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Abstract － We have investigated the effect of glucosamine on the retinal cells after continuous infusion into 
cerebroventricle by using osmotic minipump to avoid peripheral effect. Continuous intracerebroventricular 
(i.c.v) infusion of glucosamine with the rate of 0.1 μmol/10 μl/hr for 7 days resulted in morphological changes 
of the optic nerve in electron microscopic level as well as morphological changes of the retina in light 
microscopic level. Retinal sections were immunostained for the detection of morphological changes of astro-
cytes. GFAP immunoreactivity appeared not only in the Muller cells but also many of the radial processes of 
Muller cells. The optic nerve showed deformed axon and slight lamellar separation of myelin sheath after 
continuous infusion of glucosamine in observing with electron microscope. Interestingly, vacuoles were 
observed in deformed axons and retinal layers were folded and detached. These results suggested that 
glucosamine plays a role in induction of morphological dysfunction in retina and optic nerves.
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INTRODUCTION

    The elevation of the glucose level is thought to play a 
major role in glucose-induced insulin desensitization in pe-
ripheral tissue and the development of diabetic compli-
cation. Glucose is regarded as a first component in hexos-
amine biosynthesis pathway. Interestingly, there is a casu-
al link between apoptosis in beta cells and glucose metab-
olism through glucosamine to O-linked-N-acetylglucos-
amine (O-GlcNAc). Glucosamine stimulates protein mod-
ification by O-GlcNAc in pancreatic beta cells (Liu et al., 
2000; Kang et al., 2008), and the possibility of this post-
translational modification serving as the nutrient sensor 
and regulator of insulin signaling has been proposed by 
examining the effect of elevated levels of O-GlcNAc on in-
sulin-stimulated glucose uptake in adipocytes (Wells et al., 
2003). 
    Glucosamine, a product of hexosamine pathway, ap-
pears to be a molecular energy-sensing device which is in-
volved in the signaling of the energy status of peripheral 

tissues and the brain via leptin (Hussains, 1998). Also, it 
could induce insulin resistance without the presence of 
high glucose or glutamine (Marshall et al., 1991). The glu-
cosamine hypothesis is based on the observation that glu-
cosamine induces insulin resistance in isolated rat muscle 
and may modulate the effect of glucose on pyruvate kin-
ase, glycogen synthase and transforming growth factor-al-
pha (Crook et al., 1993; Daniel et al., 1993; Robinson et 
al., 1993; Hussains, 1998). In vivo experiments have re-
vealed that glucosamine infusion induces insulin resist-
ance in normoglycemic rats (Rosseti et al., 1995). This is 
accompanied by attenuating insulin-induced GLUT-4 
translocation to the cell surface in skeletal muscle (Baron 
et al., 1995). It has also been reported that glucosamine in-
fusion influences insulin sensitivity in skeletal muscle, adi-
pose tissue, heart muscle and liver (Virkamaki et al., 
1997).
    It has been suggested that excessive hexosamines 
block the neuroprotective effect of insulin and induce 
apoptosis in retinal neuronal cells in dose-dependent man-
ner (Nakamura et al., 2001). After transport and phosphor-
ylation of glucose to glucose-6-phosphate, it is primarily 
utilized in two major pathways i.e. glycogen synthesis and 
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glycolysis. However, 1-3% of the incoming glucose which 
is converted to fructose-6-phosphate enters the hexos-
amine biosynthetic pathway through the rate-limiting en-
zyme glutamine: fructose-6-phosphate aminotransferase 
(GFAT) whose major end products, UDP-N-acetyl-glucos-
amine (UDP-GlcNAc) and UDP-N-acetyl-galactosamine, 
serve as substrates in the synthesis of glycoproteins. 
    The O-GlcNAc protein modification may be an integral 
component of certain signaling cascades similar to phos-
phorylation (Hanover, 2001; Tallent et al., 2009). There is 
growing evidence of a link between analogous O-GlcNAc 
modification and diabetes. It has been known that many 
cytoskeletal proteins like microtubule-associated proteins, 
neurofilaments and synapsin are multiple O-GlcNAc 
(Griffith et al., 1995a, 1995b; Arnold et al., 1996; Cole 
and Hart, 1999), and defects in O-GlcNAc metabolism 
are associated with human disease such as neurodege-
neration, diabetes mellitus, and cancer (Griffith et al., 
1995b; Yao and Coleman, 1998; Hanover, 2001; Rex- 
Mathen et al., 2001; Liu et al., 2009). The positive cell of 
O-GlcNAc was highly (40-50%) increased in the glomeruli 
and tubuli in the kidney of diabetic patient (Degrell et al., 
2009). Glucose metabolism is essential for neural function 
and disease occurs if there is any alteration in O-GlcNAc 
pathway due to altered post-translational modifications 
(Rex-Mathen et al., 2001). 
    In recent, many researchers have studied the effect of 
O-glycosylation on the functional changes of neuronal 
cells to examine whether glucosamine to O-glycosylation 
induces apoptosis in neuronal cells. However, the exact 
mechanism of the effect of O-glycosylation remains un-
elucidated and has been done to determine the glucos-
amine-induced apoptosis of retinal neuron in vivo.
    Thus, we have investigated whether glucosamine plays 
a major role in changing the morphology of retina which 
could lead to dysfuction of retina as well as optic nerves in 
vivo. In the present study, we have used monoclonal anti-
body RL2, which recognizes polypeptides containing O- 
GlcNAc residues, as a tool for identifying and quantifying 
the relative level of O-GlcNAc modification (Liu et al., 
2000). We were able to detect the upregulation of the as-
trocytes and observed morphological changes of retina by 
using immunohistochemistry, and axonal degeneration 
and segmental demyelination in optic nerves of glucos-
amine-infused rats by observation of electron microscope. 

MATERIALS AND METHODS

Treatment protocol and tissue preparation 
    Male Sprague-Dawley rats from Daehan Laboratory 

Animal (Eumsung, Korea) weighing 220-240 g were ac-
climatized for 1 week with free access to rat chow and tap 
water. The temperature (24 ± 3oC) and light (12 hr dark) of 
the housing environment were maintained constantly. Rats 
were anesthetized by intramuscular injection of ketamine 
(50 mg/kg) and xylazine (1 mg/kg), before surgery per-
formed on Kopf stereotaxic frame. A stainless steel guide 
cannula (21 gauge, 10 mm long) was implanted into right 
lateral cerebral ventricle (AP: −0.5 mm, LAT: ＋1.3 mm, 
and DV: −4.5 mm) of each rat. Rats were allowed 1 week 
for recovery before the implantation of osmotic minipump. 
Rats were anesthetized with ether. Then, osmotic mini-
pumps were implanted between the scapulae in subcu-
taneous. The minipump was implanted and connected di-
rectly to cannula via 6-cm long PE-60 polyethylene tubing. 
Rats were continuously i.c.v infused with glucosamine (10 
μmol/10 μl/hr) for 7 days through osmotic minipump (Alzet 
2001, Alza, Palo Alto, CA). A control group received an 
i.c.v. infusion of saline (10 μl/hr). The animals were treated 
according to the guidelines approved by the Animal Care 
Use Committee of the School of Medicine, Ewha Womans 
University.

Immunohistochemistry
    Rats were anesthetized by ether and perfused through 
the heart with 0.05 M phosphate buffered saline (PBS), fol-
lowed by 4%-paraformaldehyde (in 0.1 M phosphate buf-
fer). The eyes were removed carefully and fixed in 4% 
(w/v) paraformaldehyde for 30 min. The retinae were cry-
oprotected by infiltration with increasing concentrations of 
sucrose (10-30%), frozen in freezing medium and then cut 
into 10 μm-thick sections on a cryostat and collected on 
gelatin-coated slides. To examine tissue with light micro-
scopy, every other 10 slides were stained with hematoxylin 
and eosin. The tissue sections were rinsed in PBS, and 
then immersed in 0.3% H2O2 (in PBS) for 20 minutes at 
room temperature. They were preincubated in 10% normal 
horse serum (Vector Lab) for 1 hours, and then incubated 
in mouse anti-GFAP antiserum (1:800, Chemicon), mouse 
anti-RL2 (1:500) and mouse anti-Vimentin antiserum 
(1:100, Chemicon) for 15 hrs at 4oC. The second in-
cubation with HRP-conjugated anti-mouse IgG (1:50, Santa 
Cruz) was performed for one hour at room temperature. 
Finally, the immunocomplexes were visualized with 0.025% 
3,3-diaminobenzidine in PBS containing 0.005% hydrogen 
peroxide. Appropriate controls for the immunohistochem-
ical staining procedure included either substituting primary 
antiserum with normal rabbit serum or omitting primary 
antiserum. Immuno-positive cells were measured and the 
certain area of the particle (pixel) was counted using analy-
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Fig. 1.  Hematoxylin/eosin stain of rat retina. There is no severe morphological change in saline-infused retina (A, 20× magnification),
but nerve fiber layer was thickened, and many vacuoles (arrow head) and retinal folds were found in glucosamine-infused retina (B, C). 
It was found that disorganized retina was detached from retinal pigment epithelium (RPE) (B). Immunoreactivity was highly increased
in NFL and GC in glucosamine-infused retina (C). Magnified image of square part in (B, 20× magnification) was represented in (C, 40×
magnificaion). NFL: nerve fiber layer, GCL: gaglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform
layer, ONL: outer nuclear layer, RPE: retinal pigment epithelium. Scale bar=1 mm.

sis software (Soft Imaging System, Munster, Germany).

Electron microscopic observation
    Optic nerves 2 mm behind the eyeball were fixed by im-
mersion in 4% paraformaldehyde-0.5% glutaraldehyde fix-
ative (in 0.1 M phosphate buffer, pH 7.4). After washing in 
the 0.1 M phosphate buffer (pH 7.4) buffer, the nerve was 
postfixed in 1% phosphate saline-buffered osmium tetr-
oxide and was dehydrated following a second wash through 
ascending concentrations of ethanol before embedding in 
EPON Spurr's resin using propylene oxide as an inter-
mediary. Retinae were cut on a Leica Ultracut ultra-
microtome (Reichert-Jung, Eindhoven, Netherlands). Semi-
thin (0.75 μm) transverse sections prepared for light micro-
scopy were stained with thionin followed by toluidine blue 
and examined under a light microscope. For electron mi-
croscopy, ultrathin (50 nm) transverse sections were trans-
ferred to 200 mesh formvar coated copper grids and con-
trasted with 2% uranyl acetate in 70% ethanol. This was 
followed by contrasted with 0.3% lead citrate in 0.1 M so-
dium hydroxide, before observation in a Hitachi H-600 
electron microscope (Tokyo, Japan).

RESULTS

Light microscopy examination for all the retinal layers
    There was no difference between sham control retina 
and saline-infused retina in all retinal layers. However, the 
layer of glucosamine-infused retina was thinner or thicker 
than that of saline-infused retina. The thickness of nerve fi-
ber layer, ganglion cell layer and inner plexiform layer (IPL) 
was markedly modified by glucosamine. Nerve fiber layer 
on ganglion cell layer was thickened in glucosamine- in-
fused retina. In particular, disorganized retina was de-
tached from the retinal pigment epithelium and choroids 

layers in glucosamine-infused retina. Furthermore, there 
had been many retinal folds and vacuolization in nerve fi-
ber layer in glucosamine-infused retina. There was also a 
few morphological differences in outer nuclear layer (ONL) 
and inner nuclear layer (INL) (Fig. 1). 

Changes of GFAP and vimentin immunoreactivity
    Radial Muller glia expressed glial fibrillary acidic protein 
immunoreactivity (GFAP-IR) in the saline-infused retina. 
The end feet of the Muller cells were strongly labeled, but 
GFAP-IR of radial process was rarely observed in distal to 
the INL. A small number of immunoreactive Muller cell so-
mata were found in the INL. The immunoreactivity of 
GFAP was observed in nerve fiber layer (NFL) of retina 
and along the inner limiting membrane (ILM) in the glucos-
amine-infused retina. However, GFAP was highly ex-
pressed in nerve fiber layer and the pattern of immunor-
eactivity was different in glucosamine-infused retina as 
compared to the saline-infused retina. Nerve fiber crossing 
all retinal layer had intense reactivities and showed in-
creased labeling of GFAP in Muller cell process along the 
inner plexiform layer (IPL) and revealed retinal proliferation 
that was positively labeled by anti-GFAP in glucos-
amine-infused retina. The GFAP-IR Muller cells were not 
evenly distributed, but tended to form groups, or clusters. 
In the vicinity of these areas, horizontal GFAP-IR elements 
were abundant in the IPL. Highly disorganized tangle of 
GFAP-IR fibers were also observed in these area. In the 
central retina, close to the optic disc, a particularly strong 
proliferation of GFAP-IR fibers was shown. However, a 
characteristic of disease at this stage is the presence of 
GFAP-IR radial fibers throughout the retina (Fig. 2).
    Vimentin immunoreactivity was localized over the entire 
Muller cell, including the vitreal and scleral radial process 
and outlets through the OPL in the saline-infused retina. 
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Fig. 2. GFAP and vimentin immunohistochemistry of retina after 
glucosamine infusion. Slight GFAP immunoreactivities were 
found in nerve fiber layer (NFL) in saline-infused retina (A), but 
the end feet of Muller cells were strongly labeled and marked 
glial proliferation at the retinal space was found in NFL and 
distal to inner nuclear layer (INL) in glucosamine-infused retina 
(B). Faintly labeled for vimentin was found in saline-infused
retina (C), but thick and heavy in the vitreal process of the Muller 
cells and inner plexiform layer (IPL) was found and in 
glucosamine-infused retina (D). (20× magnification, Scale bar= 
1 mm).　The histogram indicated the number of immunopositive 
cells per field (mm2). The histograms represent mean ± SD of 
four slides per group. For each regional cell was counted by 
evaluator blinded to study groups. *p＜0.05 indicate significant 
difference between the saline group and glucosamine group, 
respectively (each group n=4).

Fig. 3. RL2 immunohistochemistry of retina after glucosa-
mine infusion.  Relative weaker density was found in nerve 
fiber layer (NFL) and ganglion cell layer (GCL) in saline- 
infused retina (A), but strong labeled GCL and inner nuclear
layer (INL) was found in glucosamine-infused retina (B). 
ONL: outer nuclear layer  (40× magnification, Scale bar=1 
mm).

The level of vimentin immunoreactivity was diverse, de-
pending on the compartments of the Muller cells. The faint-
ly labeled radial processes of saline-infused retina ap-
peared thin and straight throughout the entire depth of the 

retina. In glucosamine-infused retina, vimentin immunor-
eactivity was heavy in the vitreal processes of the Muller 
cells. Consequently, the fine branches of Muller cells in the 
IPL became visible and the immunolabeled vitreal proc-
esses appeared robust (Fig. 2).  

Changes of RL2 immunoreactivity
    The saline-infused or glucosamine-infused retina had 
expressed O-glycosylation proteins (RL2 positive) regard-
less of density in ganglion cell layer (GCL), inner nuclear 
layer (INL) and outer nuclear layer. Especially in glucos-
amine-infused retina, the intensities of RL2 in INL were 
weaker than those of GCL. Almost all of ganglion cell layer 
had shown RL2 staining. However, pigment epithelium 
showed slight staining. Also, the relative intensity of RL2 in 
ganglion cell layer of retina in glucosamine-infused rats 
was stronger than that of saline-infused rats (Fig. 3).

Observation of morphological change in optic nerve by 

electron microscope
    There are striking differences between glucosamine- in-
fused optic nerves and saline-infused optic nerves: myeli-
nated optic nerve fibers in glucosamine-infused rats re-
vealed deformed axons and slight lamellar separation of 
myelin sheath. The vacuoles on deformed axons were ob-
served in some glucosamine-infused rats. A few un-
myelinated axon, filtrating cells and increased collagen in 
cytoplasm were observed in glucosamine-infused rats 
(Fig. 4).

DISCUSSION

    In this study we observed that expression of GFAP, vi-
mentin and RL2 of retina and major abnormality on either 
myelin or axons of myelinated fibers in glucosamine-in-
fused rats. The morphological changes of retinal pro-
liferation shown by staining of hematoxylin and eosin were 
found in glucosamine-infused retina since partially dis-
tributed retinal folds were found (Ekstrom et al., 1988).  
The structural changes observed in the detachment re-
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Fig. 4. Morphological changes 
after glucosamine infusion in optic 
nerve.  There is no morphological 
change in saline-infused optic 
nerve (A), but many vacuoles 
(marked by arrow) and deformed 
axons (B, C) were found in gluco-
samine-infused optic nerve. (A) 
saline-infusion, (B, C) glucosamine- 
infusion. Scale bar=1 μm.

semble the changes documented in other retinal disorders 
(Nork et al., 1987).  It has been suggested that separation 
of neural retina from the retinal pigment epithelium initiated 
a number of cellular and biochemical changes within the 
retina (Hjelmeland and Harvey, 1988; Fisher and Anderson, 
1989).  It is likely that the cytoskeleton of the affected reti-
na cell types plays a key role in their responses to retinal 
detachment, since many changes in the cell shape, size, 
position or intracellular organization were observed in de-
tached retinal layers.
　 It has been known that the synthesis of glial intermediate 
filament protein was elevated in response to biochemical 
alteration outside.  Also it has been known that the inter-
mediate filament protein, GFAP and vimentin, are con-
centrated in the Muller cell end foot region in normal reti-
nae, however, in the event of detachment or other injury to 
retina, upregulation of these proteins occurs and inter-
mediate filaments eventually fill the cell entire cytoplasm 
(Eisenfeld et al., 1984; Erickson et al., 1987; Lewis et al., 
1989). There is an interesting report that immunoprecipit-
ation of vimentin from E9 whole brain lysates confirmed 
O-GlcNAcylation of vimentin but not in neurons during 
brain development (Farach and Galileo, 2008).  This is in 
consistent with the observation that the mRNA for inter-
mediate filament proteins is exported from the cell body vit-
read to the end foot, and that the intermediate filament cy-
toskeleton expands from an initial growth region that exists 
there (Ekstrom et al., 1988; Sarthy and Fu, 1989; Erickson 
et al., 1992).  Muller cells can proliferate, migrate, hyper-
trophy and shift the location of their nuclei. Consequently, 
structural alteration in the ONL may cause the withdrawal 
and inactivation of the scleral processes of Muller cells. 
    GFAP-IR of the retina showed radial Muller glia which 
extended into the outer nuclear layer and their high den-
sities (Eisenfeld et al., 1984; Diloreto et al., 1995). Consi-
dering expression pattern of GFAP in retina, it is likely that 
Muller cells may accumulate GFAP (Calvo et al., 1991; 
Erickson et al., 1992; Eng and Ghirnikar, 1994). These 

suggest that injury to retina was secondary to O-glyco-
sylation by glucosamine. In our results, progressive in-
crease in GFAP immunoreactivities in Muller cells was ob-
served in the NFL stretching across the INL and ONL, and 
subsequently across the width of the retina to reach the 
outer limiting membrane, a feature similar to that reported 
by others (Lieth et al., 1998). All major cytoskeletal compo-
nents within the Muller cells, including GFAP, vimentin, tu-
bulin are present in different but overlapping subcellular 
locations. GFAP and vimentin are normally present in the 
end foot region of the cell, and tubulin is present in its high-
est levels within the Muller cell processes that traverse the 
IPL and INL. 
    Muller cells are the principal glial cells in the retina and it 
is well documented that they provide both structural and 
metabolic support to retinal neurons. Furthermore, it was 
known that Muller cells also play an important role in mod-
ulating neuronal activity and blood retinal barrier (Tout et 
al., 1993; Newman and Reichenbach, 1996).  It has been 
found that glial reactivity, a reflection of altered glial func-
tion, becomes evident in the retina during the first 3 
months of diabetes (Lieth et al., 1998). This glial reactivity 
is manifested by increased GFAP immunoreactivity and 
content both in Muller cells and in astrocytes. Since glia 
support the functions of neurons and endothelial cells, it is 
possible that glial reactive changes affect the function and 
survival both of vascular and neuronal elements of the reti-
na (Erickson et al., 1992; Lieth et al., 2000). The morphol-
ogy of the retinal cells of glucosamine-infused rats was 
changed by the modulation of neurotransmission in gan-
glion cells or horizontal cells as evidenced by higher re-
activity to RL2. The O-glycosylation by the high glucos-
amine might induce cytotoxicity and dysfunction of retina. 
The glucosamine-infused retina became relatively thinner 
and showed higher RL2 staining in ganglion cell layer and 
horizontal elements adjacent to outer plexiform layer. 
Especially, horizontal cells were significant in their RL2 re-
activity (O-glycosylation) in ischemic retina (data not 
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shown). These results suggest that horizontal cell may 
play a role in protecting retina from external environmental 
or biochemical changes. It has been suggested that in-
creased flux into the glucosamine pathway could quantita-
tively or qualitatively alter the O-linked glycosylation state 
of various proteins involved in insulin action and thereby 
affect their function via numerous potential mechanisms 
(Hawkins et al., 1999). In addition, O-linked glycosylation 
of serine or threonine residues can competitively inhibit 
phosphorylation at the same sites (Griffith et al., 1995a; 
Hart et al., 1996). The reciprocal glycosylation/phosphor-
ylation state of key serine/threonine kinase could affect the 
tyrosine phosphorylation state and thus the activation of in-
sulin receptor substrate-1 or other upstream signaling mol-
ecules (Hart et al., 1996; Hawkins et al., 1999). O-Linked 
glycosylation can also affect the intracellular localization of 
proteins (Hart et al., 1996). Alternatively, increased glucos-
amine availability might directly affect glucose transport 
due to abnormal O-linked glycosylation of the GLUT4 vesi-
cle and high glucosamine induces apoptosis in retinal cells 
as result of O-glycosylation (Snow and Hart, 1998; Hawkins 
et al., 1999; Nakamura et al., 2001).
    The morphological changes of optic nerve with electron 
microscope in glucosamine-infused rats were shown in 
this experiemnt. Axon diameter and myelin thickness were 
more irregular in glucosamine-infused rat than that of 
controls. Furthermore, a significant irregularity in myeli-
nated nerve fiber arrangement was shown in glucos-
amine-infused rats. The optic nerves and visual pathway 
from the retina may also be affected as an early manifes-
tation of diabetes. Optic nerves of spontaneously diabetic 
BB/W rats have significantly smaller nerve fiber with in-
creased atrophy and dystrophic changes in the nerve fiber 
layer of the retina. The percentage of area occupied by 
glial cells was increased and the axonal component was-
decreased significantly (Sima et al., 1992). The irregularity 
was commonly found in the glucosamine-infused rats, and 
results were comparable to those of streptozotocin-in-
duced diabetic model (Ino-ue et al., 1991, 1998a, 1998b; 
Walker et al., 1999). Previous studies have reported that 
impaired regeneration in the streptozotocin-diabetic rat 
was characterized by a delay in myelination and axonal re-
generation (Longo et al., 1985; Vinik et al., 2001). It is also 
known that axonal transport is impaired in optic nerve in 
diabetes (Yanko et al., 1972). It may be a type of delayed 
nerve fiber atrophy. Glycosylated myelin is recognized and 
uptaken by macrophages. These may eventually result in 
demyelination (Vlassara et al., 1992). Collectively, con-
tinuous intracerebroventricular (i.c.v) infusion of glucos-
amine resulted in morphological changes of the optic 

nerve in electron microscopic level as well as morpho-
logical changes of the retina in light microscopic level.  The 
deformed axon and slight lamellar separation of myelin 
sheath was shown after continuous infusion with glucosa-
mine.
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