression of the nAChR receptor subtypes and MRFs at 

baseline in young vs. aged muscle. 
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mRNA expression of the nAChR receptor subtypes and MRFs at baseline in 

young vs. aged muscle. A ) At baseline, aged muscle has increased mRNA 

expression of α-nAChR, δ-nAChR, and γ-nAChR. This pattern (α, δ and γ-

nAChR dominated) is consistent with patterns seen acutely after nerve injury, 

however the levels at baseline at 1-2 orders of magnitude lower than those seen 

acutely following injury (See Figure 6). B) At baseline, aged animals have 1.6-

1.7 fold increased expression of MRF4 and myogenin. This is also consistent 

with the acutely denervated profile, however it is also 1-2 orders of magnitude 

lower than levels acutely following injury (See Figure 6). Muscle creatine kinase 

(MCK) served as the endogenous control and all values are expressed relative to 

the average of the young uninjured group. * = P<0.01 
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Aging delays neuromuscular recovery following injury and inhibits final recovery.  

The CMAP measures the NMJ endplate depolarization in response to a nerve 

stimulus. In this study, young animals demonstrated earlier detectable CMAPs 

and greater final amplitude recovery compared to the contralateral side after 

nerve transection and repair than aged animals. (Figure 2) At 4 weeks, 67% 

(4/6) of young animals had measurable CMAPs while 0% (0/6) of aged animals 

had electrical evidence of regeneration (P=0.11, Fisher‟s Exact Test). At 16 

weeks, young animals had an amplitude recovery of 65% ± 10% of the 

contralateral reference, compared to aged recovery of 36% ± 14% of the 

contralateral reference. (P<0.001) Furthermore, aged animals did not improve 

from 8 to 16 week (P=0.74), but young animals demonstrated consistent 

improvement throughout the 16 week experimental period (P<0.01). 
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Figure 2. Amplitude of compound motor action potential (CMAP). 

* = P<0.05 for Young vs. Aged. 
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Figure 3. Cross section of regenerated nerve segment. 

After 3 months, the regenerated nerve segment was removed, sectioned to 1µm, stained with Toluidine blue and viewed 

at 1000X. A) Young. B) Aged. Note that in the aged nerve, there are fewer total number of axons and smaller myelinated 

axons. 
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Following nerve injury, the aged NMJ undergoes fragmentation and loss of 

endplate area.  

After nerve injury, normal changes in the post-synaptic NMJ include an increase 

in endplate area58. In the current study, histological examination revealed that the 

aged NMJ undergoes fragmentation, degradation and endplate area loss 

following nerve transection and repair compared to the young NMJ. (Figure 4). In 

uninjured animals, the young and aged NMJ have similar total areas. After nerve 

transection and repair, the post-synaptic area increases in the young animals 

from uninjured (252.8 ± 23.73 µm²) to 2 weeks post-injury (345.1 ± 22.74 µm²) to 

4 weeks post-injury (514.2 ± 24.4 µm²). (Figure 5) This is consistent with 

previous reports of expansion of NMJ area after nerve injury in normal young 

animals58. In contrast, aged animals undergo a loss of NMJ area from uninjured 

(288.0 ± 74.84 µm²) to 2 weeks post-injury (269.3 ± 14.0 µm²) to 4 weeks post-

injury (238.3 ± 69.4 µm²). At baseline, the aged post-synaptic NMJ has more 

discrete fragments (4.0 ± 1.2) compared to young (1.57 ± 0.29) (P<0.01). 

Following denervation, both the young and aged NMJ undergo fragmentation, 

evidenced by an increase in number of discrete fragments. For young NMJs at 2 

weeks, the number of discrete fragments was 4.21 ± 0.36 compared to aged 

11.81 ± 0.91 (P<0.001). At 4 weeks, the number of discrete fragments in young 

NMJs was 6.5 ± 1.12 compared to aged of 9.4 ± 1.22 (P=0.069). These data 

indicate that the aged NMJ is unstable after nerve injury, as measured by 

increased fragmentation, degradation and loss of endplate area.  
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Figure 4. Post-synaptic NMJ of young and aged rat soleus at baseline and 

after tibial nerve transection and repair. 

Representative α-bungarotoxin stained motor end-plate of A) Young baseline, B) 

Aged baseline, C) Young 2 weeks post transection and repair, D) Aged 2 weeks 

post transection and repair, E) Young 4 weeks post transection and repair, F) 

Aged 4 weeks post transection and repair. Scale bar = 25 µm. 
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Figure 5. Quantification of post-synaptic area of the NMJ after nerve 

transection and repair. 

* = P<0.05 for Young vs. Aged. 
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Aging impairs upregulation of mRNA for the nAChRs following injury. 

Denervation causes acceleration in turnover rate of the AChR67. Increased 

mRNA expression of the nAChR subunits is thought to be central to maintaining 

NMJ stability during denervation9. Thus, mRNA expression pattern of the 

nAChRs changes dramatically after nerve transection with large increases in 

mRNA expression of all the nAChR subunits, most notably, α-, γ-, and δ-nAChR9. 

(Figure 6) The peak mRNA expression in young animals, for all nAChR subtypes 

was two weeks following transection and repair. (Figure 6) However, in aged 

animals, the peak for all nAChRs except ε-nAChR was at 1 week. At 2 weeks 

following nerve transection and repair, young adult animals had significantly 

greater mRNA expression of α-nAChR, δ-nAChR and ε-nAChR compared to 

aged animals. At 4 weeks, all mRNA levels decreased in both young and aged 

animals, despite the differences in CMAP recovery. By 8 weeks, there were no 

differences due to age. At 16 weeks, both groups returned to pre-injury patterns, 

with the exception of an increase in ε-nAChR expression in the aged group. This 

elevated ε-nAChR expression is consistent with a chronic denervation pattern62, 

indicating that the aged muscle expresses a partial degree of chronic denervation 

16 weeks after nerve transection and repair.  
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Figure 6. mRNA expression of the nAChRs following nerve transection and 

repair. 
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mRNA expression of the nAChRs following nerve transection and repair. A) 

α-nAChR, B) β-nAChR, C) γ-nAChR, D) δ-nAChR, and E) ε-nAChR in rat 

gastrocnemius in response to tibial nerve transection and repair. At 1 week after 

transection aged muscle had higher mRNA expression of δ-nAChR and γ-

nAChR, indicating that the aged response appears to peak earlier than the young 

response. However, at 2 weeks following transection, there was significantly less 

expression of α-nAChR, β-nAChR, δ-nAChR, and ε-nAChR in aged muscle. 

Furthermore, at 8 and 16 weeks, there was significantly greater ε-nAChR 

expression in aged muscle, consistent with chronic denervation62. Muscle 

creatine kinase (MCK) served as the endogenous control and all values are 

expressed relative to the average of the young uninjured group. * = P<0.01 
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Aging impairs upregulation of mRNA for the MRFs following injury.  

The MRFs are known to regulate the muscle regenerative response, including 

NMJ regeneration and nAChR expression. Similar to the nAChRs, there is a 

significant upregulation of all of the MRFs after nerve transection and repair. 

However, mRNA upregulation in aged animals was significantly less at 2 weeks 

after nerve transection and repair for all four of the MRFs. (Figure 7) At 4, 8 and 

16 weeks, there were no significant differences between young and aged.  
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Figure 7. mRNA expression of the MRFs following nerve injury and repair.      

Following transection, there is a sharp increase in expression of all the MRFs. At 

1 week, there is no difference in mRNA expression between young adult and 

aged. However, at 2 weeks young adult animals demonstrate significantly higher 

levels of mRNA expression for MRF4, Myf5, myogenin and MyoD. Muscle 

creatine kinase (MCK) served as the endogenous control and all values are 

expressed relative to the average of the young uninjured group. * = P<0.01 
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Upregulation of protein levels of γ-nAChR and myogenin after nerve injury is not 

affected by age.  

Semi-quantitative protein analysis of myogenin and of γ-nAChR was performed 

to determine the effect of age on protein expression levels and the impact of age 

on upregulation following injury. In young uninjured muscle, γ-nAChR protein 

expression was below the limits of detection. However, γ-nAChR was expressed 

at a low level in aged muscle. (Figure 8) After nerve injury, there was a 

significant increase in γ-nAChR protein expression in both young and aged 

animals. However, there was no difference in γ-nAChR protein expression 

between age groups. In a similar manner, myogenin expression increased after 

nerve injury with no difference between age groups. (Figure 8) 

 

Upregulation of protein levels α-nAChR and MRF is impaired by age.  

Expression of α -nAChR is known to be regulated by MRF4 and may be critical to 

NMJ stability after nerve transection and repair. In uninjured animals, there was 

no detectable difference in α-nAChR protein between young and aged animals. 

(Figure 9) At 2 weeks after nerve transection, there was a significant increase in 

α-nAChR protein expression in young animals, however there was no increase in 

aged animals. MRF4 expression significantly increased after nerve injury in both 

young and aged animals. However, there was significantly less MRF4 in aged 

animals than in young. (Figure 9) 
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Figure 8. Protein expression of γ-nAChR and myogenin after nerve transection. 
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Protein expression of γ-nAChR and myogenin after nerve transection. Expression of γ-nAChR is known to be 

regulated by myogenin. Protein expression of γ-nAChR and myogenin was quantified by Western blot for each 

gastrocnemius (n=6 per group). Representative bands from the Western blot are shown below each summary graph. 

Expression of γ-nAChR in young animals at 0 weeks was below the limits of detection. At 2 weeks after nerve transection, 

there was a significant increase in γ-nAChR protein expression, however there was no difference between young and 

aged. In a similar manner, myogenin expression increased after nerve injury with no difference between young and aged. 

Degradation of the post-synaptic NMJ occurred more in aged animals than in young in spite of high levels of γ-nAChR, 

suggesting that γ-nAChR has a limited role in promoting NMJ stability and preventing degradation. 
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Figure 9. Protein expression of α-nAChR and MRF4 following nerve transection and repair. 
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Protein expression of α-nAChR and MRF4 following nerve transection and repair. Expression of α -nAChR is known 

to be regulated by MRF4 and may be critical to NMJ stability after nerve transection and repair. Protein expression of α –

nAChR and MRF4 was quantified by Western blot for each gastrocnemius (n=6 per group). Representative bands from 

the Western blot are shown below each summary graph. At 2 weeks after nerve transection, there was a significant 

increase in α -nAChR protein expression in young animals, however there was no increase in aged animals. MRF4 

expression significantly increased after nerve injury in both young and aged animals. However, there was significantly less 

MRF4 in aged animals than in young. During this time, degradation of the post-synaptic NMJ occurred more in aged 

animals than in young, suggesting that elevated levels of α-nAChR and MRF4 may be critical to promoting NMJ stability 

and preventing degradation, fragmentation and loss of post-synaptic area.  
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Figure 10. mRNA expression of the myogenic repressor Id-1. 

There was no difference in Id-1 mRNA expression of between young and aged 

animals at baseline or 1 or 2 weeks after nerve injury. At 4 weeks, expression of 

Id-1 was 2.5-fold greater than baseline in the young adults and 5.1-times 

baseline in the aged group. . * = P<0.05 for Young vs. Aged
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Discussion 

 

The purpose of the current study was to determine the effect of age on the acute 

response of the NMJ to denervation and reinnervation. The hypothesis was that 

age would impair the response of the NMJ to nerve transection and repair. The 

results of this study show that increased age significantly affects the NMJ 

response. Specifically, aging results in delayed neuromuscular recovery, 

increased NMJ fragmentation and impaired upregulation of the nAChRs and 

MRFs.  

 

Numerous changes occur during aging that potentially impact neuromuscular 

recovery following injury. These include pre-synaptic changes such as loss of 

terminal Schwann cells11, decrease in pre-synaptic vesicles68,69 and delay in 

reinnervation following injury14. However, the contribution of the post-synaptic 

NMJ to impairments in neuromuscular recovery, including expression of the 

nAChRs and MRFs has not been examined. Previous studies have found that 

uninjured muscle in aged animals expresses higher levels of myogenin and γ-

nAChR10. In the current study, we investigated the complete nAChR and MRF 

expression profile of increased age and found that there is a modest upregulation 

of mRNA expression of α-, γ-, δ-nAChR, MRF4 and myogenin in aged muscle. 

Thus from the mRNA profile, aged muscle appears „micro-denervated‟, wherein 

only a small fraction of the muscle and NMJs are acutely denervated. This cycle 

of pre-synaptic „micro-denervation‟ coupled with the impaired post-synaptic 
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response shown here may be an important contributing factor in the decline in 

neuromuscular function during aging.  

 

It is well known that denervation induces changes in the post-synaptic NMJ, 

including increased rate of nAChR turnover67,70. Maintaining stability of the NMJ 

during periods of denervation is thought to be critical to neuromuscular recovery 

and upregulation of the nAChR subunits may be a critical component of 

achieving post-denervation NMJ stability8,9,71 . Thus, in the setting of increased 

subunit degradation, nAChR transcription and synthesis must increase to 

maintain a steady state number of nAChRs and post-synaptic area until 

reinnervation. The data reported here suggest that the young animals are able to 

successfully increase nAChR transcription and synthesis, as well as expand the 

post-synaptic area acutely following denervation. The increased nAChR protein 

levels and expanded post-synaptic area are likely due to the robust mRNA 

upregulation. However, upregulation in aged animals is less robust, possibly 

contributing to the observed endplate fragmentation and loss. 

 

Elevated expression of the γ-nAChR subunit is the hallmark of the acute 

response to denervation. In the current study, it was found that both young and 

aged animals have a robust upregulation of γ-nAChR. However, the aged NMJ 

still undergoes degradation and loss of the post-synaptic NMJ, thus it does not 

appear that increased expression of the γ-nAChR subunit or myogenin is 

sufficient to confer NMJ stability during denervation. In contrast, levels of α-
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nAChR and MRF4 are elevated immediately following nerve injury and are 

greater in the young animals compared to the aged. This is consistent with the 

pattern seen histologically, suggesting that upregulation of the α-nAChR subunit 

and MRF4 is more important to NMJ stability than γ-nAChR and myogenin. 

 

The role of the MRFs in maintaining NMJ stability is less clear. The MRFs are 

best known for their central role in muscle recovery and regeneration after injury. 

However, they are also a central factor in control of nAChR expression and 

clustering. This study found that age impairs mRNA upregulation in the muscle of 

MRF4, myogenin, Myf5 and MyoD after nerve injury. Given the central role for 

the MRFs in muscle and NMJ recovery after injury, it seems likely that these 

alterations contribute to impaired neuromuscular recovery seen with aging.  

 

From the whole of these data, it is clear that age disturbs the response of the 

muscle to nerve transection at a molecular level. There is an attenuated 

upregulation of the myogenic transcription factors, impaired upregulation of the 

nAChRs and impaired NMJ stability. Therapeutic strategies targeting the aged 

NMJ after injury need to consider the impaired response to denervation. 

Furthermore, this impaired response may contribute to age-related 

neuromuscular degeneration by impairing full neuromuscular recovery after 

micro-denervation.  
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Chapter III 

Title 

 

The Role of Growth Hormone in Neuromuscular Recovery Following Nerve 

Transection in Aged and GH-Deficient Rats 

 

Introduction 

 

It is well known that GH and IGF-1 decrease with age and senescence. Although 

the etiology of impaired recovery from nerve injury in the elderly is likely 

multifactorial, a decrease in circulating trophic/anabolic factors with age may 

contribute in part to these impairments. Two anabolic hormones that decrease 

with age are growth hormone (GH) and insulin-like growth factor-1 (IGF-1), which 

decrease 15% per decade after 30 years of age. IGF-1 is known to be a potent 

anabolic and neuroprotective factor as discussed in the Introduction. Treatment 

of aged humans and rats with GH has demonstrated numerous beneficial effects, 

including cerebrovascular improvements,44 cognitive improvements42,43, body 

composition46,47, hepatocellular function45, oxidative stress48 and cardiovascular 

function72,73. It is not known if GH can reverse the impairment of nerve 

regeneration seen during aging. 
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Purpose and Hypothesis 

 

The purpose of this study was to study the effect of GH-deficiency, aging and 

GH-replacement on neuromuscular recovery after nerve injury.  

 

There were two hypotheses of this study:  

1) GH-deficiency impairs neuromuscular recovery following injury, and  

2) GH-replenishment would improve neuromuscular recovery following 

injury in: 

a. A rat model of GH deficiency  

b. Normal aged rats 
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Methods 

 

Experimental design 

Two rat models were used to test the hypotheses. A well-established GH-

deficient rat model74 was used to examine the role of GH-deficiency and 

replenishment on neuromuscular outcomes. (Table 1)  (Figure 11)  Additionally, 

a set of otherwise normal aged (24-months) animals was used to examine the 

effect of GH on neuromuscular recovery in aged animals. (Table 2) 

 

All animals underwent nerve transection and repair as previously described75. 

Animals were followed 1, 2, 4, 8 or 16 weeks. Outcome measures included in 

vivo electrical testing of CMAP and histological examination of the regenerated 

nerve. Additionally, the gastrocnemius muscle was harvested and mRNA 

expression was measured for nAChR subtypes, as well as the MRFs similar to 

the studies described in Chapter II. Two-way ANOVA models and confidence 

intervals were established test the hypothesis. The Institutional Animal Care and 

Use Committee approved all experimental procedures used in this study. 
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Table 1. Experimental groups for GH-deficient model. 

 

 

 

 

 

 

 

Table 2. Experimental groups for aged model. 

 

 

 

GH 

deficient

Adult onset 

GH deficient

GH 

replete
Wild type Outcome measures

8 weeks n=5 n=5 n=5 n=5 EP, gene expression, histology

16 weeks n=5 n=5 n=5 n=5 EP, gene expression

Aged Aged + GH Outcome measures

No axotomy n=5 --- Gene expression

1 week n=5 n=5 Gene expression

2 weeks n=6 n=5 Gene expression

4 weeks n=6 n=6 Gene expression

8 weeks n=5 n=4 EP, gene expression, histology

16 weeks n=5 n=4 EP, gene expression



43 
 

 

Figure 11. Diagram of the animal model of growth hormone (GH) deficiency. 
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Diagram of the animal model of growth hormone (GH) deficiency. From birth, animals were followed 1 month to 

determine phenotype. At 1 month old, the animals were divided into the 4 study groups. GH was given to the “GH replete” 

group and the “Adult onset GH-deficient” group from 1-4 months. Adulthood is reached at 4 months, after which the “Adult 

onset GH-deficient” group ceases to receive GH. The “GH replete” group receives GH throughout life. The “GH deficient” 

group does not receive GH at any point. 
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Animal model: Aged rats (F344XBrown Norway) 

Aged (24-month-old) F344 x BN F1 rats were acquired from the National Institute 

for Aging colony maintained at Harlan Labs. Rats were allowed 7 days to adapt 

to the facility prior to initiation of experimental procedures and were maintained 

on a 12 hour light, 12 hour dark cycle with rat chow and water available ad 

libitum for the duration of the study. For animals in GH-treatment groups, the GH 

treatment was begun after the nerve injury, at 24 months of age. Animals were 

treated with 200µg-300µg of porcine recombinant GH (Reporcin® Qlpharma 

Animal Health, Parkville, Victoria, Australia) administered twelve times per week, 

twice daily for 5 days and once daily for two days on the weekends. Control 

groups received equal volume injections of saline on the same schedule. 

 

Animal model: Dwarf rats (GH-deficient)  

Within the dwarf model, there are 4 groups: a) GH-deficient, b) Adult onset GH-

deficient, c) GH-replete and d) Wild type. For the animals receiving GH, 

recombinant porcine GH was used (Reporcin® Qlpharma Animal Health, 

Parkville, Victoria, Australia). Animals received 200µg per injection, 12 injections 

per week, twice daily for 5 days and once daily for two days on the weekends.  

 

Nerve transection and repair 

All animals underwent nerve transection and primary repair as previously 

described75. Surgical methods were the same as those described in Chapter II. 
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In vivo electrophysiological testing 

At the study termination, each animal was anesthetized with isoflurane and 

underwent CMAP testing of the tibial nerve. The tibial nerve was exposed and 

the peroneal nerve was transected to eliminate artifact. Care was taken to keep 

the nerve moist and warm. The CMAP of the tibial nerve and gastrocnemius 

complex was measured with either a Sierra Wave® (Caldwell Laboratories Inc., 

Kennewick, WA) or a Nicolet Viking IIe (Nicolet Instrument Corp. Madison, WI) 

electrodiagnostic system. The stimulation and recording protocol was identical for 

both instruments. Parameters measured included latency and amplitude of the 

action potential. A bipolar stimulating electrode was placed on the tibial nerve at 

the level of the obturator externus tendon. A surface recording electrode was 

placed on the gastrocnemius muscle and a reference electrode on the 

calcaneus. (Figure 12. Drawing of the electrophysiological testing setup. The 

nerve was then stimulated with a constant current of 0.4-0.5mA for 0.1ms. The 

testing protocol was repeated 3 times. The single result with the highest 

amplitude was recorded and used for further analysis. The contralateral limb was 

similarly tested and served as an internal reference. Parameters were expressed 

as a percentage of the value obtained for the contralateral limb. 
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Figure 12. Drawing of the electrophysiological testing setup. 

The compound motor action potential (CMAP) was measured by placement of 

stimulating electrodes on the sciatic nerve at the level of the obturator externus 

tendon. The peroneal nerve was cut to reduce artifact. The recording electrode 

was placed over the gastrocnemius at the junction of the two heads. The 

reference electrode was placed on the Achilles tendon. The nerve was then 

stimulated and the latency of conduction and amplitude of depolarization was 

recorded. 
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Muscle and tissue harvest.  

At the study termination, the animals were anesthetized with isoflurane and the 

gastrocnemius was harvested. The muscle was cleaned, rinsed, flash frozen in 

liquid nitrogen and stored at -80°C. The regenerated nerve was then removed 

and immersion-fixed in 2.5% glutaraldehyde. Following this, the animals were 

sacrificed. 

 

Nerve histomorphometry 

The 2mm of nerve just distal to the repair site was secondarily fixed in 1% 

osmium tetroxide, embedded in resin, sectioned to 1 µm and stained with 

Toluidine blue. All images were acquired on a Zeiss AxioImager M1 microscope 

(Carl Zeiss, Jena, Germany) using AxioVision 4.5 software.  

 

mRNA Expression 

The gastrocnemius was harvested and pulverized. Total RNA was extracted with 

Tri-Reagent® (Ambion, Austin, TX) and 1-bromo-3-chloro-propane (Sigma-

Aldrich, St Louis, MO). Quantity and purity were assessed prior to reverse 

transcription using a NanoDrop ND 1000 Spectrophotometer. The total RNA was 

reverse transcribed to cDNA (Invitrogen, Carlsbad, CA). Taqman® gene 

expression assays (Applied Biosystems, Foster City, CA) were used with a final 

reaction concentration of 900nM. Quantitative real time polymerase chain 

reaction (qRTPCR) was performed on an Applied Biosystems 7900HT with a 

384-well block. Thermocycling conditions were as follows: (1) one cycle 2 min at 
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50°C, (2) one cycle 10 min at 95°, (3) 40 cycles 15 sec at 95°C and 1 min 60°C. 

Muscle creatine kinase and glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) were used as endogenous controls. Preliminary studies were 

performed to determine the most appropriate endogenous control as well as 

optimal sample dilution. Relative quantification (delta-delta CT) was used to 

compare groups. All samples were normalized to the average of the young 

untreated group.  

 

Statistical analysis.  

All data were imported into SigmaStat 3.11 (Systat Software Inc., San Jose, CA) 

for analysis. Data were separated by model (GH-deficient vs. F344XBN aged) 

and separate analysis for each model was performed. For each outcome 

measure, a two-way ANOVA model was established with age and treatment as 

the independent variables. Post-hoc pair wise comparisons were made with 

Student-Newman-Keuls test. Transformations to ranked sums were made when 

the data were non-parametric. Type 1 error was set at 0.05. 
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Results 

 

Muscle weight and muscle recovery 

Muscle mass is known to increase with GH treatment. Thus, the weight of the 

contralateral (uninjured) gastrocnemius was measured to follow the effect of GH. 

There were significant differences between groups in the Dwarf Model. (Figure 

13) All animals that received GH had significantly higher muscle mass than the 

Dwarf Saline group (P<0.001). The AO-GHD group had significantly less muscle 

mass than both the GH-replete and Wild Saline groups (P<0.001). There was no 

significant difference between the GH Replete group and the Wild Saline group 

(P=0.541). For the Aged Model, there was no difference between the Aged Saline 

and Aged GH groups (P=0.255) (Figure 14) 

 

Muscle mass recovery after nerve injury was also examined. Following nerve 

transection and repair, there was a significant effect of time after injury (P 

<0.001), but there was no difference between experimental groups in either the 

Dwarf Model or Aged Model (P>0.05). (Figure 15)   
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Figure 13. Control-side gastrocnemius weights for Dwarf Model. 

There was a significant difference between the Dwarf Saline group and all others 

(* = P<0.001). In addition there was a significant difference between the AO-GHD 

and GH-Replete group * = P<0.001. There was no significant difference between 

the GH Replete group and the Wild Saline group (P=0.541). 
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Figure 14. Control-side gastrocnemius weight for Aged Model. 

There was no significant difference between groups (P=0.255) 
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Figure 15. Muscle mass recovery after nerve transection and repair. 

There was a significant effect of time point (P<0.001), but there was no effect of 

group (P=0.339). Data expressed as a percentage of contralateral uninjured 

control. 
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Electrophysiological recovery 

All experimental groups recovered nerve function by 2 months as measured by 

CMAP. For the GH-deficient model, there was a significant difference due to time 

point (P < 0.001) for both conduction delay and amplitude, however there was no 

difference due to group within each time point for latency ((P = 0.830) or 

amplitude (P = 0.463). (Figure 16) For the Aged Model, there were significant 

differences due to time point (P = <0.001) for both conduction delay and 

amplitude, but there was no effect due to group for conduction delay (P = 0.451) 

or amplitude (P = 0.632). (Figure 17)  Thus, there was no observed effect of GH-

deficiency or GH-replenishment on CMAP recovery after nerve transection and  

in either experimental model. 
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Figure 16. Amplitude recovery of Dwarf Model. 

There was a significant effect of time (P < 0.001), but there were no differences 

between groups in amplitude recovery at either 2 or 4 months following nerve 

transection and repair. Data are plotted as mean +/- standard error. 
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Figure 17. Amplitude recovery of Aged Model. 

There was no significant difference between time points or within group. No 

differences in amplitude recovery were seen at either 2 or 4 months following 

nerve transection and repair. Data are plotted as mean +/- standard error. 
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Nerve histology 

Histological examination of the regenerated peripheral nerve demonstrated that 

there were no appreciable differences between groups within the GH-deficient 

model.  All groups demonstrated robust regeneration with a high number and 

concentration of regenerated myelinated axons. (Figure 18) Overall, the 

appearance of the regenerated nerve was very similar to normal young animals 

described in Chapter II. In the Aged Model, there were fewer axons and less 

myelination compared to the GH-deficient Model animals (which were 4 months 

old). However, there was no difference within the Aged Model with respect to GH 

treatment. Thus, there was no observed effect of GH-deficiency or GH-

replenishment in either experimental model. 
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Figure 18. Representative histological sections from each experimental 
group.  
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Representative histological sections from each experimental group. 

Representative histological sections from each experimental group. Sections 

were obtained from the nerve 2 mm distal to the repair site, stained with Toludine 

blue and viewed at 1000X. There was no difference in axon number, axon 

density or axon diameter between the GH deficient, Adult-onset GH deficient, GH 

replete and Wild type. There were fewer axons in the Aged Saline and Aged GH 

groups. However, there was no difference between the Aged Saline and Aged 

GH. 
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mRNA expression 

mRNA expression at the NMJ was analyzed as described in Chapter II. Overall 

patterns of mRNA expression after nerve transection and repair were similar to 

those described in Chapter II. There were no consistent trends in differences due 

to GH-treatment. There were small but statistically significant differences in α-

nAChR expression and ∆-nAChR expression at 1 and 2-week time points, 

however similar trends were not seen with other nAChR subtypes. (Figure 19) 

These differences are interpreted as having no scientific significance. 
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Figure 19. Effects of GH on nAChR subunit gene expression following 
nerve transection and repair. 

Data are plotted as mean +/- standard error. * = p<0.05 
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Discussion 

 

This study failed to show any positive effect of GH on neuromuscular recovery 

after nerve transection and repair. Furthermore, there was no observed 

detrimental effect of GH-deficiency. These experiments indicate that GH-

deficiency does not impair neuromuscular recovery following nerve transaction, 

nor does GH replenishment improve neuromuscular recovery. There are several 

plausible explanations for these observations. First, it is possible that the pulsed 

GH injections used here are insufficient to increase IGF-1 levels at the site of 

nerve regeneration. This dose and schedule was chosen for its known effects on 

learning and behavior; however the physiology of peripheral nerve regeneration 

may rely more heavily on other mechanisms. Secondly, IGF-1 may be more 

important for sensory recovery after nerve injury than for motor recovery. Other 

investigators have found that IGF-1 increased sensory nerve recovery after 

injury53, however the present experiments focused wholly on motor recovery. 

Recently, Brushart et. al. showed that Schwann cells express motor and sensory 

phenotypes that regulate axon regeneration. Furthermore, they found that 

sensory-phenotype Schwann cells are preferentially more sensitive to IGF-176. 

The preferential trophism of IGF-1 for sensory nerve may explain the lack of an 

effect observed here. Lastly, the local levels of free IGF-1 may play a more 

important role in the regenerating nerve response, rather than circulating 

systemic levels. IGF-1 is heavily bound to binding proteins in systemic circulation 

and the physiology of the release of free IGF-1 into tissues, especially healing 

tissue, is not well characterized. With this negative data, the following study 
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described in Chapter III was undertaken to investigate the effect of locally 

delivered IGF-1 on neuromuscular recovery after nerve injury and repair. 
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Abstract 

 

Age is an important predictor of neuromuscular recovery after peripheral nerve 

injury. IGF-1 is a potent neurotrophic factor known to decline with increasing age. 

The purpose of this study was to determine if locally-delivered IGF-1 would 

improve nerve regeneration and neuromuscular recovery in aged animals. Young 

and aged rats underwent nerve transection and repair with either saline or IGF-1 

continuously delivered to the site of the nerve repair. After 3 months, nerve 

regeneration as well as neuromuscular junction morphology was assessed. In 

both young and aged animals, IGF-1 significantly improved axon number, 

diameter and density. IGF-1 also significantly increased myelination, Schwann 

cell activity and preserved the morphology of the post-synaptic NMJ. These 

results indicate the aged regenerating nerve is sensitive to IGF-1 treatment.
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Introduction 

Age is thought to be the most important predictor of neuromuscular recovery 

after peripheral nerve injury4. Of the 18 million extremity injuries recorded 

annually in the US, more than 50% occur in patients 45 years of age or older77. 

Children often regain near normal function after nerve injury2,3, but adults or aged 

patients experience slow or absent neuromuscular recovery. Over half of patients 

over the age of 50 do not achieve any functional recovery following nerve repair4, 

resulting in impaired activities of daily living. Aging is known to affect the 

structure and function of the peripheral nerve78,79, but the exact etiology of age-

related impairment in regeneration is unknown, although delayed axonal 

regeneration14,80 and instability of the neuromuscular junction (NMJ) has been 

implicated75. 

 

Insulin-like growth factor 1 (IGF-1) is single chain, 70-amino acid polypeptide, 

with a molecular mass of 7.6 kD, similar in structure to pro-insulin and is highly 

conserved across species81. IGF-1 plays a significant role in neuronal 

development24,82, recovery from neuronal injury25,26, neuronal survival83, as well 

as neurite outgrowth following crush injury34. In vitro studies suggest that IGF-1 is 

produced locally by non-neuronal cells following injury and stimulates 

regeneration84. Hansson et al first showed that IGF-1 is secreted from Schwann 

cells in an autocrine fashion after peripheral nerve injury25. IGF-1 has been 

shown to affect multiple facets of Schwann cell function in vitro that likely 

contributes to improved nerve regeneration27, including proliferation28, 
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mobilization, myelination29, and Schwann cell-axon interaction. IGF-1 knockout 

mice have defects in neurological development31, in addition to impaired recovery 

from neuronal injuries33. Thus, there is substantial evidence that IGF-1 plays a 

key role in neuromuscular recovery following injury. 

 

Age and developmental stage are the major determinants of IGF-1 levels. IGF-1 

levels peak during puberty, initiate and maintains the pubertal growth spurt20. 

Following the pubertal growth spurt, IGF-1 levels decline35, at a rate of 

approximately 14% per decade85,86 With continued aging, IGF-I concentrations 

fall to levels 20% to 80% of young adult values41, concordant with the decline in 

functional recovery following nerve transection and repair in this population4. 

 

Given the wide effects of IGF-1 on nerve regeneration and the known decline in 

IGF-1 with age, we sought to determine if IGF-1 replacement would improve 

nerve regeneration in aged animals. Previously, we found that increasing 

systemic IGF-1 via pulsatile GH injection did not improve nerve regeneration 

[Unpublished data]. Thus, the purpose of this study was to examine the effects of 

IGF-1, locally-delivered to a nerve transection site in aged rats and to evaluate 

neuromuscular recovery, axonal regeneration, myelination, Schwann cell activity, 

and the resulting changes at the NMJ. The hypothesis was that age-related 

decline in neuromuscular recovery following transection would be ameliorated by 

IGF-1 administered to the regenerating nerve. 
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Materials and Methods 

 

Animal model 

Thirty-two Fischer 344 x Brown Norway rats were obtained from the National 

Institute of Aging colony at Harlan Sprague Dawley (Indianapolis, IN). The 

animals were divided into two groups: Young adult (8 months) and Aged (24 

months). Each age group was sub-divided into Saline and IGF-1 treatment 

groups. There were n=6 young adult saline, n=6 young adult IGF, n=10 aged 

saline and n=10 aged IGF-1 animals. Animals underwent nerve transection and 

repair as detailed below and were sacrificed after 12 weeks. 

 

Surgical procedure 

The animal was anesthetized with isoflurane and an incision was made over the 

posterior aspect of the left thigh. Under the operating microscope, the sciatic 

nerve was exposed and the tibial nerve was isolated and transected 1 cm from 

its insertion into the gastrocnemius. The nerve stumps were placed in opposing 

ends of a custom-made T-tube and the middle arm attached to a mini-pump.  

(Figure 20) The mini-pump was buried subcutaneously under the skin of the 

back. The nerve conduit portion of the T-tube was made from 1016µm internal 

diameter, semi-porous Micro-Renathane® (Braintree Scientific, MA) and the T-

arm was constructed of Silastic® tubing (Dow Corning, Midland, MI). An ALZET 

2004 mini-osmotic pump (DURECT Corporation, Cupertino, CA) delivered either 

normal saline or IGF-1 at a rate of 0.25 μl/hr. Half of the animals received 

recombinant human IGF-1 (Bachem AG, Torrance, California) at 0.10μg/μL (100 
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µg/mL) concentration. Thus, final IGF-1 delivery was 0.025μg/hr, modeled after 

previous studies of IGF-1 infusion 87. The other half received normal saline only. 

The subcutaneous pumps were replaced under anesthesia after 6 weeks. At 12 

weeks after nerve transection and repair, tissue was harvested and the animals 

were overdosed with isoflurane and perfused with fixative.  
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Figure 20. Diagram of experimental setup. 

The tibial nerve was transected 1 cm from the insertion into the gastrocnemius 

and allowed to relax to create a 7 mm gap. A custom-made T-tube device was 

interposed between the nerve ends and secured with 9-0 nylon suture. The 

middle arm of the T-tube is connected to an osmotic pump which delivers either 

IGF-1 or normal saline at 0.25µl/hr. 

  



71 
 

Muscle and tissue harvest 

At the study termination, the animals were anesthetized with isoflurane and the 

gastrocnemius was harvested. The muscle was cleaned, rinsed, and flash frozen 

in liquid nitrogen and stored at -80°C. Following removal of the gastrocnemius, 

the animals were transcardially perfused with warm saline followed by ice cold 

4% paraformaldehyde. The regenerated nerve was then removed and 

immersion-fixed in 2.5% glutaraldehyde.  

 

Nerve histomorphometry 

The mid-point of the regenerated nerve was secondarily fixed in 1% osmium 

tetroxide, embedded in resin, sectioned to 1 µm and stained with Toluidine blue. 

All images were acquired on a Zeiss AxioImager M1 microscope (Carl Zeiss, 

Jena, Germany) using AxioVision 4.5 software. Images were imported into 

ImageJ (National Institute of Health, Bethesda, MD) for analysis. For the 

peripheral nerve, the following were measured: nerve diameter, nerve cross-

sectional area, axon number, axon density (axons per mm²), average axon 

diameter and the average g ratio (axon diameter: fiber diameter). Nerve diameter 

and nerve area were measured on 100X or 200X images. For axon number and 

axon density, 2-3 non-overlapping 400X fields were obtained from each of the 

four quadrants of the nerve. For average axon diameter and the average g ratio, 

3-4 non-overlapping 1000X fields were obtained from each of the four quadrants 

of the nerve. In each 400X high power field, the myelinated axons were counted 

and the area sampled was calculated, yielding axon density. For axon diameter 
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and g ratio, a minimum of 100 nerve fibers were analyzed. In order to focus 

analysis on motor neurons, axons under 1µm were not measured. For axon 

diameter, the measurement was from made from the inner table of the myelin 

sheath and did not include the myelin layer. G ratio was calculated by measuring 

axon diameter and total fiber diameter. 

 

mRNA expression of GAP43 

The lateral gastrocnemius was pulverized and total RNA was extracted with 

Trizol (Sigma-Aldrich, St. Louis, MO). Quantity and purity of the RNA was 

assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE) and quality of RNA was assessed with micro 

capillary gel electrophoresis (Agilent 2100 bioanalyzer, Agilent Technologies, 

Santa Clara, CA) prior to downstream applications. The mRNA was transcribed 

to cDNA using oligo-dT primers (Invitrogen, Carlsbad, CA) and Superscript II 

(Invitrogen, Carlsbad, CA). Primers were obtained from Applied Biosystems for 

GAP43 (NM_017195.3). Relative quantification qRTPCR was performed on an 

Applied Biosystems 7900HT with a 384-well block. Muscle creatine kinase (MCK) 

was used as an endogenous control, as it has been shown to be stably 

expressed in skeletal muscle with age65.  

 

Histology of the post-synaptic NMJ 

The medial gastrocnemius was pinned to resting length and immersed in 

isopentane cooled with dry ice. The muscle was sectioned on a cryotome 
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longitudinally in 25µm sections. The sections were permeablized with 0.1% Triton 

X-100 for 20 minutes, and then treated with AlexaFuor 488 conjugated α-

bungarotoxin (1:200, Invitrogen, Carlsbad, CA) for 1 hour. Sections were rinsed 

and fixed in 1% paraformaldehyde for 1 hour. Confocal images were obtained on 

a Zeiss 510 laser scanning confocal microscope with Argon and Helium-Neon 

lasers. Slice thickness was set at ≤1.2µm. Slices were then merged to create the 

final image. The NMJs were then qualitatively evaluated.  

 

Statistical analysis 

All data was imported into SigmaStat 3.11 (Systat Software Inc., San Jose, CA) 

for analysis. For each outcome measure, a two-way ANOVA model was 

established with age and treatment as the independent variables. Post-hoc pair 

wise comparisons were made with Student-Newman-Keuls test. Transformations 

to ranked sums were made when the data were non-parametric. Type 1 error 

was set at 0.05. 
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Results 

 

IGF-1 increases axon number, diameter and density in the regenerated nerve of 

both young and aged animals.  

Examination of the peripheral nerve revealed that in saline-treated aged nerves, 

there were fewer total axons, fewer axons per mm², and less myelination than in 

young saline-treated nerves. IGF-1 had a marked effect on both young and aged 

animals, increasing axon number, diameter and density, in addition to increasing 

myelination. (Figure 21) Quantitative data are presented in Figure 22. For the 

number of axons per nerve, IGF-1 increased total axon number in both young 

and aged animals; however this was only statistically significant for aged 

animals. For axon density, IGF-1 increased axon density in both young and aged 

animals; however this was only statistically significant for aged animals. For 

average axonal diameter, there was a significant increase in average axonal 

diameter in both young and aged animals when treated with IGF-1. There was no 

difference between the young IGF-1 group and aged IGF-1 group for number of 

axons per nerve, axon density and average axonal diameter. 
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Figure 21. Cross section of regenerated nerve segment. 
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Cross section of regenerated nerve segment. After 3 months, the regenerated nerve segment was removed, sectioned 

to 1µm, stained with Toluidine blue and viewed at 1000X. A) Young Saline, B) Aged Saline, C) Young IGF-1, D) Aged 

IGF-1. * = representative myelinated axons. Note that each axon is surrounded by a myelin of varying thickness. A 

myelinating Schwann cell (SC) can be seen in 2D. In the saline-treated group, the young nerve had a greater number of 

axons and greater axon density. With IGF-1 treatment, both groups experienced increases in axon number, diameter and 

density (axons per mm²). In addition, IGF-1 increased myelin thickness and the myelin/fiber ration (g ratio). Scale bar = 

10µm. 
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Figure 22. Effect of age and IGF-1 on axon number, density and diameter. 

Quantification of histological images revealed a significant effect of IGF-1 on A) Axons per nerve, B) Axon density (axons 

per mm²), C) Average axonal diameter. Although there were differences due to age for axons per nerve and axon density, 

these were not statistically significant. Data are expressed as mean +/- standard error * = p <0.05 
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IGF-1 increases myelination and Schwann cell activity in the regenerated nerve 

of both young and aged animals.  

Three parameters of Schwann cell activity and myelination were examined: 1) 

myelin thickness, 2) axon/fiber ratio (g ratio) 3) GAP43 mRNA expression, a 

marker of Schwann cell activity88,89. It was found that IGF-1 significantly affects 

all measured aspects of Schwann cell activity and myelination. (Figure 23) For 

myelin thickness and g-ratio, this effect was not age-dependent. However, for 

GAP43 expression aged animals had a greater response to IGF-1 than young 

animals. 
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Figure 23. Effect of age and IGF-1 on myelination 

Quantification of histological images revealed a significant effect of IGF-1 on multiple facets of myelination and Schwann 

cell function. A) Myelin thickness. B) g-ratio (axon-to-fiber diameter) C) GAP43. GAP43 is a marker of Schwann cell 

activity and myelination. GAP43 expression levels were found to be significantly increased by IGF-1 treatment in both 

young and aged animals compared to saline treatment. Data are expressed as mean +/- standard error * = p <0.05 
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IGF-1 preserves the morphology of the post-synaptic NMJ in aged animals 

The post-synaptic NMJ was stained with fluorescent-labeled α-bungarotoxin and 

qualitatively examined using laser scanning confocal microscopy. (Figure 24)  In 

saline treated young animals, the post-synaptic NMJs were highly contiguous, 

complex and had deep gutters, similar to uninjured control NMJs [Images not 

shown]. In Young IGF-1 animals, the NMJ was very similar to the Young Saline 

group. In the Aged Saline group, numerous NMJs displayed a loss of complexity, 

with markedly more shallow gutters, and a loss of perimeter and end-plate area. 

This is consistent with the morphology of denervated NMJs59,63. In contrast, in 

the Aged IGF-1 animals, the complexity, gutter depth, and overall morphology 

more closely resembled that of young animals. 
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Figure 24. Response of the neuromuscular junction to saline or IGF-1 treatment 
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Response of the neuromuscular junction to saline or IGF-1 treatment. A) Young Saline, B) Aged Saline, C) Young 

IGF-1, D) Aged IGF-1. The post-synaptic NMJ was stained with fluorescent-labeled α-bungarotoxin and imaged under a 

confocal microscope. In saline treated young animals (A), the post-synaptic NMJ was highly contiguous, complex and with 

deep gutters. In aged saline treated animals (B), there was a loss of complexity, with flattening of the gutters and a 

reduction in total post-synaptic area. This morphological appearance is consistent with chronic denervation. In young IGF-

1 treated animals (C), there were no differences from saline treated animals. In aged IGF-1 treated animals (D), there was 

an increase in the complexity and gutter depth, similar to the morphology seen in young animals. However, there was 

increased fragmentation seen in the aged IGF-1 group compared to the Young IGF-1 or Young Saline groups. Scale bar = 

20µm. 
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Discussion 

 

This study sought to determine if IGF-1 would improve neuromuscular recovery 

after nerve injury during aging. It was found that IGF-1 improved nerve 

regeneration by acting on the on the axons, Schwann cells and secondarily on 

the NMJ. These results suggest that there is no loss of sensitivity to IGF-1 with 

age and that IGF-1 can improve regeneration after nerve injury during aging 

 

Previous studies have examined the effect of systemically administered IGF-1 

during neuromuscular recovery in neonatal rats. Vergani et al found that systemic 

IGF-1 promoted neuronal survival following crush injury and improved muscle 

reinnervation55. Kanje et al found that locally delivered IGF-1 following crush 

injury in juveniles led to improved sensory function54. Tiancgo et al found that 

IGF-1 locally delivered to an end-to-side repair improved muscle function in 

young rats90. To the authors‟ knowledge, the current study is the first to examine 

the effect of IGF-1 during nerve regeneration in aged animals. 

 

Axonal outgrowth is central to nerve regeneration and IGF-1 is a well-

documented promoter of motor neuron survival91, axonal growth92, and axonal 

branching27. In the regenerating nerve, IGF-1 is a key promoter of initial sprouting 

and subsequent elongation of axons93. (For a review, see Rabinovsky, 2004) 

Although there has been extensive investigation of IGF-1 on neuron outgrowth 

and survival, nearly all of the studies were performed in vitro or in embryonic 

animals. Thus, it is not known how increased age affects the neuronal response 
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to IGF-1. The current study found that for metrics of neuronal trophism, aged 

animals had a robust response to IGF-1 treatment, increasing axonal number, 

diameters and density in the regenerated nerve segment. Thus, the neuronal 

response to IGF-1 of the regenerating axon does not appear to be limited due to 

age. 

 

The Schwann cell is a key factor in promotion of nerve regeneration. The effect 

of IGF-1 on Schwann cells has also been studied. IGF-1 is known to promote 

Schwann cell survival94, motility95, proliferation96, and myelination97. However, the 

physiology of Schwann cells from aged animals is largely unknown. The current 

study addressed some of the parameters of Schwann cell function in vivo: 

myelination and GAP43 expression. GAP43 is upregulated in nearly all 

myelinating Schwann cells of the distal stump following axotomy89. Expression of 

GAP43 is postulated to play a role in the interaction between the regenerating 

axon and Schwann cell88. In the current study, we found that GAP43 expression 

is significantly upregulated in both young and aged animals with IGF-1 treatment. 

In addition, GAP43 expression is higher in aged animals treated with IGF-1 than 

similarly treated young animals, suggesting that age increases sensitivity to IGF-

1 for this aspect of Schwann cell function. However, due to pooling of the whole 

muscle mRNA, the current study cannot differentiate between an increase in 

Schwann cell number and an increase in activity. Furthermore, since the sample 

was from muscle, the increase in GAP43 expression is due to intramuscular 

neurons, terminal Schwann cells or both. GAP43 expression in the regenerated 
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segment itself was not assayed. In addition to GAP43 activity, IGF-1 increased 

myelination in the regenerated nerve, independent of the increase in axon 

diameter. Thus, at the Schwann cell level, age does not impair the response to 

IGF-1 and results in an increased regenerative response.  

 

Failure to achieve reinnervation of the muscle is thought to contribute to impaired 

neuromuscular recovery after nerve injury19. In the current study, it was found by 

histological examination that the motor endplate regained an innervated, pre-

injury morphology in all but the Aged Saline group. This failure to reinnervate 

may be due to delayed nerve regeneration or instability of the post-synaptic NMJ, 

both of which have been shown to occur with aging75. In this study, treatment 

with IGF-1 may have accelerated axonal regeneration, leading to earlier 

reinnervation of the muscle, and thus preserving the post-synaptic NMJ. 

 

One limitation of this study is the lack of functional and electrical assessments. 

Functional recovery is the gold standard for clinical outcomes in human subjects, 

but historically, functional recovery in rodent models has been difficult to 

assess98. In rats, there is a poor correlation between functional, 

electrophysiological, and histological outcomes99. In this study, electrical 

measures of function were performed and showed a trend toward improvement 

with IGF-1 treatment, but this was not statistically significant [Data not shown]. 

Nonetheless, this study was able to demonstrate that IGF-1 improved nerve 

regeneration in aged animals. 
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An important strength of this study is the in vivo comparison between young adult 

and aged rats after a complete nerve transection. Previous studies of IGF-1 on 

nerve regeneration utilized in vitro, neonatal or juvenile animal models. In 

addition, many previous studies utilized crush injury models. Crush injuries in 

rodents typically have a near 100% rate of recovery and do not accurately model 

clinical scenarios wherein neuromuscular recovery is often very poor. While 

previous studies have helped to answer many questions about the effects of IGF-

1, this study is the first to examine in vivo the effects of age and IGF-1 on 

neuromuscular recovery following nerve transection.  

 

Overall, this study provides substantial evidence that locally-delivered IGF-1 

improves neuromuscular recovery after nerve injury in aged animals. This study 

showed that when local IGF-1 levels were equally supplemented in young and 

aged animals, nerve regeneration and NMJ preservation were similar, suggesting 

that IGF-1 may be a contributing factor in age-related impairment of 

neuromuscular recovery. However, the current study does not conclusively 

demonstrate that IGF-1 deficiency is the immediate cause of age-related 

impairments in neuromuscular recovery after injury. 
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Discussion, Conclusion and Future Direction 

 

Age is the single most important determinant of neuromuscular recovery after 

peripheral nerve injury4,56,57. The mechanisms that contribute to age-related 

decline in neuromuscular recovery are unknown. There are several potential 

sites in the regenerative pathway have been implicated, including axonal 

sprouting80, Schwann cell function, NMJ reestablishment and reorganization of 

cortical pathways56. With denervation, there are several changes in the post-

synaptic NMJ, including an increased rate of nAChR turnover67,70, increased 

mRNA expression of the nAChR subunits8,9,71, and a switch to expression of 

nAChRs with increased conductance. This constellation of changes preserves 

the NMJ during the period of denervation. Maintaining this stability of the NMJ 

during periods of denervation is thought to be critical to neuromuscular recovery.  

 

Previously, it was unknown if age affected the response of the post-synaptic NMJ 

to peripheral nerve injury. Data in Chapter II show that following denervation, the 

muscle has a characteristic pattern of nAChR and MRF upregulation. The peak 

of this upregulation correlates with the „critical period‟ in which muscle 

reinnervation leads to the greatest functional recovery19. In the data presented 

here, young animals were able to successfully increase transcription and 

synthesis of nAChR acutely following denervation, as well as expand the post-

synaptic motor end plate area. The increased nAChR mRNA and protein levels 

and expanded post-synaptic area correlated with increased CMAP recovery. 
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However, upregulation in aged animals was less robust, correlating with delayed 

recovery of CMAP, motor endplate fragmentation, loss of motor endplate area 

and reduced functional outcome compared to young animals. These results 

indicate that increased age negatively affects the response of the NMJ to 

denervation. 

 

Increased age has been shown to delay axonal regeneration80. This postulate, 

combined with evidence here, offers a plausible mechanistic explanation for age-

related impairments in neuromuscular recovery after peripheral nerve injury. 

Vaughn et. al.80, studied crush injury of the facial nerve in rats aged 3 and 15 

months. They found that axonal regeneration takes significantly longer in older 

animals than in young animals, largely due to delayed Wallerian degeneration 

and delayed axonal sprouting. Kobayashi et al.19 examined the effect a delay in 

nerve repair after a transection injury in normal young rat sciatic nerves. Animals 

underwent a transection of the sciatic nerve and a delay to repair of 1 week, 2 

weeks, 4 weeks, 3 months, 6 months or 12 months. After 6 months, they found 

excellent axonal regeneration in all groups, irrespective of delay in repair. 

However, there was a „precipitous and profound‟ decrease in muscle function 

and neuromuscular recovery if repair was delayed for longer than 1 month.  
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Together, these previous studies and the data presented here offer evidence that 

the status of the NMJ at the time of axonal reinnervation strongly influences its 

ability to reestablish a functional synapse and subsequent muscle recovery. 

Thus, with aging, there is a „double hit‟ to achieving functional neuromuscular 

recovery: 1) the baseline upregulation of the nAChRs and MRFs are attenuated 

with aging, and 2) the axons are delayed in reaching their target muscle, thus 

missing the „critical window‟ of NMJ stability and receptivity to reinnervation. 

 

It is well known that GH and IGF-1 decrease with age and senescence. Although 

the etiology of impaired recovery from nerve injury in the elderly is likely 

multifactorial, as discussed earlier, a decrease in circulating trophic/anabolic 

factors with age may contribute in part to these impairments. IGF-1 is known to 

play a significant role in neuronal recovery after injury25,26. Over the course of the 

lifespan, there is a gradual decrease in circulating levels of GH and IGF-1. Thus, 

the purpose of the research in Chapter III was to examine the effect of GH-

deficiency and GH replenishment on neuromuscular recovery after nerve injury. 

However, in these experiments, there was no observed detrimental effect of GH-

deficiency. Furthermore, there was no effect of exogenous GH administration on 

neuromuscular recovery after nerve transection and repair.  

 

There are several plausible explanations for these observations. First, it is 

possible that pulsed GH injections are insufficient to increase significantly the 

IGF-1 levels at the site of nerve regeneration. The physiology of peripheral nerve 
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regeneration may rely more heavily on local mechanisms, such as Schwann cell 

autocrine stimulation25 and/or fibroblast stimulation100. Local levels of free IGF-1 

may play a more important role in the regenerating nerve response, rather than 

circulating systemic levels, which are heavily bound to IGF-BPs. Secondly, IGF-1 

may be more important for sensory recovery after nerve injury than for motor 

recovery. Kanje et al found that locally delivered IGF-1 following crush injury in 

juveniles led to improved sensory function54. Other investigators have found that 

IGF-1 increased sensory nerve recovery after injury53, however the current 

experiments focused entirely on motor recovery. Recently, Brushart et al. 

showed that Schwann cells express motor and sensory phenotypes that regulate 

axon regeneration. Furthermore, Brushhart et al. found that sensory phenotype 

Schwann cells are preferentially more sensitive to IGF-176. Thus, preferential 

trophism of IGF-1 for sensory nerves may explain the lack of an observed effect 

in this neuromuscular study.  

 

Although systemically delivered GH did not improve nerve recovery, there 

remains a substantial body of evidence that IGF-1 promotes neuromuscular 

recovery after injury. Vergani et al. found that systemically administered IGF-1 

during neuromuscular recovery in neonatal rats promoted neuronal survival 

following crush injury and improved muscle reinnervation55. Tiancgo et al. found 

that IGF-1 locally delivered to an end-to-side repair improved muscle function in 

young rats90. IGF-1 must be free from its binding proteins to interact with its 

receptors and to exert its wide physiologic effects. Thus, in Chapter IV, we 
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sought to determine if free IGF-1, delivered directly to the site of nerve 

regeneration, would improve neuromuscular recovery in aged animals. Two 

central components of nerve regeneration were examined: axonal outgrowth and 

Schwann cell function. 

 

Axonal outgrowth is central to nerve regeneration after injury. In the regenerating 

nerve, IGF-1 is a key promoter of initial sprouting and subsequent elongation of 

axons93, axonal branching27 and growth92. In Chapter IV it was found that IGF-1 

had a marked effect on both young and aged animals, increasing axon number, 

diameter and density in both groups, such that there was no longer any 

detectable difference due to age. The current study found that for measures of 

neuronal trophism, aged animals had a robust response to IGF-1 treatment, 

increasing axonal number, diameters and density in the regenerated nerve 

segment. Thus, the neuronal response to IGF-1 of the regenerating axon does 

not appear to be limited due to age and aged neurons remain sensitive to IGF-1 

trophism. 

 

The Schwann cell is an important promoter of nerve regeneration and may be 

responsible for some of the observed effects in Chapter IV. In vitro studies 

suggest that IGF-1 is produced locally by non-neuronal cells following nerve 

injury and stimulates regeneration84. Hansson et al first showed that IGF-1 is 

secreted from Schwann cells in an autocrine fashion after peripheral nerve 

injury25. IGF-1 has been shown to affect multiple facets of Schwann cell function 
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in vitro that likely contribute to improved nerve regeneration27, including 

proliferation28, mobilization, myelination29, and Schwann cell-axon interaction. In 

Chapter IV, there was a significant effect of IGF-1 on several measures of 

Schwann cell function. Similar to the axonal effects, the effects on Schwann cells 

were not affected by age. IGF-1 treatment significantly increased myelin 

thickness, axon/fiber ratio and GAP43 mRNA expression. Thus, these data 

suggest that the local mechanism for IGF-1 trophism in aged animals may be 

Schwann cell-mediated and that age does not impair the response to IGF-1. 

Therefore, for both axonal and Schwann cell measures, this study showed that 

when local IGF-1 levels were equally supplemented in young and aged animals, 

nerve regeneration and NMJ preservation were similar, suggesting that lower 

tissue-level concentrations IGF-1 may be a contributing factor in age-related 

impairments of neuromuscular recovery.  

 

Overall, the work presented in this Dissertation fills in several important points in 

our understanding of the effects of age, GH and IGF-1 on neuromuscular 

recovery following peripheral injury. First, immediately following denervation, the 

muscle and NMJ undergoes a robust molecular response that quickly fades with 

time. This response is attenuated by age. Secondly, reinnervation in aged 

animals is delayed, strongly suggesting that failure of reinnervation during the 

early „critical period‟ leads to poor long-term neuromuscular recovery. Although 

there is a decline in circulating GH and IGF-1 with age, this decline does not 

appear to contribute to the age-related decline in neuromuscular recovery 



93 
 

following peripheral nerve injury. Furthermore, GH-deficiency and GH 

replenishment do not affect neuromuscular recovery following peripheral nerve 

injury. Lastly, free IGF-1 has a profound effect on neuromuscular recovery 

following peripheral nerve injury and aged tissue has the same robust response 

as young tissue.  

 

These data have direct clinical implications. First, based on the injury pattern, if 

nerve transection is suspected, early exploration may be warranted in order to 

promote reinnervation during the early „critical period‟ and maximize potential for 

neuromuscular recovery. Many orthopaedic problems have a neurogenic 

component such as lumbar spinal stenosis, carpal tunnel syndrome or fractures 

with concomitant nerve injuries. With these problems, early correction of the 

pathoanatomy and promotion of early reinnervation may preserve the NMJ and 

maximize neuromuscular function.  

 

Future research efforts on the problem of age-related impairments in 

neuromuscular recovery following peripheral nerve injury should focus on 

abnormalities in local reparative mechanisms rather than systemic alterations. 

These local reparative mechanisms may include pathways associated with 

Wallerian degeneration, including macrophage signaling and function. In 

addition, research should focus on the response of the Schwann cell to injury 

including proliferation, migration, signaling of macrophages, induction of neuronal 

growth and myelination Derangements in some or all of these processes may be 
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present with aging. The results of these future experiments can better define the 

mechanism of age‐related impairments in neuromuscular recovery following 

peripheral nerve injury and identify pathways and factors to be targeted by 

therapeutic and regenerative strategies. By understanding the mechanism of 

age‐related impairment, future therapies can improve recovery after nerve injury 

for older patients.  
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