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ABSTRACT

Excess and deficiency of endocrine growth hormone (GH) have been correlated with 

ocular disease. Locally-derived GH from the vitreoretinal space may also correlate with 

ocular disease, exerting autocrine/paracrine actions in the eye. In human controls and 

both non-diabetics and diabetics with ocular disease, GH immunoreactivity was detected 

by Western immunoblot in the neural retina and vitreous humour, and quantified by 

ELISA in the vitreous humour. GH-immunoreactive proteins o f sizes 22 kDa and >45 

kDa were characterized. Levels of uncorrected and protein-corrected vitreous GH were 

significantly lower in diabetics than in controls matched for age, gender, and plasma GH. 

Non-diabetics with macular holes had significantly lower levels of uncorrected vitreous 

GH than controls. In non-diabetics and diabetics, levels o f protein-corrected vitreous GH 

showed a positive linear correlation with levels of protein-corrected vitreous free IGF-1, 

suggesting IGF-1 dependence o f retinal GH action. Therefore, reduced locally-derived, 

ocular GH may be a marker of ocular disease.
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A. Preamble

Growth hormone (GH) is traditionally considered to be a collection of functionally- 

related proteins secreted by somatotrophs of the pituitary gland into the bloodstream, 

through which they are transported to their ubiquitous target sites. GH, then, is an 

endocrine hormone. GH moieties have different biological activity in various tissues, and 

are involved in processes such as growth and metabolism (Harvey et. al., 1995). GH can 

act directly on cells or can act indirectly via a host of other factors such as insulin-like 

growth factor-1 (IGF-1; Le Roith et al., 2001).

Pathophysiological states of circulating GH excess and deficiency have been associated 

with various ocular pathologies. Excess circulating GH has been associated with several 

ocular diseases including diabetic retinopathy (DR), an ocular complication involving 

neovascularization o f the retina which occurs in both insulin-dependent and non-insulin 

dependent diabetics. DR remains the major cause of acquired blindness in young people 

and adults in developed countries (Chiarelli et al., 2005), with approximately 80% of 

insulin-dependent diabetics of 10 years duration being affected (Klein et al., 1992). 

Conversely, congenital GH deficiency is also associated with various ocular disorders 

including refractive errors of the eye (Parentin et al., 2004), visuomotor defects (Shurka 

and Laron, 1975), and altered retinal vascularization due to reduced vessel branching 

points (Hellstrom et al., 1999).

The discovery o f extrapituitary GH -  that is, GH produced in non-pituitary cells 

throughout the body -  has added a further dimension to GH research. GH is known to be

2
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produced in cells o f the brain, immune system, placenta, mammary gland, and testis 

(Harvey and Hull, 1997), among others. Locally-produced GH may bypass the 

bloodstream and act on neighbouring cells (as a paracrine) and/or on the originating cell 

itself (as an autocrine).

Recently, extrapituitary GH has been detected at high concentrations in the retina and 

vitreous humour o f the embryonic chick (Baudet et al., 2003), which can be considered a 

model system for ocular development (Bahr, 2000). The retina is a tissue posterior to the 

lens o f the eye that receives light and transduces it into electrical signals that are relayed 

to the brain. The vitreous humour is the translucent, gel-like matrix adjacent to the retina 

which gives the eye its shape and which allows for penetration o f light through the eye. 

The detection of GH in the retina and vitreous raises the possibility that GH -  acting as 

an endocrine and/or an autocrine/paracrine factor -  may be involved in human ocular 

development. As well, the discovery of extrapituitary GH in the perinatal and adult rat 

(Harvey et al, 2006) suggests roles for local GH in normal ocular function.

The eye is a repository o f many peptide factors, working in synergy to ensure 

homeostasis. An imbalance in one or more of these factors in the vitreous may contribute 

to ocular disorders, and thus these factors could be considered as markers o f ocular 

disease. Such factors include vascular endothelial growth factor (VEGF; Funatsu et al., 

2002b), transforming growth factor- P (TGF-P; Boulton et al., 1997), intracellular 

adhesion molecule-1 (ICAM-1; Funatsu et al., 2006), leptin (Maberley et al., 2006) and 

IGF-1 (Simo et al., 2003). Given the range o f ocular pathologies associated with GH

3
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excess and deficiency, the finding of localized GH in the embryonic chick and adult rat 

retina and vitreous humour, the ability of GH to promote proliferation o f human retinal 

endothelial cells (Rymaszewski et al., 1991) and its role in ischemia-induced retinal 

neovascularization (Smith et al., 1997), levels of GH in the human eye may be correlated 

with various ocular disorders.

B. Pituitary growth hormone (GH)

1. SYNTHESIS AND SECRETION

Growth hormone (GH) is traditionally considered to be a collection o f structurally related 

polypeptides produced by somatotroph cells of the anterior pituitary (adenohypophysis) 

and secreted into the bloodstream, through which they are transported to their ubiquitous 

systemic target sites (Butler and Le Roith, 2001). Approximately half of the circulating 

GH is bound by a GH binding protein (GHBP), the extracellular component o f the GH 

receptor (GHR; Baumann, 2001). Circulating GHBP primarily stabilizes serum GH 

concentration and extends its half-life in the bloodstream (Baumann et al., 1987). GHBP 

has an apparent molecular weight of 60-65 kDa, depending on its state of glycosylation 

(Baumann, 2002).

The hGH (human GH) proteins are synthesized primarily by the hGH-N (Normal) gene 

in the pituitary gland (Baumann, 1991; Sami, 2007). GH secretion and release from the 

pituitary are modulated by two opposing hypothalamic hormones. GH-releasing hormone 

(GHRH) stimulates synthesis and secretion of GH (Gick et al., 1984; Lengyel, 2006) 

whereas somatostatin -  also known as somatotropin release inhibiting factor (SRIF) -

4
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inhibits GH release (Fukata et al., 1985). In addition, plasma factors such as IGF-1 can 

down-regulate GH secretion (Chen et al., 2005), and GH itself can inhibit its own 

secretion via an auto-feedback mechanism (Harvey et al., 1995; Ridderstrale, 2005).

Age and gender also affect GH secretion. Secretion peaks at late puberty and steadily 

declines throughout adulthood and senescence (Sherlock and Toogood, 2007) -  a 

phenomenon known as the somatopause -  such that after age 60 plasma GH levels are 

< 20% of that during late puberty (Ho and Hoffman, 1993). Premenopausal women have 

higher plasma GH concentration than men (Ho et al., 1987), since estrogen can modulate 

GH secretion and possibly its clearance and action (Leung et al., 2004).

A. Isohormones

Following stimulation of GH synthesis and its release, the majority o f hGH in blood 

serum is monomeric with a molecular weight of 22 kilodaltons (kDa) (Stolar et al.,

1984b; De Palo et al., 2006b). However, several immunoreactive GH isohormones are 

also released from the pituitary and into the blood stream. These isohormones differ in 

their primary structure (Baumann, 1991), likely due to processing of the mRNA transcript 

(DeNoto et al., 1981; Popii and Baumann, 2004). In human pituitary and serum, they 

have molecular weights of 17.5 kDa and 20 kDa (Lewis et al., 1980; Lecomte et al.,

1987; Lewis et al., 2000). Immunoreactive GH of 12 kDa and 30 kDa in human serum 

have also been reported (Baumann et al., 1985).

5
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B. Variants

In addition, hGH can undergo a variety of post-translational modifications in mammals, 

including glycosylation to yield a 24 kDa variant (Haro et al., 1996; Lewis et al., 2000), 

deamidation (Lewis et al., 1981; Popii and Baumann, 2004), phosphorylation (Liberti and 

Joshi, 1986), and acylation (Lewis et al., 1979).

The hGH protein can also be found in dimerized/oligomerized and proteolytically 

cleaved forms (Lewis et al., 2000). Homodimers which are linked via disulfide bonds are 

known to be extremely stable under strong reducing and denaturing conditions (Grigorian 

et al., 2005). They have a molecular weight of approximately 45 kDa, while oligomers of 

62 kDa, 80 kDa, and 110 kDa have also been resolved in blood plasma by electrophoretic 

separation (Stolar et al., 1984a).

Proteolytic cleavage o f 22 kDa monomer GH results in a moiety o f 17 kDa found in 

serum (Sinha and Jacobsen, 1994; De Palo et al., 2006a). Additionally, cleaved monomer 

GH can link together covalently to re-form a 22 kDa moiety which appears as a 24 kDa 

moiety on electrophoretic gels (Maciag et al., 1980). This variant can be reduced to 8 kDa 

and 14 kDa moieties in vitro by endogenous proteases associated with liver membranes 

(Schepper et al., 1984). Detectable GH in the blood plasma, then, can be a 

conglomeration of various isohormones and variants of the hGH-N gene product.

6
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2. ROLES IN GROWTH AND METABOLISM

GH, as its name suggests, is required for post-embryonic growth. Circulating GH 

secreted by the pituitary reaches cell-surface receptors in the liver modulating a 

subsequent release o f hepatic insulin-like growth factor I (IGF-1) and other factors into 

circulation (Le Roith et al., 2001). IGF-1, in turn, acts in an endocrine and/or 

autocrine/paracrine (see below) manner on the epiphyseal plate o f long bones leading to 

somatic growth (Juul, 2003). Thus, GH action in growth and metabolism can be IGF-1 

dependent. However, direct (non-IGF-1-mediated) effects of GH on postnatal growth 

(Isaksson et al., 1982; Wang et al., 1999) and other processes such as skeletal muscle cell 

fusion (Sotiropoulos et al., 2006) and proliferation of beta cells in the pancreas 

(Billestrup and Nielsen, 1991) have also been suggested.

GH also has an effect on fat, protein, and carbohydrate metabolism. In particular, its 

effects are anabolic and are likely dependent on local production and autocrine/paracrine 

action of IGF-1 (Butler and Le Roith, 2001). GH-deficient individuals offer clear 

evidence of GH’s metabolic effects; they show increased body fat and decreased lean 

body mass and skeletal muscle (Takahashi and Satozawa, 2002). Acute administration of 

GH has a lipolytic effect on fat and can lead to a rise in circulating levels of free fatty 

acids and glycerol (Jorgensen et al., 2007). GH promotes protein synthesis in muscle and 

treatment with GH in GH-deficient individuals results in increased muscle size (Kostyo, 

1968; Moller et al., 2007). Acute GH administration leads to insulin-like effects on 

carbohydrate metabolism, while in the long term GH stimulation causes hyperglycemia,

7
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enhanced hepatic gluconeogenesis and glycogenolysis, and a state o f insulin-resistance 

(Butler and Le Roith, 2001).

3. ROLES IN OCULAR FUNCTION

There is a possibility that pituitary GH exerts an endocrine effect on the eye. In healthy 

mice, intraperitoneal injection of GH affects electroretinogram readings, demonstrating a 

GH effect on retinal ganglion cell (RGC) function (Hattori and Fukuchi, 1974). Human 

retinal microvascular endothelial cells in vitro express receptors for GH and respond to 

exogenous GH stimulation by proliferating (Rymaszewski et al., 1991), supporting a role 

for GH in retinal angiogenesis. Opticin, a proteoglycan present in vitreous and which 

binds GH (Sanders et al., 2003) may help ensure the needed supply o f GH for retinal 

angiogenesis (Forrester, 2004). In the human eye, both excess and deficiency of 

circulating GH are believed to play a role in a variety o f ocular disorders (reviewed by 

Harvey et al, 2007).

A. GH excess

Elevated serum GH levels have been associated with various ocular disorders. The effects 

o f excess GH are thought to be indirect. Specifically, elevated levels of glucose as a 

result of GH excess are implicated in local ischemia and a rise in reactive oxygen species, 

both of which can lead to ischemia-induced neovascularization (Butler and Le Roith, 

2001; Kowluru et al., 2001) and apoptotic death of retinal capillary endothelial cells, 

which itself can induce ischemia (Frank, 2004). These indirect GH effects are 

underscored by the fact that long term, tight control of blood glucose and free fatty acids

8
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is an important preventative and treatment measure for those with DR (Boehm, 2007). 

Whether through direct or indirect effects, high plasma GH levels lead to retinal 

neovascularization in a mouse model of retinopathy due to retinal ischemia (Smith et al., 

1997). Similarly, elevated plasma GH levels played a direct or indirect role in retinopathy 

of human infants, as elevated plasma GH in one-month-old preterm infants was 

associated with the development of retinopathy of prematurity (Hikino et al., 2001). Non- 

neovascular ocular disorders are also associated with serum GH excess. High levels of 

serum GH may be implicated in the etiology of open-angle glaucoma, possibly raising 

intraocular pressure by modifying the sclero-comeal trabecular meshwork (Greco et al., 

1979). Pituitary adenomas, which can cause hypersecretion o f GH, can exert pressure on 

the optic nerve which can affect vision (Chanson and Salenave, 2004). In addition, 

tumors o f the choroid have been reported in patients with acromegaly, a state of 

congential GH excess (Corcuff et al., 1997). GH hypersecretion was also observed in a 

patient with neurofibromatosis type I and an optic nerve glioma, likely as a result of 

reduced somatostatin secretion (Drake et al., 2000).

B. GH deficiency

GH deficiency is also implicated in various ocular diseases. Children with congenital GH 

deficiency show altered retinal vascularization in the form of reduced vessel branching 

points (Hellstrom et al., 1999; Parentin et al., 2004), implicating GH as an important 

factor in normal retinal angiogenesis. Optic disc and nerve hypoplasia as well as septo- 

optic dysplasia are also associated with GH deficiency (Hoyt et al., 1970; Willnow et al.,

1996), with early GH therapy suggested as a therapeutic measure to prevent sight-

9
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threatening sequelae (Mutz et al., 1984). Furthermore, refractive errors of the eye, most 

notably hyperopia, are common in children with GH deficiency and are related to the 

shorter axial length of the eye (Parentin et al., 2004). Well-timed GH replacement therapy 

can result in a normal ammetropization process in these children (Parentin and Perissutti,

2005). Patients with Laron dwarfism, characterized by short stature, lower-than-average 

intelligence and GH resistance, also show visuomotor defects (Shurka and Laron, 1975) 

related to refractive errors o f the eye (Bourla et al., 2006). Jacobsen syndrome, a 

condition caused by chromosomal deletion on chromosome 11, is associated with a 

variety o f disorders including pituitary GH deficiency, ptosis, colobomas of the choroids 

and retina, glaucoma, and cataracts (Pivnick et al., 1996). In addition, those with RHYNS 

(Retinitis pigmentosa, Hypopituitarism, Nephronophthisis, and mild Skeletal dysplasia) 

syndrome, marked by retinitis pigmentosa and reductions in photoreceptor responses, are 

GH deficient (Di Rocco et al., 1997; Hedera and Gorski, 2001). Cockayne syndrome, a 

rare childhood disorder characterized by pigmentary degeneration of the retina, is 

similarly associated with pituitary GH deficiency (Park et al., 1994). All o f these studies 

point to endocrine and/or autocrine/paracrine GH as an essential factor in the 

development and proper function of the human eye. Finally, postmenopausal women with 

idiopathic macular holes had lower systemic levels of GH than age-matched women 

without macular holes (Kmera-Muszynska and Zgliczynski, 2000).

4. ROLES IN DIABETES MELLITUS (DM)

Diabetes mellitus is a metabolic disease characterized by hyperglycemia and is often 

accompanied by reduced or absent sensitivity to circulating insulin. Diabetes may be

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



characterized as insulin-dependent diabetes mellitus (IDDM, requiring regular injections 

o f insulin) or non-insulin-dependent diabetes mellitus (NIDDM, with individuals usually 

on oral hypoglycemic treatment). More than seventy years ago, evidence began to 

accumulate that circulating GH had a role in the etiology of diabetes mellitus. Houssay 

and Biasotti first described improvement of hyperglycemia in experimentally diabetic 

dogs following hypophysectomy, or removal of the pituitary (Biasotti and Houssay, 

1932). Subsequent studies reported that repeated injection of anterior pituitary extract -  

o f which GH was the active component -  maintained adult dogs in a permanent diabetic 

state (Cotes and Crichton, 1949). Long-term GH treatment leads to insulin-resistance 

(Butler and Le Roith, 2001) and eventually to diabetes with fasting hyperglycemia 

(Sonksen et al., 1993).

In humans, plasma GH levels were found to be elevated in insulin-dependent diabetics 

(Johansen and Hansen, 1969; Lundbaek et al., 1970). In addition, those with IDDM had 

abnormally high spontaneous and stimulated GH secretion compared to non-diabetic 

controls (Powell et al., 1966; Holt et al., 2003). Plasma GH levels are likewise increased 

in non-obese subjects with NIDDM compared to non-obese controls (Hansen, 1973), 

while plasma GH levels are decreased in obese subjects with NIDDM compared to obese 

controls (Kjeldsen et al., 1975). Obesity itself is likely the reason for this decrease, as 

obesity is common in NIDDM and suppresses spontaneous and stimulated GH secretion 

(Scacchi et al., 1999).
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A. GH and diabetic retinopathy (DR)

Circulating GH has long been implicated in diabetic retinopathy (DR), an ocular disease 

involving neovascularization of the retina (see below). Poulsen described recovery from 

DR in a patient with Simmond’s disease (1953), characterized by damage to the pituitary 

gland. In insulin-dependent diabetics, circulating GH levels were shown to be higher in 

those with than without retinopathy (Powell et al., 1966; Kaneko et al., 1985). GH- 

deficient dwarfs with glucose intolerance had lower-than-expected incidence of DR 

(Merimee, 1978), despite the lack of an appropriately matched control group in that study 

(Winegrad and Greene, 1978; Alzaid et al., 1994). Cultured human retinal endothelial 

cells were shown to proliferate following treatment with GH (Rymaszewski et al., 1991). 

Additionally, somatostatin-like immunoreactivity was shown to be reduced in the 

vitreous of patients with proliferative DR (PDR; (Simo et al., 2002). As native GH has 

been implicated as an angiogenic factor (Corbacho et al., 2002) -  particularly in 

ischemia-induced retinal neovascularization (Smith et al., 1997) -  high serum GH levels 

may play a pro-angiogenic role in the diabetic eye.

There is, however, controversy surrounding the role o f GH in the etiology o f DR. 

Curiously, patients with acromegaly -  a state o f congenital GH excess -  rarely present 

with DR (Ballintine et al., 1981). One study found DR-like retinal changes following GH 

replacement therapy in two non-diabetic patients (Roller et al., 1998) and a recent study 

implicated GH therapy in the progression of retinopathy in a non-diabetic patient with 

short stature and hypermetropia (Paterson et al., 2007). Subsequent cessation of GH 

replacement therapy resulted in full remission of retinopathy (Hansen et al., 2000;
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Paterson et al., 2007). However, another study (larger and cross-sectional) found no 

retinal changes following GH replacement therapy in GH-deficient patients (Blank et al., 

2000; Urban et al., 2005).

C. Extrapituitary GH

1. AUTOCRINE/PARACRINE GH

Complimenting the endocrine actions of GH are its autocrine/paracrine effects exerted in 

extrapituitary sites of GH production. The visual systems of embryonic domestic fowl 

(Baudet et al., 2003; Harvey et al., 2004) and neonatal and adult rats (Harvey et al., 2006) 

have been reported to be sites of GH synthesis and autocrine/paracrine GH action.

A. Distribution in the visual system 

In the visual system of the embryonic chick, GH immunoreactivity was detected in the 

vitreous humour, in RGCs, and in the retinal pigmented epithelium (RPE; Baudet et al., 

2003; Harvey et al., 2003). Interestingly, this GH-immunoreactive protein was primarily 

associated with a protein of size 15 kDa rather than the monomer 22 kDa protein (Baudet 

et al, 2003). GHR immunoreactivity, as well as GH and GHR mRNA were also detected 

in the neural retina and RPE (Harvey et al., 2001; Harvey et al., 2003). This novel 

discovery indicates local, extrapituitary GH production within the eye. Local GH 

production is further suggested by GH immunoreactivity detected at embryonic day 7 

(ED7), prior to the differentiation o f pituitary somatotrophs (Baudet et. al., 2003) at 

ED12 (Harvey et al., 1998) and the appearance of GH immunoreactivity in the 

bloodstream at ED 17 (Harvey et al., 1979). Moreover, the BRB has been shown to
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exclude the passage of circulating GH into the eye (James and Cotlier, 1983; Cunha-Vaz,

1997), further suggesting the presence o f local GH in the vitreoretinal space. The chick 

eye is relevant since it has been used as a model for retinal neurogenesis (de la Rosa and 

de Pablo, 2000), human ocular development and ametropia (Lawrence and Azar, 2002; 

Choh and Sivak, 2005). Recently, GH immunoreactivity and GH mRNA were also 

detected in the neural retina of perinatal and adult rats, particularly in RGCs and their 

axons in the optic fiber layer (Harvey et ah, 2006). In plasma and vitreous of neonatal 

rats, expression of GH has a specific ontogenic pattern from birth to weaning, with 

compartment-specific differences in plasma and vitreous GH levels (Modanlou et al.,

2006). Specifically, while retinal GH levels remained constant from birth to weaning, 

both plasma and vitreous levels of GH declined with age, with levels being comparable at 

birth but vitreous levels much lower than plasma levels at postnatal days 7, 14, and 21 

(Modanlou et al., 2006). These findings suggest that the plasma, retina, and vitreous 

comprise three separate compartments of immunoreactive GH, at concentrations that can 

change with age.

B. Ocular effects

In vertebrates, GH is a factor involved in the morphological development o f the eye 

(Diaz-Casares et al., 2005). Studies in embryonic chicks have demonstrated that during 

development, extrapituitary GH in the vitreoretinal space acts as an autocrine/paracrine 

factor involved in retinal differentiation (Harvey et al., 2003; Harvey et al., 2004). Retinal 

GH also exerts an anti-apoptotic effect on differentiating retinal ganglion cells during 

development both in vitro and in vivo (Sanders et al., 2005). GH can stimulate IGF-1
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synthesis in the teleost eye (Otteson et. al., 2002) and chicken GH can increase retinal 

IGF-1 mRNA levels in cultured embryonic chick retina (Baudet et. al., 2003), although 

rat retinal IGF-1 levels are reported to be GH independent (Gerhardinger et. al., 2001). 

Extrapituitary GH in the eye, then, may have roles in human ocular development and 

function.

D. Insulin-like growth factor 1 (IGF-1)

1. SYNTHESIS AND ROLES

Insulin-like growth factor-I (IGF-1), historically known as somatomedin C (Daughaday 

et al., 1972), is a peptide of 7649 daltons which shares structural homology and 

biological properties with insulin (Zapf et al., 1984). Circulating IGF-1 is largely 

synthesized in the liver (Jansen et al., 1983) and is released into circulation in response to 

GH stimulation. The majority o f IGF-1 -  more than 99 percent -  circulates in serum 

complexed with various binding proteins (Juul, 2003). There are six known IGF binding 

proteins (IGFBP) of sizes 24 kDa, 30 kDa (Hardouin et al., 1989), 32 kDa (Bienvenu et 

al., 2004), 34 kDa, 38.5 kDa, and 41.5 kDa (Hardouin et al., 1989). IGF-1 may also bind 

to other serum binding proteins, such as acid labile subunit (ALS). IGFBP-3 along with 

ALS binds the majority of IGF-1 in circulation, in a 150 kDa complex (Jones and 

Clemmons, 1995). Free, unbound IGF-1 may represent the biologically active fraction of 

IGF-1 in circulation (Juul et al., 1997; Chen et al., 2005) although it accounts for less 

than 1% of the total circulating IGF-1 (Juul, 2003). At physiological pH, free IGF-1 is 

likely dimerized (Cooke et al., 1991) with a molecular weight o f 15 159 daltons (Koyama 

et al., 2003).
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IGF-1 can also be produced in a variety of tissues other than the liver, where it may exert 

local autocrine/paracrine effects. Endocrine and/or autocrine/paracrine IGF-1 have 

extensive roles in metabolism (Le Roith et al., 2001), spatial learning and memory 

(Svensson et al., 2006), neurogenesis (Hemandez-Sanchez et al., 1995), and cell survival 

(Kurmasheva and Houghton, 2006; Seigel et al., 2006), to name a few.

2. IGF-1 AND OCULAR DISEASE

Serum IGF-1 has been shown to affect ocular function. This effect is underscored by the 

finding that monomer IGF-1 crosses the BBB (Reinhardt and Bondy, 1994; Armstrong et 

al., 2000; Carro and Torres-Aleman, 2006), possibly in a carrier-mediated manner 

(Pulford and Ishii, 2001) and that the BBB is similar in function to the BRB (Lightman et 

al., 1987). In the vitreous of patients with DR and macular hole, changes have been noted 

in expression of IGFBPs of size 30 kDa and 34 kDa (Boulton et al., 1997), further 

implicating IGF-1 in the etiology of ocular disease.

Levels of serum IGF-1 have been linked to ocular disorders o f the eye. In preterm one- 

month-old infants, decreased serum IGF-1 levels were associated with retinopathy of 

prematurity (Hikino et al., 2001). Postmenopausal women with idiopathic macular holes 

had lower systemic levels o f IGF-1 than age-matched women without macular holes 

(Kmera-Muszynska and Zgliczynski, 2000). IGF-1 receptor/binding protein has also been 

detected in epiretinal membranes o f diabetic origin (Ulbig et al., 1995), raising the 

possibility that IGF-1 may be involved in the formation o f epiretinal membranes in
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diabetic patients. O f note, Van Setten et. al. (2002) measured high levels of IGF-1 in 

subretinal fluid following retinal detachment in a diabetic patient with acromegaly.

A. Endocrine IGF-1 and DR 

Plasma IGF-1 has been implicated in the etiology of DR. Controversy, however, 

surrounds plasma IG F -l’s role in this disease, likely due to methodological differences in 

IGF-1 assays. A transient increase in serum IGF-1 levels has been reported in the early 

stage of retinal neovascularization in DR (Merimee et al., 1983; Hyer et al., 1989b), 

while other studies have shown no association between incidence o f DR and plasma IGF- 

1 level (Wang et al., 1995; Frystyk et al., 2003), although one study did find decreased 

plasma total IGF-1 levels in diabetics compared to controls (Frystyk et al., 2003). 

Decreased plasma free IGF-1 is associated with diabetes (Feldmann et al., 2000; Frystyk 

et al., 2003) but is not associated with PDR (Frystyk, 2004). Those with IDDM and DR 

had similar levels of plasma free IGF-1 as diabetics without DR (Frystyk et al., 2003). 

Studies measuring IGF-1 levels in human vitreous humour from adult patients have 

shown that increased total (Meyer-Schwickerath et al., 1993; Burgos et al., 2000) and 

free IGF-1 (Simo et al., 2003) in the vitreous is associated with PDR. In both cases, 

diffusion o f IGF-1 from the plasma into the vitreous likely accounts for at least some of 

the measured IGF-1, as leakiness of the BRB is a hallmark of DR (Pfeiffer et al., 1997; 

Felinski and Antonetti, 2005).
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B. Autocrine/paracrine IGF-1 and DR 

Contribution of locally-produced retinal IGF-1 to the etiology o f PDR cannot be 

dismissed (Frystyk et al., 2003), with IGF-1 possibly playing an autocrine/paracrine role. 

The human retina produces IGF-1 and its receptor/binding proteins (Spoerri et al., 1998), 

and IGF-1 mRNA is decreased in diabetic versus non-diabetic retinae (Spoerri et al., 

1998; Gerhardinger et al., 2001). This correlates with another study showing decreased 

intraocular (locally-produced) IGF-1 in the vitreous of patients with proliferative DR 

(Simo et al., 2003). This local IGF-1 is likely produced in the retina and exerts 

autocrine/paracrine effects in the eye, affecting the incidence o f DR.

E. The human eye

The human eye is composed of several structures that, together, enable vision. Light 

enters the eye through the cornea, passes through the aqueous humour, strikes the lens 

and undergoes refraction, and enters the vitreous humour before striking the retina at the 

posterior end of the eye.

1. ANATOMY OF THE VITREOUS HUMOUR

The anatomy of the vitreous humour has been extensively reviewed by Bishop (2000). In 

brief, the human vitreous humour is a clear, gel-like extracellular matrix composed 

mainly of water but also containing phagocytic cells called hyalocytes (Grabner et al., 

1980; Bishop, 2000), unbranched collagen fibrils which contain macromolecules such as 

proteoglycans (Sanders et al., 2003), and hyaluronan (Bishop, 2000). Under normal

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



conditions, the volume of adult human vitreous is approximately 4.5 mL and is found 

attached to the retina and adjacent to the lens.

The vitreous is also a reservoir for various systemic and local factors, some of which 

have been correlated to ocular disease. Boulton et al. (1997) correlated intravitreal growth 

factor levels and state o f ocular disease for several growth factors including transforming 

growth factor-P (TGF-[3), IGF-1, and epidermal growth factor (EGF). Decreased 

intravitreal free IGF-1 has previously been mentioned as a marker o f PDR in a subset of 

patients (Simo et al., 2003). Increased vitreal levels of vascular endothelial growth factor 

(VEGF) and intracellular adhesion molecule-1 (ICAM-1) have been implicated in 

diabetic macular edema (Funatsu et al., 2005b), as have elevated levels of angiotensin II 

(Funatsu et al., 2002a). Levels of both VEGF and angiotensin II in the vitreous were 

elevated in those with active PDR compared to those with quiescent PDR, demonstrating 

that these two factors serve as ocular markers of the severity of PDR (Funatsu et al., 

2002b). Locally-produced cellular fibronectin in the vitreous and aqueous humours was 

significantly higher in diabetics and those with uveitis compared to controls (Probst et al., 

2004). Aqueous humour levels o f VEGF and interleukin-6 (IL-6) were elevated in 

patients with macular edema as a result of branch retinal vein occlusion (BRVO), and 

levels o f VEGF served as an ocular marker of the severity of disease (Noma et al., 2005). 

This study is relevant as vitreous levels of these factors correlate with levels in the 

aqueous humour (Funatsu et al., 2005a). Patients with neovascular glaucoma had 

increased transforming growth factor (TGF)-beta 1 and 2 levels in aqueous humour (Yu 

et al., 2007). Differences in the levels of tissue inhibitor o f metalloproteinase (TIMP)-l
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and -2 have been correlated to incidence of DR, proliferative vitreoretinopathy, retinal 

detachment, vitreous hemorrhage, and epiretinal membrane (Matsuo et al., 1998). And, 

levels of leptin in the vitreous of patients with PDR were increased when compared to 

patients with non-diabetic proliferative vitreoretinopathy (Maberley et al., 2006). As a 

body fluid, then, the vitreous may be diagnostically sampled and analyzed for markers of 

ocular disease (Uy and Foster, 1999; Funatsu et al., 2006).

2. ANATOMY OF THE RETINA

The anatomy o f the human retina is reviewed and described in detail by Cohen (1992). 

The retina is an extension of the central nervous system (CNS) which includes the brain 

and spinal cord. It has a laminar structure containing two major layers: the pigmented 

layer and the neural layer. The pigmented layer -  also called the retinal pigmented 

epithelium (RPE) -  is composed of epithelial cells containing melanin, which helps 

absorb stray light entering the eye (Cohen, 1992). The neural layer is further divided into 

layers o f specialized cells, called nuclear layers. The first of these nuclear layers and 

closest to the RPE is the outer nuclear layer, which contains the cell bodies of RPE- 

embedded, light-sensitive rod and cone photoreceptor cells. The inner nuclear layer 

contains cell bodies for bipolar cells, horizontal cells, and amacrine cells, which serve as 

intemeurons. Bipolar and amacrine cells synapse onto RGCs in the ganglion cell layer. 

Between the outer and inner nuclear layers is the outer plexiform layer, where 

photoreceptors synapse onto bipolar and horizontal cells. Between the ganglion cell layer 

and the inner nuclear layer is the inner plexiform layer, where RGCs synapse onto bipolar 

and amacrine cells (Miller, 1989). RGCs transmit electrical impulses received from the
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intemeurons to the visual cortex of the brain via the optic nerve, where a visual image is 

constructed. GH immunoreactivity has been detected in RGCs o f embryonic chicks and 

perinatal and adult rats (Baudet et al., 2003; Harvey et al., 2006) and in the RPE of 

embryonic chicks (Baudet et al., 2003). These discoveries lend strong support to the 

notion of local, extrapituitary GH production in the eye.

3. BLOOD-RETINAL BARRIER (BRB)

The blood-retinal barrier (BRB) is essential for maintenance o f homeostasis in the eye by 

providing a selectively permeable barrier to water and solutes such as inflammatory cells 

and antibodies (Felinski and Antonetti, 2005). It shares similar microanatomy and 

developmental origin with the blood-brain barrier (BBB; Manfre et al., 1997), and may 

be subdivided into the inner and outer BRB (Cunha-Vaz, 1976; Cunha-Vaz, 2004). The 

inner BRB is comprised of tight junctions between retinal endothelial cells in the 

vasculature of the inner retina, while the outer BRB consists o f tight junctions between 

cells o f the RPE which prevents infiltration of water and solutes from the fenestrated 

capillaries of the choroid (Cunha-Vaz, 1976; Lightman et al., 1987). In bovines, 

exogenous 125I-labelled human GH was unable to penetrate the BRB, while 125I-labelled 

insulin did seem to penetrate the barrier (James and Cotlier, 1983). BRB infiltration of 

GH and IGF-1 in humans without neovascular eye disease remains to be studied. 

However, the structurally-similar BBB has been shown to be permeable to exogenous 

125I-labelled GH, most likely via simple diffusion (Coculescu, 1999; Pan et al., 2005), as 

well as to 125I-labelled IGF-1 (Reinhardt and Bondy, 1994). The BBB excludes passage 

of many peptide hormones (Coculescu, 1999) but allows for passage o f others, notably
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albumin (Pardridge et al., 1985) and insulin, and vasopressin, the latter being transported 

via receptor-mediated transcytosis (Pardridge, 1986). Insulin can influence IGF-1 levels 

in the circulation (Feldmann et al., 2000), thereby affecting GH levels. Albumin has been 

used as a marker o f permeability of blood vessels (Spranger et al., 2001). Studies of GH 

penetration across the BBB may be relevant to further understanding GH penetration 

across the BRB, given the similarity between the BRB and BBB. Despite evidence for 

transport o f GH through the BBB via simple diffusion, GH receptors are found at the 

choroid plexus and raise the possibility of a specific transport mechanism at the blood- 

cerebrospinal fluid (CSF) barrier (Lai et al., 1991; Nyberg, 2000).

Increased permeability of the BRB is observed in patients with various ocular disorders, 

such as DR, macular degeneration, and retinitis pigmentosa (Cunha-Vaz, 2004), leading 

to infiltration of solutes and fluid into the vitreous. VEGF upregulation seems to play an 

important role in the early breakdown of the inner BRB in experimental DR (Antonetti et 

al., 1998; Qaum et al., 2001). In neovascularization seen in patients with DR, the BRB is 

immature and newly-formed blood vessel walls are weak and susceptible to leakage 

(Funatsu et al., 2006).

4. DISORDERS OF THE EYE

Many sight-threatening ocular disorders can affect the eye. Epiretinal membranes are 

avascular fibrocellular membranes which grow on the inner surface o f the retina and can 

cause visual impairment (Ting and Kwok, 2005). They are more common to the elderly 

and can be idiopathic (Ting and Kwok, 2005) or associated with diabetes mellitus
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(Mitchell et al., 1997). Growth factors such as IGF-1 (Ulbig et al., 1995), VEGF and 

TGF-p-2 have been detected in fibroglial cells of epiretinal membranes. The interaction 

between these latter two growth factors may affect epiretinal membrane formation 

(Mandelcom et al., 2003). The established treatment for epiretinal membranes involves 

pars plana vitrectomy (Geerts et al., 2004).

Another ocular disorder is the macular hole, which primarily affects elderly women (La 

Cour and Friis, 2002). A macular hole results from an opening in the retina at the fovea 

causing loss of central vision (Cavallerano and Woodcome, 1994). Idiopathic macular 

holes are thought to have several possible etiologies, such as changes in the retinal 

vasculature or traction from shrinking vitreous in elderly patients causing tearing o f the 

retina (Ho et al., 1998), the latter potentially induced by a thin epiretinal membrane 

(Bresgen and Heimann, 1995). Growth factors such as GH and IGF-1 may play a role in 

the disorder (Kmera-Muszynska and Zgliczynski, 2000), and treatment with TGF-beta 2 

can improve visual acuity and promote flattening of the retina (Glaser et al., 1992; 

Smiddy et al., 1993).

A third ocular disorder involves retinal detachment. As its name suggests, retinal 

detachment involves detachment of the neural retina from its epithelium. Detachment can 

occur following trauma, while in the elderly, detachment can be caused by traction of the 

vitreous. In some 5-10% of cases, proliferative vitreoretinopathy disallows the 

reattachment of the detached retina (Asaria and Charteris, 2006). The presence o f this 

neovascularization implicates growth factors, among them IGF-1 (van Setten et al.,
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2002), TGF-beta 2, bFGF, and interleukins (Kon et al., 1999). Treatment of retinal 

detachment is surgical, involving pars plana vitrectomy, laser treatment, and intraocular 

injection of gas (Brucker and Hopkins, 2006).

A. Diabetic Retinopathy (DR)

1. Etiology

DR is a major ocular complication of diabetes mellitus, whose progression is 

multifactorial and complex. It usually begins to manifest approximately 5 years after 

clinical onset of diabetes and can usually be readily observed 15-25 years after onset 

(Lundbaek et al., 1971). It is an ocular disorder initially characterized by non­

proliferative DR, involving retinal edema, breakdown o f the BRB, microaneurysms, and 

other micro vascular abnormalities (Funatsu et al., 2006) and leads to proliferative DR 

(PDR), involving neovascularization of the retina along with hemorrhaging and possible 

retinal detachment (Chiarelli et al., 2005; Funatsu et al., 2006). This neovascularization 

stems from local ischemia in retinal capillaries and subsequent alteration of growth factor 

levels (Das and McGuire, 2003). Angiogenesis occurs in the retina following a disruption 

in the balance between angiogenesis stimulators such as VEGF and IGF-1, and 

angiogenesis inhibitors such as pigment epithelium-derived factor (PEDF) and 

angiostatin (Funatsu et al., 2006). A host of such growth factors have been implicated in 

the etiology of DR, including GH (Frystyk, 2005), IGF-1 (Meyer-Schwickerath et al., 

1993), and VEGF (Adamis et al., 1994), and risk factors for DR include hypertension, 

hyperlipidemia, smoking, and poor metabolic control (Chiarelli et al., 2005).
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2. Treatment

Hypophysectomy and replacement of all hormones except GH was used as an early 

treatment for DR. This fell out o f favour as a viable treatment since it led to fatal 

hypoglycemia (Zimmerman and Molnar, 1977) and was replaced with laser 

photocoagulation therapy along with strict control o f blood sugar, lipids, and pressure 

(Boehm, 2007). Given the supposed role of serum GH in the progression o f DR, 

somatostatin and antagonists of the GH receptor have been therapeutic targets for DR. 

Somatostatin analogues, which reduce serum GH levels, met with initial success in 

inhibiting progression of PDR and reducing vascularization in some cases (McCombe et 

al., 1991). Subsequent studies have confirmed the effectiveness o f analogues such as 

octreotide (Lang, 2004), especially in the nonproliferative or early proliferative stages 

(Grant et al., 2000). These analogues are currently the best option for patients who fail to 

respond to photocoagulation therapy (Boehm, 2007). GH antagonists, on the other hand, 

have thus far been unsuccessful in stopping progression or inducing regression of DR 

(Growth Hormone Antagonist for Proliferative Diabetic Retinopathy Study Group, 2001).

F. Summary

GH is a peptide hormone secreted by the pituitary gland into the bloodstream, exerting its 

effects as an endocrine hormone and becoming involved in many processes such as 

growth and metabolism (Harvey et al., 1995). With the discovery o f local, extrapituitary 

GH production in tissues throughout the body, the possibility is raised o f local 

autocrine/paracrine effects of GH (Harvey et al., 1997). Both elevated and decreased 

levels o f circulating GH have been implicated in the etiology o f various ocular disorders,
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such as DR (Powell et al., 1966) and macular holes (Kmera-Muszynska and Zgliczynski, 

2000). The role o f circulating and extrapituitary GH in the human vitreoretinal space in 

the etiology of various ocular diseases has not, to date, been assessed. As other peptide 

factors residing in the vitreous have been linked to ocular disease, such as IGF-1 (Simo et 

al., 2003) and VEGF (Funatsu et al., 2002b), GH in the vitreous may similarly be a 

marker o f ocular disease. This possibility will be assessed in the present study by 

determining the presence of GH in the human retina and vitreous and the concentration of 

GH in the vitreous of controls and patients with ocular disease. As GH action may be 

IGF-1 dependent, levels of IGF-1 in the vitreous of controls and patients with ocular 

disease will also be assessed.

G. Hypothesis and Aims

GH in the retina and vitreous o f adult humans, either from the circulation or from local, 

extrapituitary production may be a marker of ocular disease. This possibility will be 

assessed by determining the presence and concentration of GH in adult human vitreous in 

relation to the incidence of various types of ocular disease. Levels of circulating and 

vitreous GH will be compared with those in subjects with no history of ocular disease. 

Changes in vitreous GH may also be related to changes in IGF-1 concentration in the 

vitreous, thus the relationship between GH and free IGF-1 levels in the vitreous of 

individuals with and without ocular disease will also be compared.
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II. MATERIALS AND METHODS
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A. Vitreous samples

Vitreous samples were obtained via standard pars plana vitrectomy -  a surgical technique 

involving removal of the vitreous by introducing an aspirator/cutter tool and local light 

source into the eye through the pars plana -  from patients at the Royal Alexandra 

Hospital (Edmonton, AB, Canada) by Dr. Matt Tennant, Dr. Mark Greve and Dr. Bradley 

Hinz. Ethics approval was obtained for the study and informed written consent was 

obtained from patients enrolled in the study. Samples were collected in sterile tubes, 

clarified by centrifugation at 13,000 g for 5 min at 4°C, and stored at -80°C prior to use. 

The study included patients with both insulin-dependent (IDDM; n=12) or non-insulin- 

dependent diabetes mellitus (NIDDM; n=14). Diabetic patients had proliferative DR 

(PDR; n=T8) or other ocular disorders (n=8; Table 1). The study also included non­

diabetic patients requiring vitrectomy for other, non-diabetic ocular conditions (n=44), 

comprising epiretinal membrane (n=l 1), retinal detachment (n=12), macular hole (n=l 1), 

vitreous hemorrhage (n=3), subretinal hemorrhage (n=2), central retinal vein occlusion 

(n=l), vitreous opacity/debris (n=2), and dislocated lens (n=2; Table 2). Cadaverous 

vitreous samples from individuals with no known history of ocular disease were obtained 

via the comprehensive tissue centre of the University o f Alberta Hospital and served as 

controls (n=15; Table 3). All donor eyes were screened and had their corneas and scleras 

accepted for transplantation. Diabetic (including IDDM and NIDDM groups), non­

diabetic (including groups of those with epiretinal membrane, macular hole, and retinal 

detachment), and control groups were age and gender matched. Mean age of diabetics 

with IDDM was 49 ± 5.7 years, mean age of diabetics with NIDDM was 65 ± 3.6 years,
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mean age o f non-diabetics with ocular disease was 57 ± 2.2 years, and mean age of 

controls was 54.6 ± 3.2 years. The mean o f all samples was 58.0 ± 1 .8  years.

B. Vitreous Hemorrhage

Blood contamination in some vitreous samples can introduce a variable in the analysis of 

vitreal protein levels. As erythrocytes have roughly double the concentration of protein 

compared to serum protein levels (Simo et al., 2003), total vitreal proteins were therefore 

corrected for vitreous hemoglobin (Hb). Total vitreous proteins were adjusted for vitreal 

hemoglobin as described by Ambati et al. (1997):

Pcorrected — (Pm easured X H b b lo o  d) (Pblood X H b  vitreous) /  ( H b b l o o d  H byitreous)

(where P COrrected is the concentration of corrected vitreous proteins, Pmeasured is the total 

vitreal protein measured by dye-binding assay, Hbbiood is the hemoglobin concentration in 

blood, Pbiood is the protein concentration of blood plasma, and HbVitreous is the hemoglobin 

concentration in vitreous, all expressed as pg/uL). P COrrected was used in subsequent 

statistical analyses. Where plasma hemoglobin values could not be obtained, the 

concentration of corrected total vitreous protein was calculated by subtracting the 

concentration of vitreous HgB from the concentration of total vitreous protein. In the 

same sample, results obtained with this calculation were comparable to those with the 

equation above.
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Vitreous hemoglobin levels were determined using the method of Harboe (Harboe,

1959), which has been validated for measuring micromolar concentrations o f hemoglobin 

(Fairbanks et al, 1992). Vitreous samples were diluted with deionized distilled water to 

lyse erythrocytes, vortexed for 10 seconds, and sonicated for 3 seconds to further disrupt 

erythrocyte plasma membranes. Following centrifugation at 12,500 g for 5 minutes at 

4°C, absorbance was read at 415, 380, and 450 nm with a spectrophotometer (Ultrospec 

2000, Amersham Pharmacia Biotech, Uppsala, Sweden). Vitreous hemoglobin 

concentration was computed as described by Fairbanks et al. (1992):

X = DF[1.65(A4i5) - 0.93(A38o) -  0.73(A450)]

where X is the concentration of vitreous hemoglobin in pg/uL, DF is the dilution factor 

used, and A is the absorbance at each wavelength.

C. Blood samples

Venous blood from diabetics and non-diabetics with ocular disease was collected at the 

time o f vitreoretinal surgery in sterile tubes containing heparin sulfate as an anti­

coagulant. Mean age of patients with IDDM was 49 ± 5.6 years, mean age of patients 

with NIDDM was 66 ± 3.5 years, and mean age of non-diabetics with ocular disease was 

59 ± 2.5 years. Control plasma samples (n=8) were drawn from non-diabetic volunteers 

with no known history of ocular disease or ocular surgery (Table 4). Mean age of controls 

was 55.6 ± 1 .4  years. The mean age of all samples was 59.6 ± 2.0 years. All blood donors 

were fasting for at least 12 hours prior to collection, and all collections were by medical
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staff between 7 am -  3 pm. Blood hemoglobin was assessed using 20 pL of whole blood 

in 5 mL Drabkin’s reagent (Sigma-Aldrich, St. Louis, MI), mixed and incubated at room 

temperature for at least 15 minutes, the absorbance of the solution measured at 540 nm 

(Ultrospec 2000, Amersham Pharmacia Biotech, Uppsala, Sweden), and the value 

compared to a standard reference graph. Blood was centrifuged at approx. 1085 g 

(Coolspin 2, MSE, London, UK) for 10 min at 4°C to obtain plasma, which was aliquoted 

and stored at -20°C until assayed. Following thawing and prior to assay, plasma samples 

were clarified by centrifugation at 12,500 g for 5 minutes at 4°C.

D. Protein assay

Total protein concentration was determined in duplicate (5 uL aliquots) with a dye- 

binding protein assay (Bio-Rad Laboratories, Mississauga, ON) using bovine serum 

albumin (BSA) as the standard. Absorbance at 595 nm was measured using a 

spectrophotometer (Multiskan Ascent, Thermo Electron Corporation, Vantaa, Finland). 

The sensitivity of the assay was 40.0 ng/uL, obtained by calculating the mean plus 3 

standard deviations of the zero standard, loaded 8 times in replicate.

E. Western Immunoblotting

Vitreous samples were mixed with sample buffer (10% [w/v] glycerol, 0.5% [w/v] 2-p- 

mercaptoethanol, 0.4% [w/v] SDS, 0.001% [w/v] bromophenol blue at pH 6.8) and 

loaded onto polyacrylamide gels. Some vitreous samples required concentrating prior to 

Western immunoblot analysis. Samples were concentrated using a Nanosep device with a 

molecular weight cutoff of 10 kDa (Pall Corporation, Mississauga, Ontario), with the
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retentate used for Western immunoblot analysis. Proteins were separated by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under reducing 

conditions. Broad-range molecular markers (Bio-Rad) and positive loading control 

corresponding to pure recombinant GH (National Institutes of Health, Bethesda, MD) 

were also loaded. Proteins were then transferred via electrophoresis to a nitrocellulose 

membrane (0.45 um pore size; Bio-Rad) in transfer buffer (25 mM Tris, 192 mM glycine, 

20% [w/v] methanol) at 100V for 1 h 20 min. After transfer, non-specific binding sites 

were blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline (TBS; [25 mM Tris 

HC1, 0.5 M NaCl at pH 7.6]) containing Tween-20 (TTBS) for 1 h at room temperature. 

Characterization of GH was performed on membranes transferred from 8% gels. GH 

immunoreactivity was detected using a polyclonal antibody raised in goat against hGH 

(R&D Systems, Minneapolis, MN) diluted 1:50 in TTBS/5% nonfat dry milk.

In some experiments, GH antibody was pre-absorbed with recombinant GH (NIH, 

Bethesda, MD) for at least 3.5 hours in an ice bath prior to incubation with the 

membrane, in an antigemantibody ratio of 150:1. Following an overnight incubation at 

4°C, the membrane was washed with TTBS (3x for 5 minutes each) and then incubated 

for 1.5 hours at room temperature with secondary biotinylated rabbit anti-goat IgG 

(Sigma, St. Louis, MO) diluted 1:2000 in TTBS/5% nonfat dry milk. Incubation of the 

membrane with only secondary antibody served as a negative control. Immunoreactivity 

was visualized using ABC reagents (Vector Laboratories) at room temperature. After 

Washing, the blots were developed using an enhanced chemiluminescence detection 

system (ECL kit; Amersham) and exposed to Kodak X-AR film.
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F. GH Enzyme-Linked ImmunoSorbent Assay (ELISA)

GH levels in blood plasma and vitreous were measured using an ultrasensitive hGH 

ELISA kit, 22-hGH-E022 (ALPCO, Salem, NH), suitable for measuring hGH 

concentration in blood serum and plasma. 100 pL of GH calibrators (0.05, 0.15, 0.3, 0.6, 

and 1 ng/mL) along with control serum and neat, undiluted vitreous and plasma samples 

were loaded onto the wells o f a microtiter plate pre-coated with high affinity polyclonal 

rabbit antiserum. After a 2 hour incubation at room temperature on a shaker (350 RPM), 

the wells were washed manually with a vacuum aspirator (3x) and a biotinylated anti- 

hGH antibody was added to the wells. Following incubation for 1 hour at room 

temperature, horseradish peroxidase (HRP)-labelled Streptavidin was added. This was 

followed by a third incubation of 30 minutes at room temperature. The wells were again 

washed (3x) and a 3,3’, 5,5’ tetramethylbenzidene (TMB) substrate solution was added to 

the wells and allowed to react with the HRP. Wells were incubated for 10 minutes at 

room temperature in the dark. The reaction was stopped with a solution o f 0.2 M sulfuric 

acid and the colour reaction measured spectrophotometrically (Multiskan Ascent, Thermo 

Electron Corporation, Vantaa, Finland) at a wavelength o f 450 nm with a reference 

wavelength of 620 nm. The kit reports specificity to human GH with no cross-reactivity 

with prolactin. The measured sensitivity of the kit was 6.3 pg/mL. Interassay coefficients 

of variance were 8.1% at 0.39 ng/mL over 9 assays and 5.2% at 0.01 ng/mL over 3 

assays. The intra-assay coefficients of variance were 1% at 0.39 ng/mL from 6 replicates, 

2.5% at 0.01 ng/mL from 8 replicates, and 2% at 6.3 pg/mL from 4 replicates.
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G. Free IGF-1 ELISA

In addition to GH and for comparison, levels o f free IGF-1 in blood plasma and vitreous 

were measured with an ultrasensitive free IGF-1 ELISA kit, DSL-10-9400 (Diagnostic 

Systems Laboratories, Webster, TX), suitable for measuring the concentration of free 

IGF-1 and readily dissociable IGF-1 in blood plasma. This kit has also been used for 

quantifying free IGF-1 in human vitreous (Simo et al., 2003) and saliva (Antonetti et al., 

2007). Microtiter wells coated with a monoclonal free IGF-1 antibody were loaded with 

20 pL of buffer and 50 pL of free IGF-1 standards (0, 0.05, 1.6, 3, and 9 ng/mL), two 

control serum samples, and neat, undiluted vitreous and plasma samples. Wells were 

incubated for 1 hour at room temperature on a shaker (350 RPM). The wells were then 

washed manually with a vacuum aspirator (5x). 100 pL of a solution o f IGF-1 antibody 

conjugated to horseradish peroxidase was added to each well, followed by a 30 minute 

incubation at room temperature on a shaker (350 RPM). Following washing o f the wells 

(5x), 100 pL o f TMB substrate was added and allowed to incubate for 10 minutes at room 

temperature in the dark and on a shaker (350 RPM). The reaction was stopped with 0.2 M 

sulfuric acid (100 pL) added to each well, and the colour reaction was measured 

spectrophotometrically (Multiskan Ascent, Thermo Electron Corporation, Vantaa, 

Finland) at a wavelength of 450 nm with a reference wavelength o f 620 nm. The kit 

reports no cross-reactivity with free IGF-II, insulin, or IGFBP-1 and -3. The measured 

sensitivity of the kit was 44.4 pg/mL, obtained by calculating the mean plus 2 standard 

deviations o f the zero standard, loaded 8 times in replicate. Interassay coefficients of 

variance were 12% at 3.5 ng/mL over 3 assays and 19.7% at 0.3 ng/mL over 3 assays.

The intra-assay coefficient of variance was 7.6% at 3.5 ng/mL from 6 replicates.
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H. Statistical analysis

Groups were compared using a Kruskal-Wallis non-parametric test, as the levels of 

uncorrected vitreous and plasma GH/IGF-1 and protein-corrected vitreous GH/IGF-1 

were not normally distributed. Post hoc analysis was performed using Dunn’s multiple 

comparison test. Statistical significance was set at p < 0.05. All results were reported as 

mean values ± the standard error of the mean (SEM).

Correlations were examined using Spearman’s rank correlation test. Data were not 

logarithmically transformed prior to analysis. All statistical analyses were performed 

using Prism and InStat (Graphpad, San Diego, CA).
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Tables

Table 1 -  Sample information for diabetic patients with ocular disease, sorted by age.

Sam ple Type Age G ender Diagnosis
Vit [protein] 

(pg/uL)**
Vit [GH] 
(pg/mL)

Vit [GH] / Vit 
[protein]** 

(pg/mg)

Plasm a [GH] 
(ng/mL)

Vit [free 
IGF-1] 

(ng/mL)

Vit [free IGF-1] / 
Vit [protein]** 

(pg/mg)

P lasm a [free 
IGF-1] (ng/mL)

N53 IDDM 27 M PDR, Vit hemorrhage 0.62 12.3 20.0 0.99 0.10 155.61 0.57
N69 IDDM 32 M PDR 1.76 21.4 12.2 N/A N/D N/D N/A
N18 IDDM 34 M PDR, Vit hemorrhage 5.88 40.0 6.8 N/A N/D N/D N/A
N27 IDDM 34 F PDR, Vit hemorrhage 2.42 155.0 64.0 5.10 N/D N/D N/D
N38 IDDM 34 F PDR, Vit hemorrhage 2.09 6.4 3.1 0.05 0.12 55.36 0.07
N72 NIDDM 35 M PDR, Vit hemorrhage 11.65 17.8 1.5 0.01 N/D N/D N/D

(48.1)* IDDM 40 F PDR, Vit hemorrhage N/A N/A N/A 1.92 N/A N/A 0.19
N44 NIDDM 48 M PDR, Vit hemorrhage 3.25 6.4 2.0 0.01 N/D N/D N/D
N54 IDDM 48 F PDR, Vit hemorrhage 3.14 6.4 2.1 0.06 0.14 43.16 0.72

N65 IDDM 54 M PDR, Vit hemorrhage 1.23 6.4 5.2 N/A N/D N/D N/A
N8 NIDDM 55 M PDR, Vit hemorrhage 1.95 6.4 3.3 N/A N/D N/D N/A

N39 IDDM 55 F PDR, Vit hemorrhage 5.17 6.4 1.2 0.05 0.28 54.63 1.02

N37 NIDDM 60 F PDR, Vit hemorrhage 1.65 6.4 3.9 0.40 0.93 564.98 0.79
N66 NIDDM 60 F PDR, Vit hemorrhage 2.16 11.3 5.2 0.05 N/D N/D N/D

N49 IDDM 63 F
Epiretinal membrane w/ 

macular edema 0.88 6.4 7.3 0.08 0.16 176.70 1.50

N45 NIDDM 67 F Epiretinal membrane 3.44 6.4 1.9 0.03 0.16 46.13 1.85

N28 IDDM 68 F RD 0.55 6.4 11.7 0.20 0.04 80.38 0.55
N16 NIDDM 70 M PDR, Vit hemorrhage 1.26 61.0 48.3 1.16 N/A N/A N/A
N68 NIDDM 70 F Epiretinal membrane 0.04 11.3 282.2 0.12 N/D N/D N/D

(35.1)* NIDDM 71 M PDR, Vit hemorrhage N/A N/A N/A 0.06 N/A N/A 1.07
N70 NIDDM 71 M PDR, Vit hemorrhage 2.26 21.1 9.3 0.67 N/D N/D N/D

N43 NIDDM 72 F Vit Hemorrhage 2.64 6.4 2.4 0.04 0.16 59.98 0.08

N25 IDDM 74 M PDR, Vit Hemorrhage 1.74 6.4 3.7 0.05 0.17 94.72 0.41

N34 NIDDM 77 M Epiretinal membrane 0.96 6.4 6.7 0.11 0.15 156.49 0.28

N71 NIDDM 78 M Wound 0.84 6.4 7.7 0.03 N/D N/D N/D

N59 NIDDM 79 M Subretinal hemorrhage 1.39 6.4 4.6 0.11 0.15 104.44 0.68

* Plasma samples only
** After correcting for vitreous hemoglobin
PDR = Proliferative diabetic retinopathy, RD = Retinal detachment, N/A = Not applicable, N/D = Not determined
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rable 2 -  Sam]fie information for non-dia oetic patient s with various ocular disorders, sorted by age.

Sample Age Gender D iagnosis
Vit [protein] 

(pg/uL)*
Vit [GH] 
(pg/mL)

Vit [GH] / Vit 
[protein]* 
(PS/mg)

P lasm a [GH] 
(ng/mL)

Vit [free IGF-1] 
(ng/mL)

Vit [free IGF-1] / 
Vit [protein]* 

(pg/mg)

P lasm a [free IGF-1] 
(ng/mL)

N60 21 M Subretinal hemorrhage 1.61 6.4 4.0 0.20 0.18 109.1 4.31
N31 37 F Vitreous debris 0.22 6.4 29.8 1.60 0.13 581.5 1.09
N24 38 M Recurrent RD 0.93 495.4 532.2 0.02 N/D N/D 3.09
N46 39 M RD 0.52 6.4 12.3 0.14 0.13 240.8 3.48
N73 45 M RD 1.23 6.4 5.2 0.02 N/D N/D N/D
N50 46 M CRVO 2.14 6.4 3.0 0.01 3.32 1398.0 0.90
N47 47 M MH 0.23 6.4 27.4 0.03 0.11 451.2 1.23
N57 47 M Vit hemorrhage 0.19 6.4 33.6 0.11 0.04 232.0 1.68

N74 47 M ERM (aqueous from 
anterior chamber) 5.03 6.4 1.3 0.01 N/D N/D N/D

N12 49 M Full thickness MFI 0.24 6.4 26.4 N/A 0.04 182.3 N/A
N64 49 M RD + Full thickness MH 10.68 7.5 0.7 0.11 N/D N/D N/D

N67 50 M RD + optic nerve pit 
(congenital) 0.20 6.4 32.8 0.02 N/D N/D N/D

N35 51 M RD 0.90 23.4 26.0 0.33 N/D N/D N/D
N56 53 M RD 0.72 6.4 8.9 0.69 0.04 61.5 3.28
N51 55 M RD 0.72 6.4 8.9 0.42 0.04 61.5 0.97
N58 55 F Full thickness MH 0.90 6.4 7.2 0.14 0.06 70.7 2.98
N21 58 F Full thickness MH 0.30 6.4 21.7 0.37 0.10 323.4 1.49

N11 61 M Dislocated crystalline 
lens 0.66 52.5 79.5 N/A N/D N/D N/A

N33 63 M RD 1.15 6.4 5.6 0.02 0.21 179.0 1.16
N42 63 M RD 0.18 6.4 36.5 0.31 0.09 527.9 1.88
N20 64 F MH 0.21 6.4 31.2 0.04 N/D N/D N/D
N15 65 F MH 0.38 76.0 201.1 N/A 0.04 117.4 N/A

N29 66 F Vit hemorrhage (vein 
occlusion) 0.67 6.4 9.6 0.60 0.07 89.4 0.91

N40 66 M ERM w/ pseudo MH 0.12 7.4 62.9 0.02 N/D N/D N/D
N2 67 M ERM 2.80 577.5 206.3 N/A N/D N/D N/A

N26 67 F ERM 0.44 6.4 14.5 0.05 0.08 172.3 1.28
N36 67 F Vit Hemorrhage 2.70 6.4 2.4 0.66 0.24 90.5 N/D
N61 67 M RD 1.19 15.2 12.8 0.04 0.23 193.1 2.08

(Continued on next page)
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(Continued from previous page)

N32 69 M ERM 0.68
N62 70 M Vitr opacity 2.04
N10 71 M ERM 3.25
N19 71 F MH 0.48
N30 71 F ERM 0.69
N13 72 F ERM 0.84
N14 73 M ERM 0.68
N23 73 M ERM w/ pseudo MH 1.87
N22 74 F RD 1.55
N41 74 F Full thickness MH 0.04
N55 74 M Dislocated cystaline lens 3.42
N9 78 M MH 0.60

N63 79 F Subretinal hemorrhage 1.13
N52 82 F ERM 0.59
N48 87 M Full thickness MH 0.60
N6 91 F Full thickness MH 0.95

oo * After correcting for vitreous hemoglobin
RD = Retinal detachment, ERM = Epiretinal membrane, MH 
determined

6.4 9.5 0.81 0.29 429.4 1.82
6.4 3.1 0.31 0.22 105.5 N/D

587.5 180.8 N/A 0.26 78.5 N/A
6.4 13.5 N/A 0.05 102.0 N/A
6.4 9.3 0.11 0.17 253.8 1.56
8.0 9.6 N/A 0.04 53.1 N/A

124.0 182.9 N/A 0.08 115.3 N/A
6.4 3.4 0.15 0.12 61.9 1.45
6.4 4.2 0.09 0.10 62.0 0.40
6.4 314.3 0.06 0.12 115.7 3.00
6.4 1.9 0.23 0.12 35.3 2.26
6.4 10.7 N/A 0.04 110.9 N/A
6.4 5.7 0.01 N/D N/D N/D
6.4 10.9 0.07 0.62 1048.0 3.32
6.4 10.7 0.72 0.21 357.2 1.85
6.4 6.8 N/A 0.04 46.6 N/A

Macular hole, CRVO = Central retinal vein occlusion, N/A = Not applicable, N/D = Not
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Table 3 -  Sample information for samples o f control vitreous from cadavers with no known history of ocular disease, sorted by age.

Sam ple Age G ender Vit [protein] (pg/uL) Vit [GH] (pg/mL) Vit [GH] / Vit [protein] 
(pg/mg)

Vit [free IGF-1] 
(ng/mL)

Vit [free IGF-1] / Vit 
[protein] (pg/mg)

D 39 M 0.28 25.8 90.9 N/D N/D
M 39 M 0.77 56.3 72.9 N/D N/D
N 44 M 0.31 53.6 171.0 N/D N/D
0 44 M 1.31 77.2 58.8 N/D N/D
A 50 F 0.37 27.2 73.1 0.10 272.7
G 50 F 0.77 59.1 76.5 0.18 235.9
K 56 F 0.11 6.4 59.8 0.13 1172.4
E 57 M 0.29 33.8 115.0 0.04 151.1
H 57 F 0.70 117.8 167.1 0.04 63.0
F 67 M 0.46 28.2 61.3 0.08 165.1
C 67 M 1.06 17.8 16.7 N/A N/A
L 70 F 1.14 79.2 69.8 0.35 307.9
B 70 F 1.65 50.1 30.2 N/A N/A
1 ? F 0.61 90.4 148.9 0.32 527.2
J ? F 0.43 76.8 178.4 0.20 460.0

'O

N/A = Not applicable, N/D = Not determined
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Table 4 -  Sample information for samples o f control plasma from volunteers with no known history of ocular disease or DM, sorted 
by age.

Sam ple Age G ender P lasm a GH (ng/mL)
C25.1 50 M 0.03
C4.1 52 M 0.05

C23.1 52 F 0.03
C12.1 55 M 0.07
C6.1 57 M 0.01

C26.1 58 F 0.03
C21.1 60 M 0.03
C11.1 61 F 0.12

o



III. RESULTS
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A. Western Immunoblots

Growth hormone (GH) immunoreactivity in adult human vitreous and retina was 

characterized by Western immunoblotting (Figures 1-3). As expected, GH 

immunoreactivity in a 10 ng sample of the human GH (hGH) standard was associated 

with protein bands at 22 kDa and 45 kDa, corresponding to monomer and dimer GH, 

respectively (Figure 1 A). In a sample o f vitreous collected from a male cadaver aged 67 

with no known history of ocular disease, GH immunoreactivity was associated with 

several protein bands, including those at 22 kDa and 45-48 kDa (Figure 1 A). Definitive 

measurement of band size larger than 50 kDa was extremely difficult due to the 

polyacrylamide gel concentration used (8%). This concentration gave the best results for 

characterizing both lower molecular weight (22 kDa) and mid-range molecular weight 

(45-48 kDa) bands. These immunoreactive protein bands disappeared following pre­

absorption o f the primary antibody with recombinant human GH (hGH), in an 

antigemantibody ratio of 150:1 (Figure IB). In human retina from a male cadaver aged 

57 with no known history of ocular disease, GH immunoreactive bands of approximate 

size 22 kDa and 45 kDa were also characterized (Figure 2). GH immunoreactive bands at 

approximately 22 kDa and 45 kDa were also characterized in vitreous collected from an 

80 year old female patient with diabetes (Figure 3, lane 1) and an 81 year old male non­

diabetic patient with epiretinal membrane (Figure 3, lane 2). Incubation o f the membrane 

with secondary antibody only did not reveal immunoreactive bands (data not shown). All 

figures were representative of at least three immunoblots of the same sample. Figures 2 

and 3 courtesy of Dr. Esmond Sanders and Ewa Parker, University o f Alberta.
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B. ELIS As

Following analysis of ELISA data using the Kruskal-Wallis nonparametric test and post 

hoc comparison o f groups using Dunn’s multiple comparison test, statistically significant 

results are summarized in Tables 5 and 6. All analyses involved age and gender-matched 

groups and were presented as means ± standard error o f the mean (SEM). Control 

subjects had a mean uncorrected vitreous GH level of 48.6 ± 8.4 pg of GH/mL of vitreous 

and a mean protein-corrected vitreous GH level of 0.08 ± 0.01 ng of GH/mg o f vitreous 

protein corrected for hemoglobin. Non-diabetics with ocular disease had a mean 

uncorrected vitreous GH level of 58.1 ± 27.1 pg/mL and a mean protein-corrected 

vitreous GH level o f 0.05 ± 0.02 ng/mg. Diabetics with ocular disease had a mean 

uncorrected vitreous GH level of 16.7 ± 4.9 pg/mL and a mean protein-corrected vitreous 

GH level o f 0.02 ± 0.01 ng/mg. Patients with diabetes had higher levels o f hemoglobin- 

corrected vitreal protein than both controls (2.5 ± 0.5 ng/mL versus 0.7 ±0.1 ng/mL, p < 

0.05) and non-diabetics with ocular disease (2.5 ± 0.5 ng/mL versus 1.3 ± 0.3 ng/mL, p < 

0.05; Figure 4). However, controls had higher levels of uncorrected and protein-corrected 

vitreous GH than diabetics (48.6 ± 8.4 pg/mL versus 16.7 ± 4.9 pg/mL, p < 0.01 and 0.08 

± 0.01 ng/mg versus 0.02 ± 0.01, p < 0.001; Figures 5 and 6). Patients with IDDM had 

lower levels of protein-corrected vitreous GH than controls (0.01 ± 0.005 versus 0.08 ± 

0.01, p < 0.01; Figure 6) and patients with NIDDM had lower levels o f both uncorrected 

and protein-corrected vitreous GH than controls (11.8 ± 6.4 pg/mL versus 48.6 ± 8.4 

pg/mL and 0.02 ± 0.01 versus 0.08 ± 0.01, both at p < 0.01; Figures 5 and 6). Non­

diabetic patients with ocular disease had higher levels o f uncorrected vitreous GH than
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controls (58.1 ± 27.1 pg/mL versus 48.6 ± 8.4 pg/mL, p < 0.001; Figure 5) but controls 

had higher levels of protein-corrected GH than non-diabetics (0.08 ± 0.01 versus 0.05 ± 

0.02, p < 0.05; Figure 6). Within the group of non-diabetics with ocular disease, patients 

with macular holes had lower levels of uncorrected vitreous GH than controls (15.1 ± 8.7 

pg/mL versus 48.6 ± 8.4 pg/mL, p < 0.05; Figure 5). Diabetics with proliferative DR 

(PDR) had no statistically significant differences in uncorrected and protein-corrected 

vitreous GH compared to diabetics with no PDR (Figure 7).

Despite differences in vitreous GH concentrations, there were no statistically significant 

differences in plasma GH levels among all groups tested (Figure 8). Control subjects had 

a mean plasma GH level of 45.1 ± 13.2 pg/mL and diabetics had a mean plasma GH level 

of 0.5 ± 0.2 ng/mL. Diabetics with IDDM had a mean plasma GH level o f 0.9 ± 0.6 

ng/mL, and diabetics with NIDDM had a mean plasma GH level o f 0.2 ± 0.09 ng/mL.

Controls had a mean uncorrected vitreous free IGF-1 level of 0.1 ± 0.04 ng/mL and a 

mean protein-corrected vitreous free IGF-1 level of 0.3 ±0.1 ng/mg. Non-diabetics with 

ocular disease had a mean uncorrected vitreous free IGF-1 level of 0.3 ±0.1 ng/mL, a 

mean protein-corrected vitreous free IGF-1 level of 0.3 ± 0.06, and a mean plasma free 

IGF-1 level o f 2.0 ± 0.2 ng/mL. Diabetics with ocular disease had a mean uncorrected 

vitreous free IGF-1 level o f 0.2 ± 0.07 ng/mL, a mean protein-corrected vitreous free 

IGF-1 level of 0.1 ± 0.04, and a mean plasma free IGF-1 level o f 0.7 ±0.1 ng/mL. There 

were no statistically significant differences in uncorrected and protein-corrected vitreous 

free IGF-1 levels among the groups tested (Figures 9 and 10). However, non-diabetics
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with ocular disease (mean of 2.0 ± 0.2 ng/mL) and specifically those with retinal 

detachment (mean of 2.3 ± 0.4 ng/mL) had higher levels of plasma free IGF-1 than both 

diabetics (mean of 0.7 ±0.1 ng/mL, p < 0.01; Figure 11) and those specifically with 

IDDM (mean of 0.6 ± 0.2 ng/mL, p < 0.05; Figure 11).

Statistically significant correlations obtained via the Spearman non-parametric correlation 

are summarized in Table 6. A positive linear correlation was observed between 

uncorrected vitreous GH and plasma GH levels (r = 0.5199, p < 0.05, n = 20; Figure 14) 

and between protein-corrected vitreous GH and plasma GH levels (r = 0.7910, p <

0.0001, n = 20) in patients with diabetes. In non-diabetic patients with ocular disease, 

however, there were no correlations between plasma GH levels and uncorrected vitreous 

GH (r = -0.1798) or protein-corrected vitreous GH (r = -0.0410) levels. There was no 

correlation between total uncorrected vitreous protein and uncorrected vitreous GH in 

controls (r = 0.4665), non-diabetics with ocular disease (r = 0.2076; Figure 12), or 

diabetics (r = -0.0614; Figure 13). There was likewise no correlation between uncorrected 

vitreous GH and uncorrected vitreous free IGF-1 in controls (r = 0.2594), non-diabetics 

with ocular disease (r = -0.0251), or diabetics (r = -0.3930). There was a positive linear 

correlation between protein-corrected vitreous free IGF-1 and protein-corrected vitreous 

GH levels in non-diabetics with ocular disease (r = 0.4073, p < 0.05, n = 33) and in 

diabetics (r = 0.7483, p < 0.01, n = 12), although no such correlation was present in 

controls (r = -0.2167). In plasma, there was no correlation between GH and free IGF-1 

levels in non-diabetics with ocular disease (r = 0.0904) or in diabetics (r = 0.0165).
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Table 5 -  Statistically significant differences in total corrected vitreous protein (corrected for hemoglobin), uncorrected vitreous GH, 
protein-corrected vitreous GH and plasma free IGF-1 grouped by ocular conditions.

Total corrected vitreous protein Uncorrected vitreous GH Protein-corrected vitreous GH Plasma free IGF-1
Comparison p value Summary p value Summary p value Summary p value Summary

C vs DM p < 0.05 * (DM > C) p < 0.01 ** (C > DM) p < 0.001 *** (C > DM) p > 0.05 ns
C vs IDDM p > 0.05 ns p > 0.05 ns p<0.01 ** (C > IDDM) p > 0.05 ns

C vs NIDDM p > 0.05 ns p < 0.01 (C > NIDDM) p<0.01 ** (C > NIDDM) p > 0.05 ns
C vs ND p > 0.05 ns p < 0.001 (ND > C) p < 0.05 * (C > ND) p > 0.05 ns
C vs MH p > 0.05 ns p < 0.05 * (C > MH) p > 0.05 ns p > 0.05 ns

DM vs ND p < 0.05 * (DM > ND) p > 0.05 ns p > 0.05 ns p < 0.01 ** (ND > DM)
DM vs RD p > 0.05 ns p > 0.05 ns p > 0.05 ns p< 0 .01 ** (RD > DM)

IDDM vs ND p > 0.05 ns p > 0.05 ns p > 0.05 ns p < 0.05 * (ND > IDDM)
IDDM vs RD p > 0.05 ns p > 0.05 ns p > 0.05 ns p < 0.05 * (RD > IDDM)

C = Controls, ND = Non-diabetic with ocular disorders, DM = Diabetes mellitus, IDDM = Insulin-dependent diabetes mellitus, NIDDM = Non-insulin- 
dependent diabetes mellitus, MH = Macular hole, ns = Not significant 
* = p < 0.05, ** p < 0.01, *** = p < 0.001
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Table 6 -  Statistically significant correlations between vitreous and plasma GH and free IGF-1.

C ND DM
Correlation r value p value and correlation r value p value and correlation r value p value and correlation

Uncorrected vitreous GH vs Plasma GH 
Protein-corrected vitreous GH vs Plasma GH 

Protein-corrected vitreous free IGF-1 vs protein- 
corrected vitreous GH

N/A N/A 
N/A N/A

-0.2617 ns

-0.1798 ns 
-0.0410 ns

0.4073 p < 0.05, positive

0.5199 p < 0.05, positive 
0.7910 p < 0.0001, positive

0.7483 p < 0.01, positive

C = Controls, ND = Non-diabetics with ocular disorders, DM = Diabetes mellitus, ns = Not significant. 
N/A = Not applicable
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Figure 1 - Western immunoblot of GH-immunoreactive proteins in adult human vitreous from a male cadaver, age 67, with no 
known history of ocular disease. Acrylamide concentration is 8%. Sample lanes were loaded with 84 pg o f protein. Data are 
representative o f at least three Western immunoblots. (A) Arrow heads (-4) show protein bands that are quenched following treatment 
o f the membrane with anti-GH antibody pre-absorbed with recombinant hGH (antigen:antibody ratio of 150:1). These bands are 
specific for GH-immunoreactive proteins. Positive control o f 10 ng recombinant hGH was loaded twice, showing 22 kDa and 45 kDa 
protein bands. (B) Same immunoblot and sample showing immunoreactive bands following treatment with pre-absorbed anti-GH 
antibody. Positive control is 10 ng recombinant hGH.
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Figure 2 -  Western immunoblot of GH-immunoreactive proteins in adult human retina (lane R) from a 57 year old male with 
no known history of ocular disease. Loaded 20 gg of protein. Positive control was 33 ng o f recombinant hGH. Protein bands 
corresponding to putative monomer and dimer GH are indicated by arrow heads (A) .  Data are representative o f at least three Western 
immunoblots. Immunoblot courtesy o f Dr. Esmond Sanders and Ewa Parker, University o f Alberta.
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Figure 3 -  Western immunoblot of GH-immunoreactive proteins in adult human vitreous from patients with ocular disease.
Positive control was 33 ng of recombinant hGH. (1) Vitreous from an 80 year old female with diabetes mellitus. Loaded 24 pg of 
protein. (2) Vitreous from an 81 year old male with epiretinal membrane. Loaded 20 pg protein. Data are representative o f at least 
three Western immunoblots. Immunoblot courtesy o f Dr. Esmond Sanders and Ewa Parker, University of Alberta.
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Figure 4 -  Total protein corrected for hemoglobin in adult vitreous. Levels are higher in those with DM than in ND (p < 0.05) and 
C ( p < 0  .05). All groups are age and gender matched. Groups were compared using a Kruskal-Wallis non-parametric test. Post hoc 
analysis was performed using Dunn’s multiple comparison test. Values shown ± SEM. C = Controls with no history o f ocular disease, 
DM = Diabetes mellitus with ocular disease, ND = Non-diabetic with other ocular conditions (RD, MH, ERM, vitreous hemorrhage, 
subretinal hemorrhage, vitreous debris, central retinal vein occlusion), IDDM = Insulin-dependent diabetes mellitus with ocular 
disease, NIDDM = Non-insulin-dependent diabetes mellitus with ocular disease, RD = Retinal detachment (part o f ND pool), MH = 
Macular Hole (part of ND pool), ERM = Epiretinal membrane (part o f ND pool).
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Figure 5 - Levels of uncorrected vitreous GH in adult patients. Levels are higher in C than in those with DM (p < 0.01), NIDDM (p 
<0.01) and MH (p < 0.05) while levels are higher in ND than in C (p < 0.001). All groups are age and gender matched. Groups were 
compared using a Kruskal-Wallis non-parametric test. Post hoc analysis was performed using D unn’s multiple comparison test.
Values shown ± SEM.
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Figure 6 -  Levels of GH corrected for total vitreal protein in the vitreous of adult humans. Levels are higher in C than in those 
with DM (p < 0.001), IDDM (p < 0.01), NIDDM (p < 0.01) and ND (p < 0.05). All groups are age and gender matched. Groups were 
compared using a Kruskal-Wallis non-parametric test. Post hoc analysis was performed using Dunn’s multiple comparison test. 
Values shown ± SEM. Total vitreal protein was corrected for hemoglobin (Hb).
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Figure 7 -  Uncorrected and protein-corrected vitreous GH levels in diabetics without PD R  and diabetics with PDR. No
statistically significant differences between groups. Groups were compared using a Mann-Whitney U test. Values shown ± SEM.
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Figure 8 -  Plasma GH levels in adults. No statistically significant differences among groups. All groups are age and gender matched. 
Groups were compared using a Kruskal-Wallis non-parametric test. Post hoc analysis was performed using Dunn’s multiple 
comparison test. Values shown ± SEM.
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Figure 9 -  Uncorrected vitreous free IGF-1 in adults. No statistically significant differences among groups. All groups are age and 
gender matched. Groups were compared using a Kruskal-Wallis non-parametric test. Post hoc analysis was performed using Dunn’s 
multiple comparison test. Values shown ± SEM.
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Figure 10 -  Levels of free IGF-1 corrected for total vitreal protein in the vitreous of adult humans. No statistically significant 
differences among groups. All groups are age and gender matched. Groups were compared using a Kruskal-Wallis non-parametric 
test. Post hoc analysis was performed using Drum’s multiple comparison test. Values shown ± SEM. Total vitreal protein corrected for 
hemoglobin (Hb).
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Figure 11 -  Plasma free IGF-1 levels in adults. Levels are higher in ND than in those with DM (p < 0.01) and IDDM (p < 0.05). 
Levels are higher in those with RD than in those with DM (p < 0.01) and IDDM (p < 0.05). All groups are age and gender matched. 
Groups were compared using a Kruskal-Wallis non-parametric test. Post hoc analysis was performed using Dunn’s multiple 
comparison test. Values shown ± SEM.
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Figure 12 - Total uncorrected vitreal protein versus uncorrected vitreous GH in non-diabetics with ocular disease. No
significant correlation. Spearman non-parametric correlation used.
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Figure 13 - Total uncorrected vitreal protein versus uncorrected vitreous GH in diabetics with ocular disease. No significant 
correlation. Spearman non-parametric correlation used.
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These results demonstrate, for the first time, that immunoreactive GH-like proteins are 

present in the vitreous and retina of adult humans, both in those with no history o f ocular 

disease and in those with diabetic/non-diabetic ocular disease. The present study also 

shows that vitreous GH levels, both corrected and uncorrected for total vitreal protein, are 

lower in diabetics with ocular disease than in controls with no history o f ocular disease. 

Vitreous GH can thus be added to the growing list of peptide markers o f diabetic ocular 

disease, including VEGF (Funatsu et al., 2002b), fibronectin (Probst et ah, 2004), TGF-(3 

and IGF-1 (Boulton et ah, 1997). In addition, patients with macular holes have a 3-fold 

significant decrease in uncorrected vitreous GH compared to controls, implicating 

vitreous GH as a marker of macular hole formation. A positive linear correlation was 

observed between protein-corrected vitreous levels of free IGF-1 and GH in non­

diabetics and diabetics -  both with ocular disease -  suggesting that local GH action in the 

retina may be IGF-1 dependent in these patients.

A. Characterization of GH in vitreous and retina

The present study presents the first evidence o f GH immunoreactivity in the human 

vitreous humour and retina, although a previous study measured vitreal GH in the 

neonatal rat (Modanlou et ah, 2006) and previous studies in this laboratory have 

demonstrated GH gene and protein expression in the retina o f embryonic chicks (Baudet 

et ah, 2003) and in the retina and whole eye of perinatal and adult rats (Harvey et ah, 

2006).
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The predominant GH-immunoreactive protein moieties in the embryonic chick retina 

were of sizes 15 kDa, 16 kDa, and 25 kDa while in rat retinae immunoreactive protein of 

size 22 kDa predominated (Harvey et al., 2006). In human vitreous from cadavers with 

no known history of ocular disease, there were several immunoreactive protein bands, 

including bands of 22 kDa and 45-48 kDa. In a patient with epiretinal membrane and one 

with diabetes, the vitreous profile of GH immunoreactivity was different, with the 

putative monomer band running slightly higher than the 22 kDa positive control and the 

putative dimer band running slightly lower than the 45 kDa positive control. These 

differences may be due to the running conditions o f the Western immunoblot as 

described above (non-uniform gel concentration and current), binding o f GH to vitreal 

factors and/or post-translational modification of the GH protein within the vitreous. In 

particular, the putative dimer band running between 45-48 kDa in size may be a dimeric 

form of GH comprised o f 22 kDa and 24 kDa moieties (Brostedt and Roos, 1989). 

Western immunoblotting did not reveal any noticeable differences in protein bands 

between controls and subjects with ocular disease. As many samples o f vitreous were not 

concentrated enough to show reproducible GH protein bands, further concentrating and 

Western immunoblot analysis is required to determine if the vitreous GH profile differs 

with ocular disease. A knowledge of how the GH profile differs is important, as different 

isohormones of GH can interact differently with the GH receptor and can exhibit 

different bioactivities. For instance, the 20 kDa GH isohormone has substantially reduced 

affinity for the GH receptor (Baumann, 1991), and in rats has less bioactivity in 

stimulating bone growth, body weight gain, and elevation of plasma IGF-1 levels than 22 

kDa monomer GH (Kostyo et al., 1987). Similarly, variants o f plasma GH have been
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shown to have different bioactivities (De Palo et al., 2006b; Sami, 2007), with some 

cleaved forms showing enhanced bioactivity and dimeric/oligomeric forms showing 

decreased bioactivity (reviewed by Baumann, 1991).

In those individuals with an uncompromised BRB, transport o f systemic GH across the 

barrier is unlikely (James and Cotlier, 1983) suggesting that at least some of the 

immunoreactive GH in the vitreous of control patients is derived from a local ocular 

source. In the present study, and for the first time, GH immunoreactivity was detected in 

a sample o f whole retina from an adult human with no known history of ocular disease. 

The retina, then, given its proximity to vitreous and its repository o f cells such as retinal 

ganglion cells (RGCs), is a likely source of local GH. Retinal immunoreactive GH 

protein was also detected in the RGCs and RPE of embryonic chicks (Baudet et al., 2003) 

and in the retinal ganglion cells o f perinatal and adult rats (Harvey et al., 2006), both of 

which have been shown to express locally-derived GH.

B. Quantification of GH and IGF-1 immunoreactivity by ELISA

1. TOTAL VITREAL PROTEIN AND GH LEVELS

Serum GH has been implicated in the progression of ocular disorders, in particular 

neovascular diseases such as DR. Ocular GH, as distinct from serum GH, may also be 

implicated in ocular disease progression. In those with breakdown of the BRB secondary 

to vitreoretinal disease, GH immunoreactivity in the vitreous may be indicative o f both 

ocular (local) and serum contribution o f GH. It is for this reason that levels o f GH 

corrected for total vitreal protein were measured, in addition to uncorrected, absolute
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vitreous GH concentrations. Strikingly, levels of vitreous GH did not increase in diabetics 

and non-diabetics following increased infiltration of proteins from serum into the vitreous 

(see Figures 12 and 13). This suggests that the effect o f serum GH leakage into the 

vitreous was at most minimal, despite the observed increase in total vitreal proteins in 

diabetics compared to controls and non-diabetics with ocular disease. Alternatively, 

increased infiltration of hemoglobin from plasma into the vitreous may have masked a 

significant increase in vitreous GH levels. The low levels of serum GH in diabetics and 

non-diabetics with ocular disease likely implies a low probability o f serum GH leakage 

into the vitreous. In addition, GH may be excluded based on its size; GH 

dimers/oligomers and/or bound GH may have greater difficulty crossing the 

compromised BRB than monomer GH. Given that the BRB and the BBB are similar in 

function and microanatomy and share a similar developmental origin (Lightman et al., 

1987; Manfre et al., 1997), they may have similar transport mechanisms. While human 

GH does not bind specifically to receptors in retinal capillaries in the bovine eye (James 

and Cotlier, 1983), GH receptors are present at the choroid plexus and a specific transport 

mechanism for GH at the blood-CSF barrier has been suggested (Lai et al., 1991; Pan et 

al., 2005), although a process involving simple diffusion cannot be dismissed (Coculescu, 

1999; Pan et al., 2005). Alternatively, the lipid solubility and charge state of the GH 

molecule may affect its infiltration from blood into vitreous. Highly negatively charged 

fluorescent dyes such as calcein and hydrophilic dyes such as carboxyfluorescein are 

better able to cross the BRB following laser coagulation therapy than less negatively 

charged and more lipid soluble dyes such as sodium fluorescein (Mori et al., 1997). 

Midvitreous levels of calcein 4 hours after systemic injection were higher than levels of
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sodium fluorescein (Golshani et al., 1993). As plasma GH is a hydrophilic protein 

(Harvey et al., 1995), and biologically active deamidated charge isomers o f plasma GH 

have been characterized (Skottner et al., 1988), alternative mechanisms of GH entry into 

vitreous in compromised and uncompromised retinal vasculature based on lipid solubility 

and charge are possible.

2. UNCORRECTED VITREOUS GH

In diabetics and specifically in non-insulin-dependent diabetics, mean vitreous levels of 

GH uncorrected for vitreous protein were lower than in controls. This novel finding was 

unexpected for two reasons. Firstly, the present study showed that plasma GH levels in 

diabetics correlate with GH levels in vitreous, supporting the notion o f BRB leakage in 

the diabetic retina (Cunha-Vaz, 2004). Secondly, in the present study those with IDDM 

and NIDDM had plasma GH levels comparable with controls. Together, these two points 

suggest that uncorrected vitreous GH should be comparable among diabetics and 

controls, rather than lower among diabetics. Movement o f GH from the vitreous to 

plasma, possibly through a specific transport mechanism (Coculescu, 1999), may be 

partly responsible for the observed decrease in vitreous GH. Other explanations for the 

decrease in vitreous GH are given below, in relation to protein-corrected vitreous GH. 

Non-diabetics with ocular disease had higher levels of vitreous GH than controls, while a 

subgroup o f patients with macular hole had lower levels of vitreous GH than controls. 

This is o f interest, as a previous study showed lower systemic levels o f GH in 

postmenopausal women with idiopathic macular holes compared to age-matched controls 

(Kmera-Muszynska and Zgliczynski, 2000). The effect o f decreased GH on retinal
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vasculature may affect the incidence of macular holes, as changes in retinal vasculature 

are known to increase risk for macular hole formation (Ho et al., 1998). When those with 

either epiretinal membrane or retinal detachment were compared to controls in the 

present study, however, no significant difference in vitreous GH levels was observed (see 

Figure 6). In the vitreous of non-diabetics with ocular disease, GH may be playing the 

role o f a growth factor involved in angiogenesis of the retina. As monomer and dimer GH 

have been characterized in the vitreous of non-diabetic patients, and as GH can bind to at 

least one vitreous proteoglycan (opticin; Sanders et al., 2003) it is possible that 

alternative binding and/or expression of various GH moieties may result in or be 

associated with changes in vitreous integrity which can lead to ocular disorders such as 

epiretinal membrane, macular hole, and retinal detachment.

In the present study mean uncorrected vitreous GH levels for the control individuals were 

48.6 pg/mL while mean values for uncorrected vitreous GH of rats at postnatal age 21 

days were reported to be 4.9 ng/mL (Modanlou et al., 2006). GH levels in the human 

central nervous system (CNS) may therefore be much lower than those in the rat CNS. 

This possibility is supported by Costa et al. (1993) who detected very low GH 

immunoreactivity and by Nyberg (2000), who failed to find GH expression in the human 

CNS. In contrast, GH and GH mRNA are readily detected in the rat brain (Hojvat et al., 

1982; Harvey and Hull, 2003). This difference may be species or age-related, especially 

as GH secretion is distinctly inversely age-related (Sherlock and Toogood, 2007) and the 

patients in the present study were all elderly, whereas the rats used by Modanlou et al. 

(2006) were neonatal. The difference in GH levels could also reflect methodological
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differences, since different immunological techniques were used for measurement and 

different assays have been shown to give dissimilar results (Ebdrup et al., 1999; 

Bidlingmaier and Strasburger, 2007).

3. PROTEIN-CORRECTED VITREOUS GH

The observed decrease in protein-corrected vitreous GH in diabetic patients -  the 

majority of whom had DR -  is also a novel finding and correlates with the decrease in 

protein-corrected vitreous free IGF-1 observed in patients with PDR (Simo et al., 2003). 

In the present study, there was no decrease in protein-corrected vitreous free IGF-1 levels 

in patients with PDR. While the same ELISA kit was used in the study by Simo et al. 

(2003) and the present study, the patient cohort was slightly younger and the number of 

samples of controls and diabetics with PDR was higher in the study by Simo et al. (2003). 

Reduced local production o f retinal GH in diabetics is a possible explanation for the 

observed decrease in protein-corrected vitreous GH, since GH is known to induce IGF-1 

expression in the retina o f embryonic chicks (Baudet et al., 2003) and goldfish (Otteson 

et al., 2002). While elevated serum GH has been implicated in the progression o f DR 

(Kohner and Oakley, 1975; Parentin et al., 2004), it is possible that the decrease in 

protein-corrected vitreous GH observed in this study leads to a decrease of proteolytically 

cleaved GH fragments known as vasoinhibins (Clapp et al., 2006). These GH fragments 

exert anti-angiogenic properties in a variety of ways, such as via interference with the 

activity of growth factors and via the stimulation of apoptosis in endothelial cells (Clapp 

et al., 2006). Thus, a reduction of vasoinhibin activity might lead to diabetic eye disease 

involving neovascularization of the retina and hemorrhaging. Another possibility is that
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diabetes causes a decrease in GH secretion in the retina due to apoptotic death o f RGCs, 

caused by pressure from macular edema secondary to DR (Felinski and Antonetti, 2005). 

The human diabetic retina is known to express several proapoptotic molecules, including 

Bad, in response to neuronal injury (Abu El-Asrar et al., 2007), likely through glial cell- 

induction o f apoptosis in RGCs (Abu-El-Asrar et al., 2004). RGCs are known sites of 

local GH production in the embryonic chick and perinatal and adult rat (Baudet et al., 

2003; Harvey et al., 2006), thus death of RGCs could lead to diminished levels of 

vitreoretinal GH.

4. PLASMA GH

In the present study, plasma levels of GH were comparable across diabetics, non­

diabetics, and controls. Previous studies have shown increases in plasma GH levels in 

both insulin-dependent (Johansen and Hansen, 1971) and non-insulin-dependent diabetics 

compared to controls (Kjeldsen et al., 1975). Tran et al. (2002) suggest that GH may play 

a role in the development of DR while hyperglycemia accelerates the course of the 

disease. In the present study, the mean plasma GH level in controls was 45.1 ± 13.2 

pg/mL. This value is approximately 40-50 times lower than mean 24-hour plasma GH 

levels reported in a previous study (Kjeldsen et al., 1975). In the present study, the mean 

age of controls was 55.6 ± 1 .4  years while in the study by Kjeldsen et al. (1975), the 

mean age of controls was 55-57 years. Obesity and the degree of diabetic control (see 

below) are likely confounding factors in the present study and can potentially affect the 

levels of plasma GH obtained. Patients in the present study were not separated based on 

their level of obesity as measured by body mass index, a measure o f body height to mass.
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However, in non-obese diabetics with NIDDM there are higher levels o f plasma GH than 

in non-obese controls (Hansen, 1973), while plasma GH levels are decreased in obese 

diabetics with NIDDM compared to obese controls (Kjeldsen et al., 1975). This 

difference highlights the importance of controlling for obesity in study subjects. The time 

o f day in which plasma samples were taken is another variable to consider. Plasma GH 

levels vary throughout the day in non-diabetic and especially in diabetic patients, where 

the effect is more pronounced (Johansen and Hansen, 1971). In the present study, plasma 

samples were taken between the hours of 8 am and 2 pm, during which there may have 

been fluctuations in plasma GH level. Mean 24-hour plasma GH levels measured by 

Kjeldsen et al. (1975), therefore, cannot be directly compared to the GH levels measured 

in the present study. The ELISA kit used to detect vitreous and plasma GH uses 

polyclonal antibodies; thus, any immunoreactive GH isohormone or variant -  whether 

monomer, dimer, or oligomer -  will be measured. There is a possibility that levels o f (a) 

specific GH moiety(ies) could potentially increase or decrease, and the ELISA kit used in 

the present study might not be able to measure this change. GH exists in many molecular 

isoforms and approximately half of the circulating GH is bound by a high-affinity 

binding protein (Baumann, 2001). Binding of GH to its binding protein may interfere 

with its quantification (Ebdrup et al., 1999; Popii and Baumann, 2004). In previous 

studies measuring plasma GH levels in diabetics versus controls, radioimmunoassay was 

typically the method o f choice; thus, direct comparison of results between the present 

study and previous studies is impossible, although the ELISA kit used in the present 

study was calibrated to international reference preparations of GH. Finally, there is 

potentially great variability in GH assay results among different laboratories; in the UK,
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different laboratories assaying identical samples of GH reported values which differed 

two to three-fold (Ebdrup et al., 1999).

As plasma GH levels are known to decline with age (Zadik et al., 1985), it is not 

surprising that plasma GH levels in the present study are much lower than those reported 

in a previous study in which mean patient ages were 25-28 (Johansen and Hansen, 1971). 

Plasma GH levels in elderly controls are indistinguishable from plasma GH levels in 

those with GH deficiency (Ho and Hoffman, 1993), particularly by the age o f 60 (Savine 

and Sonksen, 2000). In the present study, the mean plasma GH level of those with IDDM 

was 0.9 ± 0.6 ng/mL with a mean age of 49 ± 5.6 years. This value was, as expected, 

lower than the value reported by Johansen et al. (1971) in patients with a mean age of 

19.9 years. Similarly, in the present study the mean plasma GH level of those with 

NIDDM was 0.2 ± 0.1 ng/mL with a mean age of 66 ± 3.5 years, lower than the value 

reported by Kjeldsen et al. (1975) in patients with a mean age of 55-58 years. 

Additionally, plasma GH levels in rats of postnatal age 21 days was reported to be 87.3 

ng/mL (Modanlou et al., 2006). O f note, GH may be compartmentalized in extracellular 

fluids such as the vitreous, as GH levels in vitreous change despite a lack o f difference in 

serum GH levels across groups in the present study. This compartmentalization may be 

supported by active transport mechanisms to transport GH into the retina (Coculescu, 

1999).

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5. UNCORRECTED AND PROTEIN-CORRECTED VITREOUS GH CORRELATES 

WITH PLASMA GH

As expected by the compromised BRB, uncorrected vitreous GH levels correlated with 

levels of plasma GH. Strikingly, however, protein-corrected vitreous GH levels strongly 

and positively correlated with plasma GH levels. This correlation was much higher (p <

0.0001) than the correlation between uncorrected vitreous GH and plasma GH (p < 0.05). 

This finding raises the possibility of a positive feedback mechanism or a reduction in the 

negative feedback mechanism of GH secretion, whereby increased plasma GH raises the 

level of local GH in the eye. Alternatively, an intermediary signaling molecule that can 

raise protein-corrected vitreous GH levels and cross the BRB may be involved. GH 

typically acts to decrease GH secretion in a classical negative feedback scenario 

(Goldenberg and Barkan, 2007). One source of error is the leaky BRB; protein-corrected 

vitreous GH is calculated by correcting vitreous GH for total vitreous protein, yet there is 

increased and unpredictable infiltration of plasma proteins into vitreous in the diabetic 

retina.

6. UNCORRECTED AND PROTEIN-CORRECTED VITREOUS FREE IGF-1

In the present study, uncorrected and protein-corrected vitreous free IGF-1 levels were 

comparable among all the groups. This was an unexpected finding, as a previous study 

had reported increased free IGF-1 levels in the vitreous of patients with PDR along with 

decreased intraocular production of free IGF-1 (Simo et al., 2003). That study had a 

greater number of non-diabetics and diabetics enrolled, and, contrary to the present study, 

those enrolled by Simo et al. (2003) were matched according to serum free IGF-1. In
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addition, increased total IGF-1 has been reported in the vitreous o f patients with PDR 

(Burgos et al., 2000) and high levels of IGF-1 were reported in the subretinal fluid of a 

diabetic patient with acromegaly (van Setten et al., 2002).

7. PLASMA FREE IGF-1

Among diabetics and in particular those with IDDM, plasma free IGF-1 levels were 

lower than in non-diabetics with ocular disease and in a subset o f patients with retinal 

detachment. Other studies have similarly reported decreases in serum free IGF-1 in 

diabetics (Feldmann et al., 2000; Frystyk, 2004) and particularly in insulin-dependent 

diabetics (Orskov, 1996; Frystyk et al., 2003), although decreased levels of serum free 

IGF-1 likely do not correlate with incidence of PDR in patients with IDDM (Frystyk et 

al., 2003). Notably, eight diabetic patients in the present study were not diagnosed with 

PDR. This fact is important as diabetics with IDDM and DR had comparable levels o f 

serum free IGF-1 levels than diabetics without DR (Frystyk, 2004). Earlier studies had 

paradoxically shown that levels of plasma free IGF-1 in diabetics with IDDM and DR 

were either higher (Janssen et al., 1997) or lower (Feldmann et al., 2000) than in diabetics 

with IDDM without DR. These differences are likely due to the lack o f appropriately 

matched groups [in the case of the study by Janssen et al. (1997)] or to the use o f non­

fasting plasma samples collected after breakfast and insulin administration [in the case of 

the study by Feldmann et al. (2000)], where insulin can have effects on the level of 

plasma free IGF-1 in those with IDDM (Attia et al., 1999). Due to differences in total 

IGF-1 assays and patient groups used, there has been controversy over levels o f total 

IGF-1 in plasma. It is generally agreed that in those with DR a transient increase in
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plasma total IGF-1 levels does occur in the early stage of retinal neovascularization 

(Merimee et al., 1983; Hyer et al., 1989a). Some studies report decreased levels of total 

IGF-1 in diabetics (Yde, 1969; Frystyk et al., 2003). Others, however, have shown no 

significant association between total IGF-1 levels and DR (Dills et al., 1990; Wang et al.,

1995). Another confounding factor is the level of circulating insulin, as total IGF-1 levels 

are, like free IGF-1, significantly influenced by insulin (Attia et al., 1999; Feldmann et 

al., 2000) and insulin can affect levels of IGFBP-1, another modulater of IGF-1 levels 

(Rajaram et al., 1997).

8. IGF-1 DEPENDENCE OF GH ACTION

In the present study, there was a positive linear correlation between protein-corrected 

vitreous free IGF-1 and protein-corrected vitreous GH levels in the vitreous o f non­

diabetics with ocular disease and in diabetics. This suggests that local GH action in the 

retina may be IGF-1 dependent in these patients. The present study is the first known to 

suggest IGF-1 dependence of GH action in the eyes of non-diabetics with ocular disease 

and diabetics with ocular disease. Levels of retinal IGF-1 in the embryonic chick retina 

have been shown to be GH dependant (Baudet et al., 2003) while studies o f control (non­

diabetic with no ocular disease) rat retinal tissue have shown retinal IGF-1 expression is 

independent o f GH (Gerhardinger et al., 2001), as is observed in the rat brain (D’Ercole 

et. al., 1984). In the present study, GH levels may be IGF-1 independent in the vitreous of 

controls. As the vitreous is morphologically adjacent to the retina and can store growth 

factors such as GH and IGF-1, vitreous GH and IGF-1 levels are good indicators of 

retinal GH and IGF-1 levels. Ideally, GH and free/total IGF-1 would be quantified in
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adult human retinal tissues from controls, non-diabetics, and diabetics. In the plasma, GH 

and free IGF-1 levels did not correlate in non-diabetics or diabetics. While levels of free 

IGF-1 are thought to determine feedback on growth hormone release in normal subjects 

(Chen et al., 2005), patients with ocular disease and diabetics may have alterations in free 

IGF-1 and GH levels which compromise normal feedback regulation mechanisms.

C. Other variables

1. METABOLIC FACTORS

There are a number of factors that may affect plasma and vitreous levels o f GH and IGF-

1. In this study, there was no information on duration or control o f diabetes in the 

diabetics. In a case study of three women with insulin-controlled IDDM from childhood, 

two women showed regression of retinopathy after some 3 or 4 decades (Bliddal et al., 

1983), highlighting the effect o f diabetes duration on prevalence o f retinopathy. In 

addition, poorly-controlled diabetics with IDDM have elevated serum GH levels 

compared to well-controlled diabetics (Lundbaek et al., 1970; Wurzburger and Sonksen,

1996), and poor glycemic control can lead to insulin resistance leading in turn to 

acceleration of the rate of retinopathy (Alzaid et al., 1994). Finally, most patients were on 

oral hypoglycemics and many were being treated with insulin, a known regulator of 

hepatic IGF-1 production (Frystyk, 2007). Thus, the hypoglycemic medication and 

insulin treatment may affect serum IGF-1 levels and thus indirectly affect plasma GH 

levels as plasma free IGF-1 down-regulates GH secretion (Chapman et al., 1998; Butler 

and Le Roith, 2001).
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2. GENDER

Gender differences in plasma GH levels have been previously characterized (Ho et al., 

1987). However, in this study all groups were gender matched to ensure that differences 

observed were not due to gender. As well, the difference in levels o f GH and IGF-I 

between men and women is lost after menopause (Ho et al., 1987), and the mean age of 

all participants in the present study was 59, past the age of onset for menopause. Another 

factor that may affect levels of IGF-1 and GH is ethnicity. African American girls and 

adult men had lower circulating IGF-1 levels than Caucasian counterparts (Platz et al., 

1999; Wong et al., 1999). The patients enrolled in this study represented several 

backgrounds, including (but not limited to) Caucasian, Aboriginal, and East Indian. As 

circulating IGF-1 levels may be variable among different races, this may also affect their 

circulating (and thus protein-corrected) GH levels.

3. FREE VERSUS TOTAL IGF-1

In this study, free and readily dissociable IGF-1 was measured in vitreous samples. In 

serum, free IGF-1 is believed to be the biologically active factor in growth and 

metabolism (Juul et al., 1997; Chen et al., 2005). A recent review by Frystyk (2007) has 

suggested that for certain endocrine disorders such as GH deficiency, measurement of 

serum free IGF-1 may be as diagnostically relevant as total serum IGF-1 (free and bound 

to binding proteins). Indeed, Chapman et al. (1998) have confirmed the role of serum free 

IGF-1 rather than total IGF-1 in suppressing GH secretion. And, Hasegawa et al. (1996) 

showed that levels o f serum total IGF-1 correlate with those o f free IGF-1 in GH 

deficient patients. Thus, measurement o f free IGF-1 in this study is a useful indicator of
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the dependence/independence of GH on IGF-1 in serum and vitreous. Notably, bound 

forms o f IGF-1 are likely in the vitreous, as IGFBPs have been characterized in the 

vitreous and levels o f IGFBP-3 are elevated in PDR (Simo et al., 2003). The majority of 

IGF-1 in circulation exists in a complex with IGFBP-3 and ALS in a 150 kDa complex, 

and under conditions o f a non-compromised BRB, this complex cannot easily leave the 

vascular compartment (Jones and Clemmons, 1995). Thus, association o f free IGF-1 with 

its binding proteins may occur in the vitreous following entry into the vitreous of free 

IGF-1 in those with non-proliferative ocular conditions or those without ocular disease.

D. Reduced vitreous GH -  beneficial or insidious?

In the present study, reduced levels of uncorrected and protein-corrected vitreous GH 

were associated with diabetes. This paradoxical finding is contradicted by studies which, 

for decades, have pointed to a link between elevated plasma GH levels and the 

progression o f DR. Poulsen (1953) noted the recovery from DR in a patient with a 

damaged pituitary gland, leading to hypophysectomy as an established treatment for DR 

before the advent of laser photocoagulation therapy and strict metabolic control (Boehm, 

2007). Among diabetics with IDDM, those with DR had higher plasma GH levels than 

those without DR (Powell et al., 1966). And finally, a study using computer analysis of 

ocular results following growth hormone blockade in diabetics with varying degrees of 

DR revealed that suppression of GH improves the prognosis of DR (Schaub et al., 1984). 

Certainly, further work is needed to confirm the findings in the present study (see below), 

yet the present findings can be explained and/or reconciled with those in the literature.
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Firstly, GH has been shown to be compartmentalized in the vitreous, comprising a 

separate pool from plasma GH (Modanlou et al., 2006). Thus, while breakdown of the 

blood-retinal barrier (BRB) is a hallmark of DR (Cunha-Vaz, 2004), local GH levels may 

also play a role in the disease. Secondly, diabetics with IDDM show three distinct phases 

each with its own profile of plasma GH concentration (Wurzburger and Sonksen, 1996). 

In the first and third phases, plasma GH levels are high, while in the second phase, 

plasma GH levels are near normal (Wurzburger and Sonksen, 1996). Without adequate 

clinical information, it is impossible to know the phase o f IDDM in which study subjects 

were found. Thirdly, as mentioned above, vitreous and plasma levels o f GH were 

measured using an ELISA kit made with polyclonal anti-GH antibodies. While inter­

assay and intra-assay variations in vitreous and plasma GH measurement were 

acceptable, complete validation of the kit for measurement of vitreous GH remains to be 

done. Regardless, while absolute levels of vitreous and plasma GH may be different from 

those obtained in previous studies, increase or decrease in GH levels can be reliably 

detected with this kit. In previous studies, the method of choice for measurement of 

plasma GH levels was radioimmunoassay. Finally, there is already controversy in the 

literature surrounding the role of plasma GH in the progression o f DR. While some 

studies have implicated GH replacement therapy in the progression of DR-like symptoms 

in non-diabetics (Roller et al., 1998; Paterson et al., 2007), others have rejected this link 

(Blank et al., 2000; Urban et al., 2005). Additionally, following the observed DR in a 

patient with GH gene deletion, Laron and Weinburger (2005) have proposed a U-shaped 

effect whereby both GH/IGF-1 excess and GH/IGF-1 deficiency may lead to diabetic 

ocular complications.
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E. Future work

In the present study, sequencing of GH-immunoreactive bands obtained via 

polyacrylamide gel electrophoresis (PAGE) would enable definitive characterization of 

those bands. Expanded clinical information on the severity of the observed ocular 

disorders [i.e. the stage of DR (Chiarelli et al., 2005)] would have allowed for a 

comparison between plasma and vitreous GH levels and severity of ocular disease. 

Information related to the duration of diabetes in the diabetics would also be useful, as 

the duration of diabetes is a factor in the progression of DR (Bliddal et al., 1983). In the 

present study, infiltration of serum proteins into the vitreous was expected in those with 

proliferative ocular disorders. As albumin has been used as a permeability marker of 

blood vessels (Spranger et al., 2001), levels o f albumin in the vitreous could be a more 

accurate measure of protein infiltration into vitreous as compared to measurement of total 

vitreous protein performed in the present study. The GH ELISA kit used in the present 

study had not, to our knowledge, been previously used to quantify GH levels in vitreous 

fluid. While the kit’s intra- and inter-assay variations and sensitivity for measuring GH in 

vitreous were measured and found to be acceptable, further validation is worthwhile. 

Specifically, reliably determining the concentration of vitreous samples spiked with 

known concentrations o f control serum would indicate the accuracy of the ELISA kit. 

Given the results o f plasma GH levels in the present study, further validation o f the 

ELISA kit for detecting plasma GH is suggested. Measurement and comparison of 

samples containing known concentrations of bound GH, unbound, and 

isohormone/variant GH in both plasma and vitreous would aid in determining the
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specificity of the ELISA kit. Performing radioimmunoassays on vitreous and plasma 

samples would serve to confirm or reject the results in the present study, and would allow 

for direct comparison to values and trends in previous studies.
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