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Abstract

This thesis describes the development of a novel in vitro Schwann cell
isolation method that results in the establishment of two populations of Schwann
cells depending upon the age of the rat used. Schwann cells from PD15 rat
sciatic nerve proliferate in vitro without the need for additional growth factor
supplementation, whereas PD2 Schwann cells require further support to induce
proliferation. These two populations were used to investigate the direct effects
of high glucose on Schwann cell survival.

It was shown that exposure to high glucose leads to a dose- and time-
dependent decrease in survival in both populations of Schwann cells. Significant
cell death was observed at 2 hr following exposure to high glucose by counts of
intact nuclei. Using two independent in situ markers of the nuclear changes
associated with the final degradative phase of apoptosis, chromatin
condensation and internucleosomal DNA fragmentation, a significant proportion
of this cell loss was determined to be due to apoptosis. Dual staining revealed
that while internucleosomal DNA fragmentation was not present at 2 hr following
exposure to high glucose, significant changes in nuclear structure were evident,
including the presence of nuclear blebs, which have been observed in other
models of apoptotic cell death. In addition, the anti-apoptotic agents IGF-I, NAC,
and DMD each prevented cell loss observed at 2 hr following exposure to 40 mM
glucose, suggesting that the death observed at this time point was indeed
apoptotic.

A central convergence point in many forms of apoptosis is the opening of
a mitochondrial megapore, known as the permeability transition pore (PTP),
coupled to the collapse of the voltage potential across the inner mitochondrial
membrane (A'¥,,). It was shown here that exposure to high glucose induced a
time-dependent decrease in A'¥), that was preventable by anti-apoptotic agents
that improve Schwann cell survival. it was further shown that the PTP was
involved in high glucose induced apoptosis. An agent that maintains PTP
closure, cyclosporin A, maintained A'¥,, and prevented the death of Schwann
cells in high glucose media. Using confocal imaging it was determined that the
localization of hexokinase at the PTP was dependent upon AP, and the
conformation of the PTP, further implicating mitochondria in high glucose
induced apoptosis. Western blot analysis of sub-cellular fractions confirmed the
findings of others showing that the pro-apoptotic protein, Bax, was increased in
enriched mitochondrial fractions of Schwann cells exposed to high glucose.

Taken together, these findings demonstrate for the first time that high
glucose is toxic to Schwann cells in vitro, and that the cells die via apoptosis. It
was further shown that this process involved a disruption of mitochondrial
function at the PTP through a re-distribution of the proteins Bax and hexokinase.
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l. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by abnormat
carbohydrate metabolism. Two distinct manifestations have been identified with
different etiologies and interventions, Type I (insulin dependent diabetes meliitus)
and Type |l (non-insulin dependent diabetes mellitus). Type | DM is caused by
an autoimmune-mediated destruction of pancreatic g-cells, and therefore
requires insulin treatment. Type l| DM is a non-autoimmune disease associated
with degrees of insulin resistance or attenuated insulin release. Estimates of the
incidence of DM have ranged between 2-3% of the population in the United
States. The percentage of people with DM varies greatly with age; approximately
10% of people over age 64 develop DM while only 0.8% of people less than 45
years of age develop DM (Porte and Halter, 1999). The major complications
associated with DM, in addition to neuropathy, include arteriosclerosis,
particularly coronary artery disease which is the most common cause of death in
diabetics. Arteriosclerosis in the lower legs, often leads to gangrenous ulcers
and amputation. The development of kidney disease is also common in
diabetics, and two nephropathic syndromes have been identified, nodular
glomerulosclerosis and tubular nephrosis. One of the most characteristic
findings in diabetic patients is retinopathy, manifested by edema,
microaneurysms, and hemorrhages or refinitis proliferans. The developments of
cataracts, which has been atfributed to accumulation of sorbitol in the lens
(Beyer-Mears and Cruz, 1985), is also a common presentation in diabetic

patients.



Approximately 50% of patients develop some form of diabetic
polyneuropathy (DPN) during the course of their disease (Dyck and Dyck, 1999),
of whom 15-30% develop symptomatic neuropathy (Dyck et al., 1991; Dyck et
al., 1993; Dyck and Dyck, 1999). DPN is a progressive disease, worsening with
increased duration of DM. In both Type [ and Type li DM, it usually develops
after several years of chronic, or unrecognized, hyperglycemia. It has been
estimated that the incidence of DPN ranges from approximately 35% in patients
with DM less than 10 years, to approximately 50% between 10 and 20 years of
DM, to almost 75% in patients with DM greater than 20 years (Dyck and Dyck,
1999). Present treatments include intensive insulin therapy, which has yielded
the most promising results (Ginsberg and Mazze, 1994), or treatment with aldose
reductase inhibitors (see below), which have yielded only modest improvements
in nerve function.

Although the pathogenesis of DPN is not completely understood, there is
a good correlation between the extent of neuropathy and the degree of
hyperglycemia, as well as the duration of Type | or Type Il diabetes (Tesfaye et
al., 1996). Controversy exists concerning whether the observed functional
abnormalities are due to axonal degeneration or to Schwann cell dysfunction
(Dyck and Giannini, 1998). Pathological observations suggest that Schwann
cells may be involved in the pathogenesis of the disease. At present, however,
there are no studies that examine the direct effects of high glucose on Schwann
cell function, or whether the observed changes in Schwann cell function and
morphology are indirectly due to the metabolic consequences of diabetes. Given



the importance of Schwann cells in normal peripheral nerve development,
function, and regeneration, it is necessary to ask the question whether high
glucose is directly toxic to Schwann cells.

An in vitro model system was developed using primary rat Schwann cells
to examine the effects of high glucose concentrations (17.5-50 mM, or 315-900
mg/dl) on Schwann cell function. In humans, diabetes is diagnosed once fasting
blood glucose rises above 140 mg/dl. The range of glucose concentrations
examined in this study was chosen fo approximate the levels of hyperglycemia
seen in animal models of diabetes induced by streptozotocin (STZ), where blood

glucose levels range between 30 and 50 mM (Fernyhough et al., 1995).

l.a Peripheral Nerve Development and Anatomy

The glial cells of the peripheral nervous system, the Schwann cells, are
derived from the neural crest, along with neuronal precursor cells (Stemple and
Anderson, 1992). Early precursor Schwann cells are first identified at embryonic
day (E) 14. They are distinguished from immature and differentiated aduit
Schwann cells by two factors: 1) their inability to survive in vitro under culture
conditions in which Schwann cells isolated from older nerves would normally
survive, and 2) that they do not demonstrate detectable levels of expression of
the Ca™ binding protein S100, which is ultimately expressed by both types of
adult Schwann cells (myelin forming and non-myelin forming) (Mirsky and
Jessen, 1996). At E14, the rat peripheral nerves consist of tight bundles of
axons associated with rapidly dividing Schwann cell precursors. At this stage of



development, the Schwann cell precursor/axon unit lacks a basal lamina, which
is present in the aduit nerve (Jessen and Mirsky, 1991). In addition the Schwann
cell precursors do not express any of the markers unique to neuronal precursors,
in particular, growth-associated protein (GAP)-43 (Jessen and Mirsky, 1991;
Jessen etal.,, 1994). By E15-16, expression of S100 is detectable, and
proliferation of the immature Schwann cells in vivo continues at a fast rate
(Jessen and Mirsky, 1991) mediated by axonal signals at all stages of
development, and in regeneration.

Between E15-20, continuing Schwann cell proliferation is accompanied by
the segregation of axons into discrete axon-Schwann cell units. Larger axons
within these units segregate further and become isolated within “troughs” in the
Schwann cell cytoplasm. During this period, prior to the establishment of single
axon-Schwann cell associations, the Schwann cells assemble a basal lamina
(Webster et al., 1973); a transition which is crucial to the subsequent
development of myelinated peripheral nerves. If basal lamina deposition is
disrupted, subsequent myelination is blocked (Bunge, 1987).

Schwann cell proliferation peaks approximately at about E19 (Stewart et
al., 1993), which coincides with the first detectable signs of myelination. Double
labeling experiments have demonstrated that Schwann cells expressing the
major myelin protein, protein zero (Po) did not show bromodeoxyuridine (BrdU)
incorporation which is used to provide an index of DNA synthesis and
proliferation (Jessen and Mirsky, 1992). From E20 onward, there is a marked

reduction in the amount of Schwann cell proliferation (Jessen and Mirsky, 1992),
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and a significant increase in the number of apoptotic Schwann cells is detected in
the developing nerve (Jessen et al., 1994). This may be caused by a reduction
in the amount of available Schwann cell mitogens in the developing peripheral
nerve, or the presence of soluble or membrane-bound growth inhibitory factors.

A number of molecules regulate Schwann cell survival and proliferation in
vivo. One such molecule is glial growth factor, one of 12 splice variants
belonging to the neuregulin family of growth factors (Lemke, 1996). This survival
factor is found in high levels on peripheral axons, and can prevent the apoptotic
death of Schwann cell precursor cells in vitro (Dong et al., 1995) or differentiating
Schwann cells deprived of trophic support in vitro (Syroid et al., 1996). The
survival-promoting action of glial growth factor was shown to be mediated via a
heterodimeric complex between the ErbB2 and ErbB3 receptors (Syroid et al.,
1996). Recently, Syroid and colleagues (Syroid et al., 1999) also demonstrated
that insulin-like growth factor-1 (IGF-I) promoted Schwann cell survival in vitro.
IGF-1 was shown to stimulate Schwan cell proliferation (Sondell et al., 1997;
Syroid et al., 1999), but aiso to prevent the apoptotic death of Schwann cells
deprived of trophic support without stimulating DNA synthesis (Syroid et al.,
1999), suggesting the involvement of separate signaling pathways. However it
should be noted that unusually high concentrations of IGF-I were employed (up
to 50 ng/ml); whereas at lower concentrations (1-5 ng/ml), approximately one-half
of the cell death was prevented at 72 hr.

Differentiation of the Schwann cell precursors into mature myelin forming

and non-myelin forming Schwaqn cells occurs in response to specific signals,



both membrane-bound and soluble, derived from the associated axon. Primary
Schwann cells in vitro in the absence of neurons, do not normally express myelin
proteins such as Py, however they can be induced to do so under specific culture
conditions. Morgan and co-workers demonstrated an up-regulation of P; when
Schwann celis were grown in serum-free medium containing cholera toxin or
forskolin, both of which elevate intracellular cAMP levels (Morgan et al., 1991).
This up-regulation of the expression of P; was accompanied by down-regulation
of glial fibrillary acidic protein (GFAP), neural cell adhesion molecule (NCAM),
and the low-affinity nerve growth factor receptor, p75. It was determined from
these experiments that cAMP plays an important role in both differentiation and
proliferation of Schwann cells. When grown in serum-free conditions, Schwann
cell proliferation was stopped, and elevation of CAMP induced expression of Py;
however, in growth-promoting conditions where serum is present, elevation of
CcAMP potentiates the proliferative effects of serum and other Schwann cell
mitogens (Morgan et al., 1891). Bolin and Shooter demonstrated that neurons
induce the down-regulation of p75 and the up-regulation of the major peripheral
myelin protein Py through diffusible molecules (Bolin and Shooter, 1993).
However, the axon-derived signals resporisible for elevating Schwann cell cAMP
and inducing differentiation have yet to be characterized.

Both Schwann cell types can be identified in vivo by the presence of
specific proteins unique to each phenotype. The myelin forming Schwann cells
express the major myelin proteins: P,, myelin associated glycoprotein (MAG),
myelin basic protein (MBP), proteolipid protein (PLP), and peripheral myelin
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protein 22 (PMP22). Conversely, the non-myelin forming Schwann cells express
GFAP, p75, NCAM, and the adhesion molecule, L1. Both cell types share the
expression of the caicium binding protein S100, as well as galactocerebroside
(GalC). These Schwann cell phenotypes also differ with respect to their
association with axons. Myelin forming Schwann cells and their associated
axons form a 1:1 relationship; while the non-myelin forming Schwann celis,
ensheath several axons at once.

Myelinating Schwann cells are associated with the Type Aa. motor axons
innervating skeletal muscle, Type Ay motor nerves innervating muscle spindles,
the larger sensory nerves serving the skin (Type A, Type AS) and preganglionic
Type B autonomic fibres. Unmyelinated peripheral nerves include postganglionic
autonomic fibres and smaller Type C sensory nerves mediating temperature and
pain perception (see Table 1).

In the mature PNS, each nerve is organized and segregated by a series of
connective tissue sheaths (see Figure 1). As the nerve roots emerge from the
spinal cord, successive layers of connective tissue enclose them as they pass
through each of the meningeal layers. Enclosing the entire nerve is a thick
sheath of loose connective tissue known as the epineurium, which is continuous
with the dura. Enclosed within the epineurium are bundles of fibers or fascicles
of varying size. Each fascicle is in turn enclosed by a connective tissue sheath
known as the perineurium. The fascicles repeatedly divide and anastomose
along the course of the fiber. Fine strands of connective tissue known as the

endoneurium penetrate each fascicle extending inward from the perineurium.



Table 1. Peripheral nerve fiber classification.

Fiber Class Function Size (um) Conduction
Velocity (m/sec)

Aa a Motor efferents to 12-22 70-120
skelefal muscle

a Proprioception,
stretch, muscle
spindle afferents

AB a Discriminitive touch, 5-12 30-70
pressure, joint
rotation

o Secondary muscle
spindle afferents

a Golgi tendon organ
afferents

Ay a Muscle spindle 2-8 15-30
efferents (intrafusal)

Ad a Touch and 1-5 5-30
discriminitive pain

B a Preganglionic <3 3-15
autonomic axons
(afferent & efferent)

C a Inflammatory or 0.1-1.5 0.6-2.0
visceral pain,
temperature
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In addition to providing structural support for the peripheral nerves, these
sheaths also comprise the initial level of the blood-nerve barrier. The first barrier
is established by the perineurium, within which the perineurial cells are arranged
and joined by tight junctions. The permeability of the perineurium is greatest
during development and at the sites of vascular penetration in the aduit nerve.
The second barrier is provided by the vasculature. The capillaries within the
perineurium are considerably more permeable to circulating factors due to the
fenestrated endothelium; however, the capillaries of the endoneurium resemble
those in the CNS with tight junctions between endothelial cells (Giannini and
Dyck, 1994).

The cell bodies of the afferent sensory nerve fibers are located in spindle
shaped swellings on the dorsal root known as the spinal ganglion (or dorsal root
ganglion, DRG). These pseudo-unipolar neurons each give rise to a single
process that divides into a peripheral and central branch. In the human, distal to
the DRG, the dorsal and ventral roots merge to form a mixed nerve. This
common nerve trunk divides into four branches or rami: the dorsal ramus,
ventral ramus, meningeal ramus, and the ramus communicans. The larger
ventral ramus innervates the ventroiateral portion of the body wall and all the
extremities. The ventral rami from several spinal segments in the cervical,
lumbar, and sacral regions anastomose and divide repeatedly forming a plexus
of fibers (see Figure 2 for example of human lumbosacraf plexus compared to
rat). The dorsal ramus innervates the deep muscles and skin of the back. The

spinal cord is connected to the sympathetic ganglia via the rami communicans,
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which are divided into myelinated preganglionic (Type B) fibers (white
communicating ramus) which project from the spinal cord to the sympathetic
ganglion, and unmyelinated fibers (grey communicating ramus) projecting from
the ganglion back into the spinal nerve and then out to the body. In addition, the
white ramus contains afferent fibers from the viscera with those cell bodies
located within the sympathetic ganglia. The meningeal ramus re-enters the
intervertebral foramen and supplies the meninges, blood vessels, and vertebral

column.

l.b Axoglial Interactions

The most obvious axoglial interaction in the peripheral nervous system is
that of myelination. The myelin sheath is a highly organized structure consisting
of a radially arranged repeating unit of membrane. Ultrastructurally, the myelin
sheath consists of the apposition of the two inner cytoplasmic faces of the
plasma membrane, forming the major dense line, interspersed between the
abutment of the external surfaces of the plasma membrane, known as the
intraperiod line. The myelin sheath is interrupted at intervals of up to 1000-2000
um by unmyelinated regions of axon known as the node of Ranvier, where high
concentrations of ion channels (Na*, K', etc.) that facilitate action potentials are

located.
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Signals from the peripheral axon ultimately determine the differentiation state of
the adult Schwann cell, directing it to invest the axon with a myelin sheath, or
simply to ensheath it within a cytoplasmic recess. Myelinating Schwann cells, in
tumn, in addition to mediating fast saltatory conduction, also influence final axonal
diameter and the clustering of Na* ion channels at the node of Ranvier.

it has been established, both in vitro (Starr et al., 1996; Windebank et al.,
1985) and in vivo (de Waegh and Brady, 1991; de Waegh et al., 1992) that
myelination enhances the phosphorylation of the tail domains of the 160 kDa and
200 kDa subunits of neurofilaments (NF-M and NF-H respectively), and the
subsequent extension of lateral side arms resuiting in increased axonal diameter.
In areas that are unmyelinated (e.g. at the node of Ranvier), or areas of
demyelination, axonal diameter is reduced and the density of neurofilaments
appears greater in uitrastructural analyses due to the reduction of interfilamental
space caused by the attenuation of side arm projections (see de Waegh et al.,
1992). Additionally, it has been demonstrated that demyelination reduces the
rate of slow axonal transport, mediated by neurofilaments, within the axon by
almost 20% (de Waegh and Brady, 1990; de Waegh et al., 1992). Therefore, in
addition to the disruption of nerve conduction, pathological demyelination, either
secondary to axonal injury or as the result of Schwann cell insult, can induce
structural changes in the associated axon that have implications for normal nerve
function.

Myelinating Schwann cells also influence the clustering of Na* channels at
the node of Ranvier. Vabnick et al. examined the clustering of Na* channels in
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the developing rat sciatic nerve (Vabnick et al., 1996). In the rat, at early stages
of axonal development before myelination begins, clustering of Na* channels is
completely absent. By the end of the first post-natal week, sites of Na* channel
clustering are highly focal and always associated with myelinating Schwann cells
(Vabnick et al., 1996). In peripheral axons that have been demyelinated by an
injection of 1% lysolecithin, clustering of Na* channels is absent (Dugandzija
Novakovic et al., 1995), as in the early developing nerve prior to myelination. If
Schwann cell proliferation is prevented in the demyelinated nerve, which
subsequently prevents remyelination, reformation of Na* channel aggregates is
blocked. Ultrastructural analysis revealed that Na* channel aggregates were
localized just beyond the site of axon-Schwann cell contact (Dugandzija
Novakovic et al., 1995), suggesting that an inhibitory signal present on the
surface of the Schwann cells prevents the ion channels from migrating into the
internodal regions or that there is a diffusible signal released by Schwann cells
that sequesters Na* channels at the nodal region.

Evidence concerning the nature of the myelin-induced modulation of both
axonal diameter (Starr et al., 1996; de Waegh and Brady, 1990; de Waegh et al.,
1992) and Na* channel clustering (Vabnick et al., 1996; Dugandzija Novakovic et
al., 1995) suggests the participation of MAG. MAG, which is a membrane
spanning molecule comprising approximately 0.1% of total myelin protein in the
peripheral nervous system (Trapp et al., 1989), has been localized to the
periaxonal Schwann celt membrane. Itis speculated to be involved in the initial

adhesion of the Schwann cell to the axon during myelination as it is first detected
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in myelin forming Schwann cells that have encircled an axon 1-2 times (Trapp et
al., 1989). MAG may act as a ligand for a putative axolemmal receptor coupled
fo an intra-axonal protein kinase. When bound, the kinase is activated and
induces phosphorylation of the carboxy terminal domains of the medium and
heavy subunits of neurofilament protein (NF-M and NF-H) (de Waegh and Brady,
1990; de Waegh et al., 1992). Na* channel aggregation may aiso be influenced
by Schwann cell expression of MAG. A graded density of Na* channel
aggregation toward Schwann cells with the greatest amount of MAG expression
has been observed (Vabnick et al., 1996) at nodes of Ranvier.

MAG may provide a molecular link between putative Schwann cell
dysfunction in diabetic neuropathy and the observed morphological sequelae of
prolonged hyperglycemia in human and experimental models. Segmental and
paranodal demyelination as well as reduced axonal diameter and slowed axonal
transport are reported in the human disease and prolonged experimental
diabetes. Reduced levels of periaxonal Schwann cell MAG could serve as the
signal leading to the reduction in axonal diameter and the disruption of Na*
channel aggregates.

Schwann cells play a crucial role in the repair of injured peripheral nerves.
In Wallerian degeneration (WD), axons distal to the site of injury degenerate,
while those proximal to the lesion survive and refain the capacity to regenerate.
A coordinated series of changes in gene expression regulating differentiation and
proliferation in the surviving Schwann cells occur that enhance the regrowth of

injured axons. There is a detectable increase in the mRNA levels for nerve
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growth factor (NGF) and neurotrophin (NT)-4 within 6-12 hr foilowing peripheral
nerve injury. This is followed by a more gradual increase in the mRNA and
protein levels of IGF-I and brain derived neurotrophic factor (BDNF) over the first
48h. Expression of IGF-Il is also up-regulated but at a slower rate, and at sites
more distal than IGF-I. There is a large drop in the expression of NT-3 mRNA
within 6 hr following injury to approximately 10% of pre-injury levels, followed
also by a drop in ciliary neurotrophic factor (CNTF) levels after 3 days (Friedman
etal., 1992; Seniuk et al., 1992; Funakoshi et al., 1993; Ishii et al., 1994).

l.c Diabetic Neuropathy

Peripheral sensorimotor neuropathy (or diabetic polyneuropathy, DPN) is
the most predominant form of the neuropathies affecting diabetic patients.
Abnormalities of nerve conduction or attenuation of the heartbeat response to
deep breathing are the first signs of peripheral nerve dysfunction in diabetes
(Dyck and Dyck, 1999). The first clinical signs are greater vibration thresholds in
the toes, and decreased ankie reflexes (Dyck and Giannini, 1996). In more
severe cases, diabetic patients can develop sensory loss of the toes, feet and
distal legs, a prickling sensation or pain in the feet or legs, muscle stretch reflex
dysfunction, autonomic dysfunction, and muscle weakness in the feet and ankles
(Dyck and Dyck, 1999).

Dyck and Giannini (1996) described a proposed staging classification for
the clinical changes seen in DPN. Stage 1 is asymptomatic and involves distal
sensory loss in the feet and decreased ankle reflexes. Stage 2A patients
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develop distal neuropathic symptoms, but are able to walk on their heels; there
are clinical and pathological findings of distal polyneuropathy. In Stage 2B,
sensory loss is greater than in the previous stage, and the patients can no longer
walk on their heels. In Stage 3, the symptoms have become disabling. The
Rochester Diabetic Neuropathy Study (RDNS}) published in 1993 found only
approximately 15% of diabetic patients with DPN develop symptoms, however
estimates of symptomatic DPN have been as high as 20% (Harris et al., 1993) to
25% in patients with DM longer than 20 years (Dyck and Dyck, 1999). These
differences likely reflect underlying differences in data collection between the
studies and variation in the neurological assessment of subject patients.

The results of the Diabetes Control and Complications Trial (DCCT),
suggested that glycemic control was a crucial factor in the prevention or delay of
development of peripheral neuropathy. Evidence of DPN, suggested by
abnormal clinical or autonomic examinations, or abnormalities of nerve
conduction was significantly reduced by almost half in Type [ diabetic patients
who received intensive insulin therapy for a period of 5 years (Ginsberg and
Mazze, 1994). Additionally, Tesfaye et al. reported a strong correlation between
the extent of neuropathy and the degree of hyperglycemia, as well as the
duration of Type | or Type I DM (Tesfaye et al., 1996). Studies of
somatosensory evoked potentials such as Hoffmann’s reflex (H-reflex)
conduction velocity, which can be used to show abnormal proximal nerve
function (Daube, 1999), revealed that a significant component of nerve

conduction abnormalities is attributable to metabolic derangements (Troni et al.,
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1984). Within 48 hr of commencement of intensive insulin therapy, resulting in
significantly reduced blood glucose levels, there was a mean increase of
approximately 1.7 m/sec in H-reflex conduction velocity.

Sugimura and Dyck (1982) and Dyck et al. (1986) systematically surveyed
pathological changes in patients with DPN compared to controls. Proximal to
distal frames at the levels of the fifth lumbar (L5) ventral and dorsal roots,
segmental nerve, proximal and distal sciatic nerve, and the tibial, peroneal, and
sural nerves were examined using electron microscopy. They reported focal and
muitifocal fiber loss in proximal sections and a more severe diffuse fiber loss
distally and attributed the pattern to discrete ischemic insults. Further, Dyck and
colleagues reported that the abnormality associated with axonal degeneration
and regeneration was greater compared to that associated with segmental
demyelination and remyelination (Dyck et al., 1986). They concluded, together
with the findings of focal and mutifocal fiber loss, that axonal degeneration was
the primary event in DPN. Other authors have reported a symmetrical “dying-
back” (Said et al., 1994; Watkins et al., 1995) axonal degeneration affecting both
myelinated and non-myelinated fibers (Bradley et al., 1995).

Evidence of primary (segmental) and secondary demyelination and
remyelination has been reported by Said et al. (1994). They additionally reported
individual fibers with proximal segmental demyelination together with axonal
degeneration in the more distal aspects. This suggests that the two processes
may develop independently. Pathological observations from human sural nerve

biopsies have demonstrated myelin ovoids and segmental demyelination
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adjacent to intact axons, variable internode lengths, and onion bulbs suggestive
of repeated demyelination and remyelination (Dyck and Giannini, 1996).

Although the loss of both myelinated and unmyelinated fibers is
consistently observed in peripheral nerve biopsies of diabetic patients, (Dyck et
al., 1986; Llewelyn et al., 1991), clinical presentations have suggested the
possibility of a selective vuinerability of large and small sensory, or autonomic
nerves (Dyck and Giannini, 1996). Guy et al. (1985) compared thermal and
vibration sensitivity in diabetic patients and suggested that there may be a
selective early loss of small unmyelinated fibers mediating thermali sensation.
Dyck and co-workers however did not report clustering of cases with small or
large fiber loss that would suggest potential fiber class vulnerability (Dyck et al.,
1986). Further, it has been cautioned that the presentation of sensory loss of the
toes and feet in the absence of muscle weakness does not necessarily indicate a
selective vulnerability of sensory versus motor fibers. In this case, it may
represent involvement of a length-dependent process affecting sensory
innervation of the skin of the toes earlier than the motor fibers innervating the
same area which terminate in the upper third of the leg (Giannini and Dyck,
1999).

In contrast to the human disease, animal modeis of DPN do not show
evidence of segmental demyelination. Abnormalities of nerve conduction and
paranodal structure are however consistently observed. Rats injected with STZ
or alloxan have shown decreases in sensory and motor nerve conduction

velocity, paranodal demyelination, and increased myelin wrinkiing (Sagara et al.,
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1986). In STZ-treated animals, reductions in mean myelinated fiber number and
size and increased axonal atrophy have been reported (Yagihashi, 1995) along
with a reduction in slow axonal transport and decreases in both sensory and
motor nerve conduction velocity (Moore et al., 1980; Weis et al., 1995). In the
spontaneously diabetic BB/W rat, a 20% decrease in nerve conduction velocity,
compared to non-diabetic littermates, has been observed (Cherian et al., 1996).
Elias and colleagues developed a transgenic mouse overexpressing a major
histocompatibility complex (MHC) class 1 protein in pancreatic g-cells (Elias et
al., 1998). These mice became hyperglycemic within 2 months of age. There
was a significant decrease in proprioceptive (Aa fibers) sensory nerve conduction
velocity following 2 months of hyperglycemia, whereas motor nerve conduction
velocity was not decreased until 5 months after the onset of hyperglycemia.
Morphologically, both myelinated and unmyelinated fiber loss was evident, as
were abnormally thin myelin sheaths (Elias et al., 1998). The reduction in myelin
sheath thickness is consistent with remyelination of a region of axon, and may be
indicative of segmental demyelination. This particular transgenic model involves
the auto-immune mediated destruction of pancreatic p-cells similar to human
Type | DM, and in this regard may be a more appropriate mode! for human DPN
showing similar morphological and functional abnormalities in peripheral nerve
function.
l.d Schwann Cell Pathology in Diabetic Polyneuropathy

Several authors have suggested that sural nerve myelinated fiber density

(the number of myelinated fibers/mm? cross-sectional area) can be a useful tool
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in evaluating the progression or severity of DPN (e.g., Dyck et al., 1985; Sima et
al., 1993). Russell et al. (1996) correlated changes in three different clinical
measures with changes in myelinated fiber density in sural nerve biopsies from
diabetic patients and non-diabetic controls. The patients were evaluated
according to the Neurological Disability Score (NDS; Dyck et al., 1989), which
grades the patients’ strength, muscle reflexes, and sensation, yielding a
summated NDS value from 0-8. On this scale, a change of 2 points is
considered the minimally detectable clinical change (Russell et al., 1996). Nerve
conduction studies were also performed, measuring the summated compound
muscle action potential (ZCMAP) for the uinar, peroneal, and tibial nerves, and
the summated sensory nerve action potential (ZSNAP) for the ulnar and sural
nerves. Nerve conduction tests were normalized to percentile scales from a
database of normal individuals with no history of neuropathy.

Significant associations were found between myelinated fiber density and
all three measures of clinical and electrophysiological function (Russell et al.,
1996). Specifically, a 2 point change in the NDS was associated with a change
in myelinated fiber density of approximately 200 fibers/mm?, a 1mV change in
ZCMAP amplitude was associated with a change of 160 fibers/mm? and a 1 pV
change in ZSNAP amplitude with a change of 70 fiberssmm?. Taken together,
these are useful in that it allows the determination of whether or not an observed
change in myelinated fiber density, which is consistently observed in DPN, is
associated with a meaningfut clinical change.

The question of whether there is direct injury to Schwann cells in human



DPN has not been completely resolved. Sima and colleagues (1986; 1988)
suggested that the phenomenon of axoglial dysjuncﬁon, which is the
disappearance of discrete associations between terminal myelin loops and the
paranodal axolemma (known as transverse bands), is a widespread finding in
human DPN. Although the retraction of terminal loops early in WD prior to
axonal degeneration is observed, the extent of axoglial dysjunction in diabetic
polyneuropathy reported by Sima and colleagues has not been confirmed by
other laboratories (Thomas et al., 1996). Further, the morphological techniques
and criteria used to define axoglial dysjunction have been called into question by
other groups (Dyck and Giannini, 1996; Giannini and Dyck, 1996; Thomas et al.,
1996).

A recent study by Mizisin et al. (1998) reported significant Schwann cell
injury in spontaneous feline diabetes, including degenerative changes such as
myelin splitting and the dissolution of Schwann cell cytoplasm at the inner glial
loop. Thinly myelinated axons surrounded by proliferating Schwann cells were
also observed, suggesting regions of demyelination and re-myelination. Of
particular importance was the observation of intact axons surrounded by
degenerating Schwann cells (Mizisin et al., 1998), which suggests a direct
involvement of Schwann cells, independent of axonal atrophy in feline diabetic
neuropathy.

Increases in NF density have been observed in peripheral nerve biopsies
of diabetic patients (Medori et al., 1988); however, colocalization of focal regions
of increased NF density and regions of segmental demyelination have not been
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reported. Increased NF density per unit area is indicative of a reduction in lateral
extension of side arms of NF-H and NF-M subunits. This may be due in part, to
reduced signaling from associated myelin-forming Schwann cells (de Waegh and
Brady, 1991; de Waegh et al., 1992). Increased turnover of the myelin proteins
Po and MBP has been reported in alloxan treated diabetic rats (Conti et al., 1996;
Conti et al., 1993), which is suggestive of disrupted axoglial interactions in
diabetic nerve. Paranodal demyelination and increased myelin wrinkling (Sagara
et al., 1996) have also been demonstrated in experimental diabetes, indicating a
link between Schwann cell pathology and observed nerve conduction
abnormalities.

The galactose intoxication model of galactosemia has been utilized to
study DPN because galactose metabolism relies on the polyol pathway; which
has been implicated in the pathogenesis of the disease (Sima, 1996; see below).
Degenerative changes in Schwann cells have been observed in this model,
including retraction of the cytoplasm from the myelin sheath, and enlargement of
mitochondria, followed by the ultimate disintegration of Schwann cell cytoplasm
(Forcier et al., 1991; Mizisin and Powell, 1997; Kalichman et al., 1998). In STZ
induced diabetes, hyperglycemia in young rats leads to an increased propensity
for demyelination induced by consumption of tellurium compared to non-diabetic
rats (Jaffey and Geiman, 1996). This would suggest an increased vulnerability of
Schwann cells to injury in hyperglycemic conditions.

The ability of Schwann cells to respond to axonal signals during WD and

establish an environment that supports the damaged axon is crucial to the
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success of axonal regeneration. A significant delay in the recruitment of
macrophages to the site of nerve crush was reported in spontaneously diabetic
BB/W rats (Kamijo et al., 1996) along with a delay in the initiation of WD. In STZ-
induced diabetic rats, seven days following sciatic nerve crush, total sensory
nerve regeneration was reduced by approximately 20% compared to non-
diabetic animals, as estimated by the pinch-reflex assay (Ishii and Lupien, 1995;
Zhuang et al., 1996). Ekstrom reported a 14% decrease in the rate of sensory
nerve regeneration with the greatest difference at six days following nerve crush
(Ekstrom et al., 1989). Prolonged hyperglycemia may directly affect the
regenerative capacity of Schwann cells. The extent of sensory nerve
regeneration was estimated by functional recovery only, and was not verified by
morphological techniques, and can therefore not conclusively determine to what
extent the deficit in nerve regeneration was attributable to Schwann cell
dysfunction.

Expression of NGF and NT-4 is increased in normo-glycemic distal
Schwann cells following crush or transection of the sciatic nerve (see above).
However, in the sciatic nerve of diabetic rats, expression of NT-4 transcripts were
decreased by 29% (Rodriguez-Pena et al., 1995). NGF levels (Hellweg and
Hartung, 1990), and NGF retrograde transport (Hellweg et al., 1994) in peripheral
nerve were reduced by approximately 50% in diabetic animals and were found to
inversely correlate with high biood glucose levels. Localized administration of
NGF (Whitworth et al., 1995), IGF-I, or IGF-II (Ishii and Lupien, 1995; Zhuang et

al., 1996) via osmotic mini-pumps reduced the hyperglycemia-induced disruption
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of sensory nerve regeneration as assessed by the tail-flick test. This suggests
that the trophic environment normally established by Schwann cells in the injured
nerve is deficient in the diabetic rat and that it is necessary in order for peripheral

nerve regeneration to occur.

l.e Glucose Metabolism

The glycolytic pathway is utilized by all tissues for the breakdown of
glucose in order to provide energy in the form of ATP and intermediates for other
metabolic pathways. In both Type | and Type |l DM, carbohydrate metabolism is
disrupted by the inability of most tissues to adequately metabolize available
glucose. Since essentially all sugars, derived from either the diet or from other
catabolic reactions, can be converted to glucose, glycolysis is a central metabolic
pathway. The highly regulated glycolytic pathway yields 2 molecules each of
ATP, NADH, and pyruvate for each molecule of glucose. The steps of the
pathway are presented in Figure 3. The ultimate fate of pyruvate within the cell is
linked to the net formation of NADH and the presence of an adequate supply of
oxygen resuiting in the generation of lactate in anaerobically respiring cells or
acetyl coenzyme A which enters the citric acid cycle in aerobically respiring cells.
The first step in the metabolism of glucose is its phosphorylation by hexokinase
(HK); the activity of which is greatest when bound to mitochondria (see below,
and Weiler et al., 1985). This is also the first of two steps requiring the
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expenditure of ATP. The second occurs during the phosphorylation of fructose-
6-phosphate by phosphofructokinase-I (PFK-I). This reaction is the rate-limiting
step in glycolysis. The activity of PFK-I is inhibited by high levels of ATP and
citrate, but activated by high levels of AMP. Additionally fructose-2,6-
bisphosphate is a potent activator of PFK-I, with a reciprocal inhibition of
fructose-1,6-bisphosphatase, thereby inhibiting the rate of gluconeogenesis while
glycolysis is continuing.

During a well-fed state where there are high levels of insulin and low
levels of glucagon, cAMP and active protein kinase A levels are reduced. This
favours the dephosphorylated, active form of the phosphofructokinase-2/fructose
bisphosphate phosphatase-2 (PFK-2/FBP-2) complex. Increased activity of PFK-
2 leads to the formation of fructose-2,6-bisphosphate, which in tum, increases
the activity of PFK-I.

The triose phase begins with the conversion of fructose-1,6-bisphosphate
to glyceraldehyde-3-phosphate and dihydroxyacetone-phosphate (DHAP) by
aldolase A. DHAP is freely converted to glyceraldehyde-3-phosphate (by triose
phosphate isomerase), to which a second phosphate group is added by
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) during the oxidation of
glyceraldehyde-3-phosphate. This reaction is coupled to the reduction of 2
molecules of NAD* to NADH. The cytoplasmic NADH is re-oxidized to NAD" in
aerobically respiring cells in the mitochondrial respiratory chain. Since NADH
cannot cross the impermeable inner mitochondrial membrane, its electrons are

transferred to the matrix via the glycerol-3-phosphate shuttle (or also via the
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malate-aspartate shuttie). Matrix glycerol-3-phosphate dehydrogenase donates
the electrons obtained from cytosolic NADH to Complex Il of the respiratory
chain, bypassing Complex |. Therefore, the glycerol-3-phosphate shuttle results
in the formation of 2 molecules of ATP per molecule of NADH oxidized: whereas
the malate-aspartate shuttle does not bypass Complex I of the respiratory chain
and therefore yields 3 molecules of ATP per molecule of oxidized NADH.

The two molecules of 1,3-bisphosphoglycerate generated by GAPDH are
converted to 3-phosphoglycerate by phosphoglycerate kinase in the first of two
sites of glycolytically produced ATP. The second site of ATP generation in the
glycolytic pathway occurs during the production of pyruvate from
phosphoenolpyruvate catalyzed by pyruvate kinase. in cells with few or no
mitochondria such as red blood cells, and in skeletal muscle during periods of
high activity, pyruvate is converted by lactate dehydrogenase to lactate in the
cytosol. This reaction utilizes the NADH produced during the oxidation of
glyceraldehyde-3-phosphate, resulting in no net formation of NADH during
anaerobic glycolysis. Alternatively, the oxidative decarboxylation of pyruvate by
pyruvate dehydrogenase produces acetyl coenzyme A for the TCA cycle in the
mitochondrial matrix which in turn provides high energy electrons in the form of 3
molecules of NADH, and 1 molecule of FADH for oxidative phosphorylation in
the respiratory chain.

Following the phosphorylation of glucose to glucose-6-phosphate,
metabolism of the hexose may be redirected fo alternative metabolic pathways

such as the pentose phosphate pathway (PPP, also known as the hexose
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monophosphate pathway). This pathway yields 2 molecules of NADPH for each
molecule of glucose-6-phosphate, and thus provides a large proportion of the
cell's supply of this reductant. The activity of this pathway is regulated in part by
the intracellular demands for NADPH. The PPP is also important in the synthesis
of nucleotides as it produces ribose-phosphate.

The first two reactions in this pathway are part of the irreversible oxidative
phase of the PPP, and are the sites of NADPH production. The activity of
glucose 6-phosphate dehydrogenase is inhibited by high intracellular ratios of
NADPH/NADP*. However, during situations of increased demand for NADPH,
this ratio falls, and activity of glucose 6-phosphate dehydrogenase increases.
For example, during the reduction of molecular oxygen, a series of reactive
oxygen intermediates are produced, such as superoxide (¢O;), hydrogen
peroxide (H20,), and hydroxyl radical (¢OH’). The reduction of H,0,, which
forms oxidized glutathione (GSSG) from reduced glutathione (GSH) via
glutathione peroxidase, is part of the cell's intemnal anti-oxidant mechanism. The
production of GSH from GSSG is catalyzed by giutathione reductase and
requires NADPH as a source of reducing electrons. Therefore, under situations
of increased oxidative stress, there is increased turnover of glutathione and
increased demand for NADPH.

Another requirement for NADPH is in the synthesis of nitric oxide (NO).
Arginine, Oz, and NADPH are substrates for NO synthase, producing citrulline
and NO. There are two families of NO synthase: a Ca'*-dependent, constitutive
isoform present in neural tissue (cNOS or bNOS) and endothelial cells (eNOS),
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and a Ca""-independent inducible form (iNOS). The effects of NO are wide-
ranging, and include: vasodilation, neurotransmission, and inhibition of platelet
aggregation (Bolanos et al., 1997). Additionally, high levels of NO have been
shown to induce cell death in several cell systems (see below). Activity of NOS
is enhanced by a number of molecules including tumor necrosis factor-cc (TNF-
o), and interleukin-1 (Bolanos et al., 1997). Redirection of glucose-6-phosphate
to the PPP might therefore be increased during situations that increase the

production of NO.

I.f Schwann Cell Metabolism

Little is known about the control of carbohydrate metabolism in Schwann
cells in normal and in diabetic nerve. The non-insulin-dependent transport of
glucose into Schwann cells is facilitated through specific isoforms of the glucose
transporter. In young rats, the GLUT1 isoform has been detected in the
membrane and cytoplasm of myelin-forming Schwann cells (Magnani et al.,
1996). In mature rats, in addition to GLUT1, the GLUT3 isoform has aiso been
detected (Magnani et al., 1996). Expression of GLUT1 has also been confirmed
in isolated Schwann ceils in vitro (Muona et al., 1992). Asada et al. (1998)
provided the first evidence of expression of the GLUTS isoform in both Schwann
cells and axons in the rat sciatic nerve, and demonstrated that levels of this
protein were increased in STZ treated diabetic rats. However, they were unable
to determine whether the increase was due to upregulation of GLUTS in axons or

Schwann cells. It has been suggested that central nervous system glia function



31

as a passive conduit for glucose from the capillaries to the nerve cell (e.g.,
Kacem et al., 1998). Similarly, Schwann cells may also serve this same function
for peripheral nerve axons (Magnani et al., 1996).

Greene and Winegrad (Greene and Winegrad, 1979) utilized an in vitro
preparation of the rabbit tibial nerve to investigate metabolic activity in the
peripheral nerve. A nerve fascicle preparation was obtained by removing the
epineurial sheath, while an endoneurial preparation was obtained by also
removing the perineurial membrane. An endoneurial preparation permits the
separation of indices of metabolic activity of Schwann cells plus nerve axon from
the cellular components of the epineurial and perineurial sheaths (namely,
fibroblasts). It was determined from these preparations that the normal nerve
utilizes glucose as its primary metabolic substrate, and that the majority of
glucose is oxidized to carbon dioxide (Greene and Winegrad, 1979). The
addition of insulin to the incubation medium did not alter glucose consumption
(energy metabolism), as determined by intensity of fluorescence reaction
products in the isolated nerve preparations. This indicates that glucose uptake
into this preparation was not insulin-dependent. However, it cannot be
determined from this preparation what proportion of glucose uptake was directed
to Schwann cells and what proportion to the nerve axon. Control endoneurial
preparations from normoglycemic animals in this study did not show reductions in
the rate of energy utilization when exposed to high glucose conditions (20 mM)
for 2 hr, suggesting that prolonged hyperglycemia may be required fo alter the
energy metabolism of peripheral nerve. In contrast, the rate of glucose
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consumption was compromised in the endoneurial preparations from alloxan-
diabetic animals.

Because insulin is not required for the uptake of glucose into Schwann
cells (Greene and Winegrad, 1979), during periods of hyperglycemia, a large
amount of glucose may enter these cells. It has been proposed that during
periods of uncontrolled hyperglycemia, the excess intracellular glucose activates
the enzyme aldose reductase which in tum produces a significant amount of
sorbitol. In those cells in which sorbitol dehydrogenase levels are low or absent,
the accumulation of sorbitol (which cannot pass easily through plasma
membranes) presumably leads to osmotic stress and the depletion of myo-
inositol. The depletion of myo-inositol is thought to disrupt activity of a Na*/K*
ATPase which can lead to altered nerve conduction (see Sima, 1996 for review).

Utilizing a schwannoma-derived Schwann cell line (JS1), Mizisin et al.
(Mizisin et al., 1996) investigated the effects of high glucose on polyol pathway
constituents. It was reported that the activity levels of aldose reductase did not
significantly increase following 5 days of exposure to high glucose medium.
Further, the levels of sorbitol and myo-inositol in JS1 Schwann cells exposed to
high glucose did not differ from normo-glycemic controis; that is, an accumulation
of sorbitol was not observed and myo-inositol was not depleted. Conversely, .
(Karihaloo et al., 1997) recently demonstrated reduced uptake of labeled myo-
inositol in primary rat Schwann celis exposed to 30-50 mM glucose over a 14-day
period. However, clinical frials of diet supplementation with myo-inositol or

aldose reductase inhibitors have yielded only modest improvements in nerve
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conduction velocity (Sima, 1996; Pfeifer and Schumer, 1995).

The involvement of the polyol pathway in the development and/or
progression of diabetic neuropathy has been inferred partly from the success of
aldose reductase inhibitors in improving nerve conduction and structural
abnormalities in experimental diabetes. However, the extent of myo-inositol
depletion and sorbitol accumulation in human diabetic patients is not as profound
as it is in experimental diabetes (e.g., Dyck et al., 1988). This would suggest that
the polyol pathway might only contribute to nerve pathophysiology at the onset of
hyperglycemia rather than throughout the course of the disease. Alternately, the
polyol pathway may simply not be as prominent a metabolic pathway in humans
as itis in rodents.

Compared to brain, endogenous anti-oxidant levels are reduced in the
peripheral nervous system (Romero et al., 1990; Romero et al., 1991),
suggesting that the peripheral nervous system may be particularly vulnerable to
oxidative stress in diabetes. For example, sciatic nerve levels of glutathione
GSH, glutathione reductase, and glutathione peroxidase are approximately 10%
of levels measured in brain (Romero et al., 1991). In diabetic rodents, Cu/Zn-
superoxide dismutase (SOD1) and glutathione peroxidase levels were
significantly reduced in sciatic nerve compared to non-diabetic controls (Low and
Nicklander, 1991; Hermenegildo et al., 1993). Hermenegildo and colleagues
used regression analysis to predict that for each 1 mM increase in blood glucose,
there was an approximate 10% decrease in glutathione peroxidase activity in

sciatic nerve. This is in contrast to evidence of increased activity of glutathione
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peroxdiase activity in cultured endothelial cells exposed to high glucose (Ceriello
et al., 1996). It is not known whether high glucose has an effect on anti-oxidant

enzyme activity levels in Schwann cells.

l.g Apoptotic Cell Death

Apoptosis, or programmed cell death, occurs following exposure to
specific death-inducing stimuli or the withdrawal of survival factors. The wide
range of apoptosis-inducing events converge on a few characteristic signaling
pathways and gene changes within the cell that mediate apoptotic death. This is
in contrast to necrotic cell death, which involves the lysis of the cell often followed
by an inflammatory reaction (see Table 2). The sequence of morphological
changes in cells undergoing necrotic cell death include minimal clumping of
loosely organized chromatin, marked swelling and dissolution of the
mitochondrial matrix, the rupture of nuclear, organelle, and plasma membranes,
and the swelling of the nucleus and cytoplasm. In contrast, cells undergoing
apoptotic cell death demonstrate marked nuclear chromatin condensation,
overall shrinkage of the nucleus and cytoplasm, but maintenance of organelle
structure (Wyllie et al., 1980).

The apoptotic cascade has been divided into three phases (see Table 3).
The induction phase, during which, the cell encounters lethal insults which can
include treatment with mitochondrial toxins such as MPP+ (Basma et al., 1992);
(Cobuzzi et al., 1994) or rotenone (Wolvetang et al., 1994), the withdrawal of

trophic support (e.g., Wadia et al., 1998), or the addition of TNF-a (Polla et al.,
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Table 2. Characteristics of Apoptotic and Necrotic Cell Death

Apoptosis Necrosis

a Developmental and pathological. a Pathological only.

a Margination of densely compacted |[a Margination of loosely aggregated
chromatin. chromatin that disappears with

a Convolution of nuclear membrane, nuclear membrane.
eventual separation of nuclear a Swelling of nucleus and cytoplasm
protuberances, membrane pores components, rupture of membranes
adjacent to loosely aggregated and destruction of organelles,
chromatin remain while pores densities with mitochondrial matrix.
adjacent to condensed chromatin a Inflammatory reaction.

lost, eventual disruption of
membrane continuity and
fragmentation of dense chromatin

bodies.

Condensation of cytosol, organelles
retain integrity, blebs on surface of
plasma membrane separate to form
apoptotic bodies that may or may

not contain condensed chromatin.

'a No inflammatory reaction.

-~
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1996). Additionally, early changes in mitochondrial function are evident, such as
the movement of the pro-apoptotic protein Bax from the cytosol to the
mitochondria (Hsu et al., 1997; Wolter et al., 1997). In certain forms of apoptotic
- cell death, such as that elicited by the FAS ligand, the apoptotic cascade involves
the activation of specific interleukin-converting ezyme- (ICE) like proteases
associated with the Fas receptor complex, and also caspase 3 prior to
mitochondrial changes.

During the effector phase, changes in gene expression occur as the
death-signal is fransduced within the cell. There is a down-regulation of the anti-
apoptotic proteins Bcl-2 and Bel-X. (Tatton et al., 1997); and an up-regulation
and transiocation (Ishitani et al., 1997; Ishitani et al., 1998; Saunders et al., 1997)
of GAPDH to the nucleus where it is suspected to induce changes in
transcriptionftransiation (Tatton et al., personal communication). This phase
represents the point-of-no-return in the apoptotic cascade. It involves the
opening of the mitochondrial permeability transition pore and the collapse of the
mitochondrial membrane potential (A¥y), which irreversibly commits the cell to
die.

The final degradation phase follows with the observed morphological
changes in the cell, such as chromatin condensation and nuclear blebbing,
followed by the fragmentation of genomic DNA. Wyllie et al. (1980) used
electron microscopy to characterize the time course of morphological changes,
particularly of the nucleus, in a variety of cells exposed to apoptosis-inducing

insults. One of the earliest changes in the degradative phase involving nuclear
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Table 3. Phases of the apoptotic cell death process.

Phase

Features

Initiation

heterogeneous apoptosis-triggering
stimuli (ligation of Fas/TNF recepfor,
withdrawal of survival factors, toxins)
intracellular signaling molecules and
proteins converge on mitochondria
(ROS, NO, Ca™, Bax)

Effector

decision point in apoptotic cascade
mitochondrial failure (opening of PTP,
collapse of AW, release: of CytC and AIF
into cytosol)

activation of cytosolic caspases by
mitochondrial proteins

upregulation, and translocation of
GAPDH to the nucleus (transcriptional
changes)

Degradation

exposure of phosphatidylserine residues
on plasma membrane

overproduction of reactive oxygen
species by mitochondria

continued activation of caspase
pathway; feedback amplification of
mitochondrial dysfunction

degradation of cytosolic and nuclear
structural proteins

condensation of nuclear chromatin and
activation of nuclear endonucleases
resulting in systematic fragmentation of
DNA
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structure involves the aggregation of chromatin info compact granular clumps
along the nuclear membrane (Wyllie et al., 1980). This is followed by
abnormalities of the nuclear membrane, including indentation and blebbing, and
the formation of discrete fragments of nuclear material. The cytoplasm begins to
condense as well, aiong with the early nuclear changes, and the formation of
membrane enclosed “buds” or protuberances appears on the cell surface.
Coinciding with the condensation of cytoplasm, is the increased density of
organelles that maintain their integrity, unlike that seen in necrosis. The nucleus
proceeds to fragment into discrete membrane-enclosed bodies containing
condensed chromatin. In addition, the protrusions on the extracellular surface of
the plasma membrane begin to pinch off into apoptotic bodies, which do not
necessarily contain nuclear fragments (Wyllie et al., 1980). Resident cells

eventually phagocytose the apoptotic bodies.

I.Lh Mitochondria and Apoptosis

It has been shown that one of the earliest detectable events in the
apoptotic process is a drop of A¥y (e.g., Wadia et al., 1998; Zamzami et al.,
1995). Moreover, it has been shown that the maintenance of AWy is closely tied
to the state of the mitochondrial permeability transition pore (PTP). PTP’s
occupy approximately 7-15% of the total outer membrane surface area (Rassow
et al., 1989) and are made up of several proteins that form a channel across the
outer mitochondrial membrane and normally inpermeable inner membrane.

These proteins include the voltage dependent anion channel (VDAC, also known
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as porin), the adenine nucleotide translocator (ANT), and the peripheral
benzodiazepine binding protein (PBz) (Zoratti and Szabo, 1995).

Putative functions for the PTP under normal conditions include 1) the
creation of microcompartments in which specific kinases gain preferential access
to mitochondrially derived ATP (Nicolay et al., 1990; Gerbitz et al., 1996), and 2)
the site of A'¥'u dependent protein transport into the mitochondria (Nicolay et al.,
1990; Pfanner et al., 1990). Early in the apoptotic cascade, the PTP opens in
response to specific pro-apoptfotic signals (e.g., the collapse of AWy, the
overproduction of oxidative radicals, the accumulation of Ca** within
mitochondria). Figures 4 and 5 present schematics of the PTP and its
associated proteins, as is currently understood, in the closed or open
conformation respectively. In light of evidence suggesting involvement of the
PTP in functions not only concerned with the death of the cell (e.g. protein
transport), for the purposes of this discussion, reference to the open versus
closed conformation of the PTP will only be made with respect to its involvement
in apoptosis.

In the closed conformation, based on co-immunoprecipitation analysis,
fluorescence resonance energy transfer (FRET) image analysis, and functional
characteristics (Beutner et al., 1998; Mahajan et al., 1998; Marzo et al., 1998;
Zamzami et al., 1998; Zoratti and Szabo, 1995), a hypothetical model of the PTP
can be re-constructed as follows. The ANT localized within the inner
mitochondrial membrane and the VDAC in the outer membrane span the

intermembrane space along with creatine kinase (see Figure 4).
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The PBz has been co-immunoprecipitated along with the VDAC and ANT
(McEnery et al., 1992), however its location within the intermembrane space or
outer mitochondrial membrane has not been confirned. The pro-apoptotic
protein Bax has been shown in several systems to co-purify with PTP complexes
(Marzo et al., 1998), and specifically with the ANT (Marzo et al., 1998), as well as
with the anti-apoptotic protein Bcl-2 (Mahajan et al., 1998).

In contrast, several changes in the localization of specific components of
the PTP in the open conformation have been proposed. It has been shown that
there is increased Bax co-localization with mitochondria, either specifically with
the PTP (e.g., Marzo et al., 1998) or independently as a pore-forming complex
(e.g., Eskes et al., 1998), and a decreased association between Bax and Bcl-2
has been reported (Mahajan et al., 1998). Although the re-distribution of the PBz
has not been observed, it can participate in permeability transition through an
interaction with protoporphyrin IX (a ligand of the PBz) (Zamzami et al., 1998).
Additionally, activity of creatine kinase has been shown to modulate conformation
of the PTP (Beutner et al., 1998; O'Gorman et al., 1997), and provision of
substrate for this enzyme has been shown to be neuroprotective (Matthews et
al., 1998).

The opening of this pore allows the release of solutes presentin the
mitochondrial matrix that are less than 15 kDa (termed apoptosis initiating
factors, AlF) (e.g., Susin et al., 1996). Agents that impair functioning of the
mitochondrial respiratory chain (e.g. rotenone, 3-nitroproprionic acid, antimycin

A, etc.), and cause the PTP fo open (e.g. atractyloside), significantly reduce A%y
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(Marchetti et al., 1996) and cause the apoptotic death of fibroblasts (Wolvetang
etal.. 1994), thymocytes (Zamzami et al., 1996) and neuronally differentiated
PC12 cells (Tatton et al., personal communication).

There has been considerable work done on the involvement of members
of the Bcl-2 family of oncoproteins (e.g., Bcl-2, Bcl-X;, Bax, Bak, etc.) in
PTP/mitochondrial - dependent apoptosis. For example, knock-out studies using
mice deficient in the anti-apoptotic protein Bcl-2, have shown marked
degeneration of motor, sympathetic, and sensory neurons in early post-natal
development (Michaelidis et al., 1996) and increased propensity of cuitured
cerebellar granule neurons to die via apoptosis (Tanabe et al., 1997).
Conversely, deletion of the pro-apoptotic protein Bax leads to increased overall
numbers of neurons in cervical ganglia and facial motor nucleus as well as
enhanced survival of axotomized facial motor neurons (Deckwerth et al., 1996).

Sequence and structural analyses of members of the Bcl-2 family have
revealed up to 4 Bcl-2 homology (BH1-4) domains and a transmembrane
insertion domain common to each (see Zamzami et al., 1998). These BH
domains have been implicated in the heterodimerization between members of
this family; particularly, Bcl-2, Bel-Xi, and Bax. It has been suggested that the
BH3 domain of Bax forms a ligand that interacts with the apposition of the BH1,
BH2, and BH3 domains of Bcl-2 or Bel-X,_ (Sattler et al., 1997). Deletion of any
or all of these domains yields proteins with reduced pro- or anti-apoptotic
properties (Zamzami et al., 1998). It has further been demonstrated that deletion

of the transmembrane insertion domain in Bcl-2, which prevents the association
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of Bcl-2 with mitochondria, attenuates or abolishes its anti-apoptotic properties
(Zhu et al., 1996), stressing the importance of mitochondria in some forms of
apoptosis.

Both Bcl-2 (Krajewski et al., 1993; Riparbelli et al., 1995) and Bax (Marzo _
etal., 1998a; Marzo et al., 1998b) have been co-localized at contact sites
between the inner and outer mitochondrial membranes (i.e., at the PTP). Using
FRET analysis of green fluorescent protein (GFP) fusions with both Bax and Bcl-
2, Mahajan et al. demonstrated a co-localization between Bcl-2 and Bax at the
mitochondria, which confirms the structural analysis predicting an interaction
between Bcl-2 and Bax (Mahajan et al., 1998). The significance of the
interaction between Bcl-2 and Bax is controversial. It was once believed that the
intracellular ratio between Bcl-2 and Bax was critical in the regulation of
apoptosis (e.g., Korsmeyer et al., 1993). However, it has been recently shown
that Bax alone can induce mitochondrial changes that signal apoptotic cell death
(Marzo et al., 1998b; Narita et al., 1998) through an interaction with the PTP in
isolated mitochondria or reconstructed PTP complexes. Also, preliminary data
reported by Mahajan et al. using FRET analysis indicate a reduced interaction
between Bcl-2 and Bax in cells undergoing apoptosis (Mahajan et al., 1998).

The specific effects of Bcl-2 on cell survival are extremely wide ranging
and are concentrated at different sites in the initiation and effector phases of
mitochondrially dependent apoptosis. Bcl-2 has been shown to inhibit generation
of reactive oxygen species (ROS; Kane et al., 1993), and increase levels of
catalase, SOD and GSH (Ellerby et al., 1996). In the mitochondria, Bcl-2 can
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prevent the disruption of A'¥y (Kroemer et al., 1995) and the AWy - dependent
generation of ROS during the effector phase (Zamzami et al., 1995).
Additionally, the enhanced influx of Ca™ into mitochondria (Baffy et al., 1993),
and the release of cytochrome ¢ from the intermembrane space into the cytosol
is also prevented by Bcl-2 (Kluck et al., 1997; Yang et al., 1997).

The importance of the interaction of Bax with mitochondria, and
specifically with the PTP, has recently been illustrated. A specific, and requisite,
interaction between Bax and the ANT was demonstrated by Marzo et al. (Marzo
et al.,, 1998b). Bax and the ANT co-immunoprecipated with each other in
isolated PTP complexes and the interaction was confirmed using the yeast two-
hybrid system. Additionally, in PTP complexes isolated from Bax deficient mice
or in vesicles that had been immunodepleted of Bax, the pore opening agent
atractyloside was unable to induce release of DiOCs that had been previously
loaded into vesicles containing the PTP complexes (Marzo et al., 1998b). The
requirement for Bax was also demonstrated by the inability of atractyloside to
induce A'Pu loss in isolated mitochondria from Bax deficient mice.

Narita et al. (1998) showed that recombinant Bax, or pro-apoptotic Bak,
added to isolated mitochondria was incorporated into the PTP and co-
immunoprecipitated with the VDAC. Further, it was shown that Bax induced a
rapid collapse of A%y , induction of permeability transition, and release of
cytochrome ¢ from mitochondria that was prevented by co-incubation with Bci-2
or Bcl-X.. The correlation between loss of A¥y and cytochrome c release, which

is controversial (see Kluck et al., 1997; Yang et al., 1997; Bossy-Wetzel et al.,
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1998), was also addressed by these authors. Isofated mitochondria were
incubated in a hypotonic medium in order to disrupt the outer mitochondrial
membrane and deplete cytochrome c, which is localized in the intermembrane
space. These mitochondria were no longer capable of maintaining A¥y until
purified cytochrome ¢ was added into the incubation medium (Narita et al., 1998),
indicating that electron transport had been restored. Addition of recombinant Bax
in the presence of added cytochrome c still induced the loss of AWy, suggesting
to the authors that Bax induced disruption of A%y occurs independently of
cytochrome c release (Narita et al., 1998). However, the integrity of the PTP,
which spans both inner and outer mitochondrial membranes, was not verified:
nor was the ability of Bax to induce permeability transition in those mitochondria
with disrupted outer membranes, making the interpretation of these data difficult.
Given the close relationship between mitochondrial function and many
forms of apoptotic cell death, and the association between glucose metabolism
and mitochondria, the link between glucose metabolism and apoptotic cell death

may contribute to the pathogenesis of DPN.

Li Glucose Metabolism and Apoptosis

Recent evidence suggests that high glucose conditions may be toxic to
various cell types in vitro and in vivo. High glucose media as well as the glucose
analogue 3-O-methyl-glucose (30 mM for 48-72 hr) induces apoptosis in human
endothelial cells in vitro (Baumgartner Parzer et al., 1995; Du et al., 1998). Using
cultured human neuroblastoma cells, Gandhi et al. reported that 20 mM glucose
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is toxic to neurons over a 24 hr period, and that treatment with insulin-like growth
factor [ (IGF-I) prevents this cell death (Gandhi et al., 1995). Using the same
model system, Cheng and Feldman have demonstrated that exposure to high
glucose induced tyrosine phosphorylation of the mitogen-activated protein
kinases (MAP kinase), p38 kinase, and c-Jun N-terminal kinase (JNK) in a dose-
and time-dependent manner (Cheng and Feldman, 1998). It was also shown
that treatment with IGF-I prevented the activation of JNK. This confirms the
observation that withdrawal of NGF from cultures of differentiated PC12 cells,
which leads to apoptotic cell death, is preceded by induction of both p38 kinase
and JNK activity (Xia et al., 1995). The high glucose induced increases in p38
kinase and JNK phosphorylation occurred within 15 min after exposure, which
significantly precedes the time at which the peak cell death is observed in these
cells (24 hr), and correlates with the time course of kinase activation and cell
death reported in PC12 cells.

Increased oxidation of glucose, in hyperglycemic conditions may result in
the overproduction of oxidative radicals (Hunt et al., 1988; Kashiwagi et al.,
1994). Elevated glucose levels have been shown to up-regulate mRNA levels as
well as activity of the antioxidant enzymes SOD-1, catalase, and glutathione
peroxidase (Ceriello et al., 1996) in endothelial cells, suggesting that these cells
may be responding to increased oxidative radical production induced by
exposure to high glucose. Treatment with exogenous SOD (Du et al., 1998) has
been shown to prevent endothelial cell death following exposure to both high
glucose and high 3-O-methyl-glucose. Glutathione depleted FRTLS cells (a rat



48

thyroid cell ine) die via apoptosis when exposed fo 10 mM glucose, while 20 mM
glucose invokes necrotic cell death (Donnini et al., 1996).

It has been reported previously that there is enhanced production of
tumour necrosis factor-alpha (TNF-a) in spontaneously and STZ treated diabetic
rats challenged with systemic lipopolysaccharide (LPS) (Tanaka et al., 1992;
Sagara et al., 1996). In the central nervous system, certain cytokines (e.g.,
interleukin 6, IL-6; IL-1; and TNF-a) and LPS can induce the expression of INOS
in astrocytes (Bolanos et al., 1995). This is followed by increased production of
NO, which can be toxic to central neurons. Knock-down of SOD-1 levels with
antisense oligonucleotides leads to the apoptotic death of PC12 cells via the
reaction of «O2” with NO to form peroxynitrite (ONOO-), which at low
concentrations, induces the apoptotic death of PC12 cells (Estevez et al., 1995).
Treatment of PC12 cells with TNF-a and LPS also stimulates the expression and
activity of iNOS leading to the apoptotic death of these cells. The NOS inhibitor
N-monomethylarginine, and aminoguanidine can block this cell death (Heneka et
al., 1998).

itis not clear whether Schwann cells exposed to hyperglycemic conditions
in vivo increase the production of NO. Cultured Schwann cells can secrete
significantly greater amounts of the NO metabolite nitrite (NO,) in a dose
dependent manner when exposed to TNF-a and interferon-gamma (IFN-y) (Gold
et al., 1996; and see below). In vivo, Schwann cells upreguiate the mRNA  and
protein levels of TNF-o. and interleukin (IL)-6 following peripheral nerve crush;

while in vitro, mMRNA and protein levels of IL-6 and the IL-6 receptor increase
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following TNF-a or trophic withdrawal in cultured Schwann cells (Wagner and
Myers, 1996; Bolin et al., 1995). Prolonged hyperglycemia in vivo may induce
Schwann cell upregulation of TNF-a and IL-6, which may, in turn, actin an
autocrine manner (Bolin et al., 1995), stimulating iNOS. Alternatively, there may
be a more direct link between glucose metabolism in hyperglycemic conditions
and apoptotic cell death.

Recent evidence demonstrating co-localization of the glycolytic enzyme
hexokinase with contact sites between the inner and outer mitochondrial
membranes provides a potential link between glucose metabolism and apoptosis.
Hexokinase (Type I; HK-I) forms a tetrameric structure (Xie and Wilson, 1990)
upon binding to the mitochondrial PTP complex at the contact sites between the
outer and inner mitochondrial membranes (Fiek et al., 1982; Linden et al., 1982;
Krueger, 1991; McEnery et al., 1992). Sequence analysis has determined that
the COOH terminus contains a mitochondrial insertion domain that specifically
targets HK-I to the VDAC (Wilson, 1997).

it has been observed that the activity of hexokinase is increased 5 to 10
fold when bound to the VDAC (Weiler et al., 1985) and intact mitochondria that
have maintained A¥y. This has prompted others to suggest that increases in
APy change the pore structure, which then increases binding affinity for
hexokinase (Brdiczka and Wallimann, 1994). Binding of hexokinase to the
VDAC-ANT complex in the presence of physiological concentrations of glucose
(5 mM) promotes closure of the PTP (Beutner et al., 1997). In vitro studies have

shown that re-constituted hexokinase-VDAC-ANT complexes in vesicles loaded
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with ATP or malate were utilized to investigate the mechanics of hexokinase
modulation of the VDAC-ANT pore complex (Beutner et al., 1997). ATP or
malate release from these vesicles was used as an estimate of opening of the
artificial PTP complex. Spontaneous ATP or malate release from these in vitro
pore complexes was prevented by the addition of physiological (5 mM)
concentrations of glucose suggesting a possible regulatory role of hexokinase
activity or binding on PTP conformation (Beutner et al., 1997). In other words, in
intact cells, events that would precipitate the liberation of hexokinase from its
PTP binding sites may lead to the opening of the PTP and the beginning of the
mitochondrially controlled apoptotic cascade.

Lynch et al. (1991) utilized confocal imaging and hexokinase
immunofluorescence to examine the association between hexokinase and
mitochondria under different metabolic conditions. Hexokinase was localized to
mitochondria using an antibody raised against a protein derived from the inner
mitochondrial membrane (Lynch et al., 1991). Image analysis determined that in
primary cultured astrocytes, approximately 70% of total hexokinase was localized
to mitochondria. When glucose was replaced with 2-deoxyglucose, a four-fold
increase in the amount of gluocse-6-phosphate was detected, and a 35%
reduction of mitochondrial bound hexokinase was observed within 1 hr (Lynch et
al., 1991). The metabolic control of hexokinase localization to mitochondria was
confirmed in smooth muscle cells microinjected with purified hexokinase
conjugated with a fluorochrome (rhodamine X succinimidyl ester; Lynch et al.,

1996). Exposure to 2-deoxyglucose in these cells caused a significant drop in
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the ratio of mitochondrial bound hexokinase to free cytosolic hexokinase within
15 min. Treatment with 3-O-methyl-glucose also caused a significant drop in this
ratio following 15-30 min exposure (Lynch et al., 1996).

Under normal conditions, hexokinase is inhibited (and solubilized) by its
reaction product glucose-6-phosphate (Wilson, 1997; Lynch et al., 1996).
Excessive phosphorylation of glucose by hexokinase may lead to the
accumulation of glucose-6-phosphate within the cell, which in turn can solubilize
and inhibit hexokinase thus altering the conformation of the mitochondrial PTP
and favoring the open state. This notion is supported by the recent observation
of apoptotic death of human endothelial cells exposed to high 3-O-methyl-
glucose, a glucose analogue that is phosphorylated by hexokinase but not further
metabolized by the cell (Du et al., 1998). Presumably, in these cells there is an
accumulation of phosphorylated 3-O-methyl-glucose which might inhibit and
release hexokinase from its binding site at the mitochondrial PTP, and in turn

alter the conformation and permeability of the PTP.

I.j Hypothesis and Specific Aims

An examination of the effects of high glucose on Schwann cell survival is
necessary in order to determine the role of Schwann cell dysfunction in the
pathogenesis of DPN. Consequently, an in vitro model was chosen which would
eliminate the influence of other cells such as endothelial cells which are known to
increase nitric oxide production following exposure to high glucose. Schwann

cells were obtained from postnatal day 2 (PD2) and postnatal day 15 (PD15) rats
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to test the following hypotheses,

Ho1: that high glucose concentrations are directly toxic to Schwann cells

Ho2: that exposure to high glucose media can induce apoptotic cell death in

Schwann cells in vitro that is accompanied by mitochondrial dysfunction

Specific Aims:

1.

The effects of a range of glucose concentrations (5.5-50 mM) on Schwann
cell survival will be examined by counts of intact nuclei in order to determine
whether there is a dose-dependent effect on PD2 and PD15 cells. Counts will
be made at 0, 2, 12, 24 and 48h after addition of the glucose test
concentrations in media.

In situ end-labeling and YOYO-1 staining will be used to determine whether
Schwann cell nuclei display fragmented DNA with free 3'-OH ends and
condensed chromatin respectively, which are considered morphological
hallmarks of apoptosis.

Anti-apoptotic agents, (-)-desmethyldeprenyl, IGF-1 and N-acetyl cysteine will
be used to prevent Schwann cell apoptosis in high glucose, using counts of
intact nuclei to assess cell survival.

Levels of nitrite in the media will be used to determine whether high glucose
induces increased nitric oxide production in Schwann cells. Specific NOS
inhibitors wilt be used to determine whether increased NO leads to decreased
Schwann cell survival in high glucose media. TNF-c will also be measured by

ELISA to determine if changes in Schwann cell NO production are due to
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increased TNF-« signaling.

. Changes in mitochondrial membrane potential (A'¥w) following exposure to
high glucose for 2, 6, and 24 hr; and the ability of the anti-apoptotic agents (-)-
desmethyldeprenyl, N-acetyl cysteine, or IGF-I to prevent any changes will be
measured using the potentiometric fluorescent dye CMTMR. Changes in
APy following inhibition of NO production in high glucose will aiso be
examined using CMTMR.

. The involvement of the PTP in high glucose induced Schwann cell apoptosis
will be examined using immunofluorescence imaging of specific protein
localized to the PTP. The sub-cellular distribution of hexokinase using
confocal laser microscopy will be observed in relation to the changes in A¥u.
The relationship between A'¥y and hexokinase binding in high glucose and in
response to modification of PTP conformation will be assessed in order to
determine whether their relationship can reflect the status of the PTP.

. Changes in the sub-cellular distribution of hexokinase and Bax in high
glucose will be examined using Western blot analysis of enriched

mitochondrial, cytoplasmic, and nuclear fractions.



ll. Materials and Methods
ll.a Post-Natal Day 2 and Post-Natal Day 15 Schwann Cell Cultures

Litters from timed-pregnant Sprague-Dawiley rats (Charles River;
Montreal, Quebec or Taconic Farms, New York) were used at post-natal day 2
(PD2) or PD15. Following decapitation under deep anesthesia, a 10-15 mm
segment of sciatic nerve distal to the sciatic notch was quickly removed and
placed in ice-cold Dulbecco’s modified Eagle's medium (DMEM; Sigma)
containing 5.5 mM D-glucose, 25 mM HEPES, penicillin (20 U/ml) and
streptomycin (20 Og/ml). The nerves were separated into fascicles, cleaned free
of the epineurial and perineurial sheaths, and cut into 1 mm long segments. The
nerve fragments were incubated in 0.0125% trypsin-EDTA/0.03% Type |
collagenase in Hank’s buffered salt solution (HBSS, Gibco) for 45 min at 37° C.
The fragments were then washed in DMEM/10% fetal bovine serum (FBS,
Gibco) and seeded onto 75 cm? tissue culture flasks (PD15) or 25 cm? (PD2)
(Nunc) coated with poly-L-lysine (0.1 mg/ml; Sigma). The cells were maintained
at 37° C in a 5% CO, atmosphere. Over the next 5 days, Schwann cells
migrated out of the nerve pieces and adhered to the plastic surface. On day 5,
the fragments were removed, and the remaining adherent cells maintained in
DMEM/10% FBS with 500 ug/mi bovine pituitary extract (Upstate Biotechnology)
and 0.5 pg/mi cholera toxin (Research Biochemicals) for PD2 Schwann cells, or
DMEM/10% FBS only for PD15 Schwann cells until confluency was reached.

When confiuent (day 10) the cells were harvested with 0.05% Trypsin-
EDTA, and plated onto poly-L-lysine coated glass coverslips (12 mm, thickness
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0; Carolina Biological Supply) at a density of 12,000 cells per coverslip, or onto
poly-L-lysine coated 24 well plates (Nunc) for cell counting, at a density of 12,000
cells per well. Twenty-four hr after secondary plating, the medium was replaced
with DMEM/5% FBS. Cells were allowed to stabilize in the new media for 24 hr
before being placed in DMEM/2% FBS at 0 hr.

il.b Immunocytochemical Identification of Schwann Celis

Cells plated on coverslips were rinsed in phosphate buffered saline (PBS:
9 g NaCl, 3.2 g sodium phosphate monobasic, 10.9 g sodium phosphate
dibasic/liter distilled H,O) and then fixed in ice-cold 4% paraformaldehyde for 10
min. After rinsing in PBS, cells were biocked in 10% normal goat serum or
normal horse serum, followed by overight incubation with primary antisera
against: MAG (1:20, Boehringer Mannheim), MBP (1:100, Sternberger
Monoclonals), 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase; 1:200,
Sigma), L1 (1:20, Boehringer Mannheim), GFAP (1:800, Sigma), Thy 1.1
(hybridoma supernatant, ATCC), S100 (1:400, Dako), or ciliary neurotrophic
factor (CNTF; 1:250, antiserum was kindly provided by Dr. Peter Richardson,
Montreal General Hospital). Following PBS rinses, coverslips were incubated
with biotinylated secondary antibodies (1:300, Vector Labs), fluorescein
isothiocyanate (FITC) conjugated goat anti-rabbit IgG (1:250; Molecular Probes),
or Texas Red (TR) conjugated goat anti-mouse IgG (1:200; Molecular Probes).
Coverslips incubated with biotinylated secondary antibodies were rinsed in PBS,
incubated for 30 min in avidin-horseradish peroxidase (Elite kit, Vector Labs) and
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then incubated with (1.2 mg/ml) diaminobenzidine (Sigma) mixed 1:1 (v:v) with
0.01% hydrogen peroxide for chromogenic detection. Coverslips incubated with
fluorescently labeled secondary antibodies were mounted in glycerol/PBS or
Aquamount (VWR) and examined under epifluorescence with TR or FITC filter

sets equipped with a Leica true confocal scanning (TCS) microscope.

I.c Assessment of Schwann Cell Proliferation in Baseline Glucose Media
Post-natal day 2 and PD15 Schwann cells grown in 24 well plates or on
glass coverslips were maintained in the base medium containing 2% FBS and
5.5 mM glucose for the indicated time points (0, 2, 12, 24, and 48 hr). The cells
were harvested and counts of intact nuclei (see below for description of counting
method) were used to estimate proliferation. Additionally, Schwann cells grown
on coverslips in base medium were fixed in 4% paraformaldehyde for 10 min and
stained with an antibody raised against the Ki67 nuclear antigen. Fixed cells
were briefly permeabilized with methanol for 30 sec at —20° C, followed by
blocking in 10% normal goat serum for 30 min at room temperature. Coverslips
were incubated overnight at 4° C with a monoclonal antibody raised against the
Ki67 nuclear antigen (1:200, Novocastra). Following PBS rinses, coverslips were
incubated with a biotinylated anti-mouse secondary antibody (1:250, Vector
Labs) for 40 min at room temperature, followed by PBS rinsing and a further 30
min incubation with avidin-horseradish peroxidase (Elite Kit, Vector Labs).
Chromogenic detection was performed in the presence of diaminobenzidine (1.2

mg/ml; Sigma) mixed 1:1 (v:v) with: 0.01% hydrogen peroxide. Coverslips were
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then mounted in Aquamount. Cells that displayed no immunoreaction product
were considered to be in the G, phase of the cell cycle and therefore not actively
cycling. Cells in the G1-S phase showed Ki67 immunoreactivity associated with
the nucleolus, while cells in the G2-M phase dispiayed intense patches of nuclear
immunoreactivity, as well as increasing Ki67 immunodensity in the nuclear matrix
(see (Braun et al., 1988)). Cells were counted at 0, 12, and 24 hr in randomly
determined grids created on a schematic of the 12 mm round coverslip. The
random numbers were generated by the Origin™ (Microcal) software package
and corresponded to coordinates representing individual 40X microscope fieids.
The data represent the percentage of the total number of cells per 40X field in
Go.

Il.d Assessment of Schwann Cell Survival in High Glucose Media

Cells were harvested at 0, 2, 12, 24, and 48 hr after the addition of
DMEM/2% FBS with increasing glucose content (5.5, 17.5, 30, 40, or 50 mM).
Other cells were treated with either 5.5 mM glucose or 40 mM giucose with the
simultaneous addition of IGF-1 (1 ng/ml), DMD (10°® M), or NAC (107 M) and
harvested at 2 or 24 hr. Additionally, celis exposed to 5.5 or 40 mM glucose
were also treated with the inducible nitric oxide synthase (iNOS) specific inhibitor
NP-(1-iminoethyl)-L-lysine (L-NIL; 10 M, Molecular Probes), fhe NO donor S-
nitroso-acetyl-penicillamine (SNAP; 1, 10, 100 uM, Sigma) cyclosporin A (CsA;
107 M, Sigma) or atractyloside (ATR; 10 mM, Sigma) and harvested at 24 hr.
Celis were lightly digested with 0.05% trypsin-EDTA for 1 min, to remove them
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from the 24 well plates and the contents of each well (including those cells that
were detached from the substrate and floating in the medium) centrifuged at 600
x g for § min. The supematant was removed and the pelleted cells resuspended
in 200 pl of lysis buffer containing 10% Zapoglobin-Il (Coulter Electronics).
Nuclei with a completely intact, smooth membrane enclosing visible nuclear
material (under phase contrast microscopy) were counted on a haemocytometer.
This counting method is effectively a sensitive measure of nuclear fragility (see
Wadia et al., 1998 for details) and can provide an accurate estimate of cell
survival. Mean values shown are taken from a minimum of 12 duplicate wells

obtained from 3 or more litters.

ll.e Detection of Apoptotic Nuclei

In situ end labeling (ISEL) was used to detect free 3’-OH ends of
endonuclease digested nuclear DNA, considered to be a characteristic feature of
the final degradative phase of apoptosis. Schwann cells grown on glass
coverslips treated with 5.5, 17.5, or 40 mM glucose were fixed with cold 4%
paraformaidehyde for 10 min at 2, 12, and 24 hr. Following a 1 min
permeabilization with methanol at -20° C, the coverslips were treated with
DNAse-free RNAse A (100 ug/ml, Boehringer Mannheim) for 10 min at 37° C.
Coverslips were then incubated with terminal deoxynucleotidyl transferase (TdT)
reaction buffer (Boehringer Mannheim) for 15 min at room temperature. The
reaction buffer was removed and replaced with fresh buffer containing 12.5 units

TdT (Boehringer Mannheim) and 10 uM BODIPYluorescein-conjugated dUTP
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(Molecular Probes) for 60 min at 37° C. The reaction was terminated by several
rinses with 2X SSC (0.03 M sodium citrate, 0.3 M sodium chioride) at 37° C. The
coverslips were mounted in glycerol/PBS or Aquamount and observed with a
FITC filter set on a Leica inverted microscope with epifluorescence.

The nucleic acid-specific cyanine dye YOYO-1 (Molecular Probes) was
used to visualize chromatin condensation which is also considered to be a
characteristic feature of the degradative phase of apoptosis (Tatton et al., 1998;
Tatton and Kish, 1997). Fixed cells were briefly permeabilized with methanol (-
20° C) for 30 sec and washed with PBS, followed by incubation with 1 mM
YOYO-1 (diluted in PBS) at room temperature for 30 min. The coverslips were
then washed several times with PBS and mounted in Aquamount for confocal
imaging.

Other identically treated coverslips were dual stained with BODIPY/TR-
dUTP and YOYO-1 to reveal ISEL and chromatin condensation. When
visualized under epifluorescence and confocal microscopy (see below), it was
determined that all ISEL positive cells also demonstrated classic chromatin
condensation. Therefore counts were made of ISEL positive cells to provide an
estimate of Schwann cell apoptosis. Using a 40X objective, ISEL-positive cells
(round, bright green nucleus, pale cytoplasm) in each of 10 sample areas per
coverslip were counted. This procedure was repeated on 3 coverslips from each

treatment, resuiting in a total of approximately 3000 cells counted per group.
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ILf Measurement of NO Production by Schwann Cells Exposed to High
Glucose

To determine if Schwann cells exposed to high glucose upregulated their
production of NO, the Greiss reagent (N-(1-naphthyl)ethylenediamine and
sulfanilic acid) was used to measure levels of the NO metabolite NO," released
by the cells in the culture medium, as an estimate of NO production. The
reaction is based on the conversion of sulfanilic acid to diazonium sait, in the
presence of NO2', which when combined with N-(1-naphthyl)ethylenediamine
produces an azo colour product which can then be measured
spectrophotometrically. Since NO; is rapidly metabolized to NO;, total NO,” was
estimated by reducing NO; to NO;” with nitrate reductase, followed by incubation
with the Griess reagent. PD2 and PD15 Schwann cells were seeded in 24 well
plates at approximately 100,000 cells per well. Forty-eight hr later the cells were
washed twice and replaced with DMEM/2% FBS containing 5.5 or 40 mM
glucose. Other cells exposed to 40 mM glucose were treated with the iNOS
inhibitor L-NIL (10 M), the cNOS inhibitor SMTC (10* M), or DMD (10° M). As
a positive control, cells in base media were treated with 100U of TNF-o/IFN-y
which has been shown previously to increase NO production by Schwann cells
(Gold et al., 1996).

Following a 24 hr incubation, an aliquot of medium was removed from
each of 6 replicate wells per group and centrifuged at 2000 rpm for 5 min to pellet
any floating cells. The supernatant was removed and incubated with 200 uM

FAD, 2 U/mi nitrate reductase, and 2mM NADPH for 1 hr at room temperature.
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This reaction was stopped by quenching excess NADPH by adding 210 mM
pyruvate and 400 ug/ml lactate dehydrogenase in 0.1 M PBS. Equal volumes of
the reduced sample were then mixed with the Griess reagent and incubated at
room temperature for 1 hr. The absorbance was read in a plate reader

(Molecular Devices) at 540 nm.

I.g Measurement of TNF-a Release From Schwann Cells Exposed to High
Glucose

To determine if Schwann cells exposed to high glucose upregulated
production and release of the cytokine TNF-a,, an ELISA measuring TNF-a
released into the media was performed. PD2 Schwann celis were seeded in 24
well plates at approximately 100,000 cells per well. Forty-eight hr later the cells
were washed twice and replaced with DMEM/2% FBS containing 5.5 or 40 mM
glucose, or with 40 mM glucose plus DMD (10 M). Following a 24 hr incubation,
an aliquot of media was remaved from each of 6 replicate wells per group and
centrifuged at 2000 rpm for S min to pellet any floating cells.

Each sample was incubated on ELISA plates pre-coated with anti-rat TNF-
a capture antibody (Biosource International) together with a second biotinylated
anti-rat TNF-a antibody for 90 min at room temperature. Each well was washed
4 times with the supplied wash buffer according to the manufacturer’s
instructions, and then incubated with streptavidin-horseradish peroxidase for 45
min at room temperature. The wells were washed again 4 times and incubated

with tetramethylbenzidine as a chromogen for 30 min at room temperature.



Following addition of stop solution, the absorbance of each well was read in a

plate reader against a chromogen reference (Molecular Devices) at 450 nm.

Il.Lh Confocal Imaging

High-resolution laser confocal imaging techniques provide the opportunity
to directly visualize the sub-cellular distribution of specific proteins, allowing us to
reconstruct the time course of pro-apoptotic signaling events. For example, the
level of detail provided by confocal microscopy allows individual mitochondria to
be resolved enabling the measurement of fluorescence of dyes that estimate
mitochondrial membrane potential (see Wadia et al., 1998 for examples).
Epifluorescent microscopy cannot resoive many of these sub-cellular localization
questions because of the background haze of fluorescence that results from
those portions of the cell outside of the observed focal plane. Laser confocal
imaging is based on the reduction of out of focus haze through the use of a
series of pinholes of varying aperture which are placed in the path of the light
exciting the sample and also, most importantly, in the path of emitted light
coming from the sample. These pinholes dramatically reduce the contribution
made by signals arising from out of focus elements to the final image resulting in
improved resolution. There is still, however, an appreciable amount of
background “noise” in the confocal image that is not eliminated by the pinhole
(see Shaw, 1994). This can be further reduced by deconvolution algorithms that
mathematically subtract the signal from above and below the optical plane of

interest, resulting in a depth of resolution approaching 50 nm. This is particularly



useful when establishing the co-localization of specific proteins within the cell.

ILi Analysis of Mitochondrial Membrane Potential (A'Wy)

As has been previously reported in a number of models of apoptosis
(Wadia et al., 1998; Zamzami et al., 1995), apoptotic cell death is often preceded
by a fall in mitochondrial membrane potential (A%¥y). To determine if the
observed Schwann cell death was also accompanied by a fall in A%y, Schwann
cells were incubated with the potentiometric fluorescent dye, chioromethyl-
tetramethlyrosamine methyl ester (CMTMR; Molecular Probes, 130 nM for 15
min at 37°C). This lipophilic cationic dye is preferentially taken up by
mitochondria in proportion to AWy where it irreversibly binds to protein thiol
groups within the mitochondrial matrix and is retained following aldehyde fixation.
The irreversible interaction between CMTMR and matrix thiols occurs with
respect to A'¥y and is not influenced by mitochondrial volume (Metivier et al.,
1998). The CMTMR fluorescence intensity therefore represents the highest level
of negativity difference (je. the greatest A'¥y) in the mitochondria during the
period of dye exposure prior to fixation.

A Leica confocal microscope was used to image the cells. A pinhole
aperture setting of 20 was maintained with constant laser and photo-detector
power settings and an excitation wavelength of 568 nm and a bandpass emission
filter of 600/30 nm. Each image was scanned using an oil-immersion, 100X, 1.4
N.A. objective at 512 by 512 by 8 bits per pixel resolution, background offset of -1

and line averaged 32 times. The confocal images were saved as tagged image



file format (TIFF) files for analysis. The Metamorph™ (Universal Imaging, Ltd.)
image analysis system for Windows was used to measure the intensity of
CMTMR fluorescence in individual mitochondria. In each mitochondrion, no
fewer than two regions were defined by a box each measuring 9 pixels square.
The average intensity per pixel within each defined region is measured and
automatically logged to a Microsoft Excel spreadsheet for analysis. The intensity
measured ranged from 0 (no fluorescence) to 255 (maximum fluorescence) and
are referred to as fluorescence intensity units (FIU). The data represent images
of approximately 10 cells per coverslip on 3 coverslips, with approximately 20-30
intensity measurements obtained from each cell.

Maintaining constant pinhole aperture, laser power, image size, and
photo-detector voltage settings for each image allows the direct comparison of
CMTMR fluorescence intensity between groups in a single experiment without
necessitating the use of ratiometric dyes such as 5,5’, 6,6'-tetrachloro-1,1’, 3,3-
tetraethybenzimidazol carbocyanine iodide (JC-1), or the ratio between
intramitochondrial CMTMR and adjacent cytoplasmic or nuclear CMTMR
background fluorescence. Baseline differences in CMTMR fluorescence intensity
between PD2 and PD15 Schwann cells preciuded the direct comparison of A¥y
across the two populations of Schwann cells. In this case, only relative
comparisons of the magnitude of high glucose induced changes in A¥y can be

made.
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ILj The Relationship Between A'¥y and the Sub-cellular Distribution of
Apoptosis-Related Proteins

In experiments where the localization and intensity of specific
mitochondrial and other proteins (e.g., hexokinase) are correlated with estimates
of AWy, duplicate confocal images in the same focal plane are obtained for
CMTMR and the immunofluorescence signal. For each of the defined CMTMR
regions within mitochondria, the corresponding pixel co-ordinates are obtained
using the Metamorph™ software package and the regions are then superimposed
on the alternate immunofluorescence image. Since the corresponding images
are obtained simultaneously by separate detectors, the co-ordinates obtained by
the software package correspond to the exact pixel location on each image from
which the fluorescence intensity is measured. [t is necessary to make
measurements from the original black and white confocal images. During the
digital re-colourization process for printing using Northern Eclipse™, low-end
intensity values can sometimes be lost. Quantitative measurements are
therefore made from the original black and white confocal digital images.

Schwann cells were treated with 5.5 or 40 mM glucose or an agent that
maintains the PTP in an open state (atractyloside, 1 mM; Zamzami et al., 1996).
At the end of the indicated time point, treated Schwann cells were incubated with
CMTMR for 15 min at 37° C, fixed with ice-cold 4% paraformaldehyde for 30 min,
and processed for the immuncytochemical co-localization of HK Type [ to
mitochondria. The fixed coverslips were then permeabilized with 0.02% Tween
20 for 25 min at room temperature and then blocked for 1 hr with 10% normal
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donkey serum to minimize non-specific binding, and incubated with a mouse
monocional antibody raised against HK-1 (Chemicon; 1:500) overnight at 4°C.
Coverslips were washed in PBS and incubated with a Cy5 conjugated second
antibody (Jackson ImmunoResearch) at a dilution of 1:250 for 1 hr at room
temperature. Coverslips were then washed with PBS and mounted with
Aquamount.

In order to make reliable estimates of immunofluorescence intensity from
the confocal images; several steps were taken to insure that any differences
observed were not due to differences within the immunostaining procedure.
First, all coverslips were stained in parallel using common antibody and dye
reagent stocks, carefully controlling for the incubation time. Second, during the
acquisition of the CMTMR/HK image pairs, dual-fluorochrome images were
obtained simultaneously using two independent detector channels and constant

laser power, pinhole, and detector voltage settings.

.k Western Blot Analysis of the Sub-cellular Distribution of Apoptosis-
Related Proteins

To further quantify and confirm changes in the sub-cellular distribution of
certain proteins throughout the apoptotic cascade, western blots of cytoplasmic,
mitochondrial, and nuclear compartments were performed. PD2 Schwann cells
were harvested in ice-cold PBS and centrifuged at 2000 rpm for 6 min. The

pellet was resuspended in a lysis buffer containing: sucrose, 250 mM; DTT, 1
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mM; EDTA, 1 mM; EGTA, 1 mM; MgCl,, 1.5 mM; KCI, 10 mM; and HEPES, 20
mM with 1 mM each of the following protease inhibitors: leupeptin, pepstatin A,
chemostatin, aprotinin, antipain, and 5 mM benzamidine. The cells were
homogenized in a tight-fitting Dounce homogenizer and centrifuged at 800 rpm
for 10 min at 4°C to pellet the nuclei. The supernatant was collected and the
pellet was resuspended in lysis buffer to disrupt any remaining unbroken celis
and centrifuged again at 700 rpm for 10 min at 4°C. The resulting nuclear pellet
was resuspended in 50 pl of lysis buffer. The supernatant was then centrifuged
at 10,000 rpm for 15 min at 4°C resulting in a crude mitochondrial pellet and
cytoplasmic supernatant. The mitochondrial pellet was resuspended in 50 ul of
lysis buffer and all samples were stored at -30°C until use.

For sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), 12% acrylamide mini-gels (Biorad) were run at approximately 100mV for
1.5 hr or until the dye front reached the bottom of the gel. The protein was then
transferred to nitrocellulose membranes (Pierce), which were then blocked with
10% non-fat milk for 1 hr, and incubated overnight with antibodies raised against
HK-I (1:500), or Bax (1:250). The membranes were then incubated with
horseradish peroxidase-conjugated second antibodies for 1 hr and visualized

with an enhanced chemiluminescence (ECL) kit (Pierce).

IL.I Data Analysis
For estimation of cell survival, counts of intact nuclei are presented as the

number of intact nuclei per ml or the percentage of intact nuclei relative to control
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(5.5 mM glucose). Cell cycle estimation and counts of ISEL-positive Schwann
cells are presented as the percentage of total cells per 40X microscope field.
CMTMR fluorescence intensity data are presented as frequency histograms
representing the percentage of mitochondria with a given fluorescence intensity
on a scale of 0-255. In this way, subtle changes in small populations of individual
mitochondria, particularly at early time points, that may be obscured by
parametric analysis only (i.e. comparing sample means), can be identified. All
data were analyzed using the non-parametric Mann-Whitney U test since the

assumptions of normality and homogeneity of variance were not met.



lil. Resuits
lil.a Characterization of PD2 and PD15 Schwann Cells

This study describes a novel method for isolating rat Schwann cells from
post-natal sciatic nerve, that resuits in the establishment of two distinct Schwann
cell populations that differ in the proteins that they synthesize and their
proliferation rates. In contrast to previous methods that enzymatically and
mechanically dissociate the sciatic nerve into a cell suspension containing
primarily Schwann cells and fibroblasts, nerve fragments were plated directly
onto a plastic surface. Over the first 5 days in vitro, cells migrate out from the
nerve fragments and adhere to the poly-L-lysine coated plastic flask. Figure 6A
illustrates a low power, phase contrast image of a nerve fragment 2 days after
the initial plating showing presumptive Schwann cells emerging from the nerve
fragment. These cells remained adherent after the nerve fragments were
removed by washing after 5 days in vitro. Figure 6B and 6C illustrate the
remaining adherent cells from the PD2 and PD15 sciatic nerve fragments
respectively at approximately 5 days in vitro, prior to secondary plating. Note
that the PD2 celis tend to be spindle-shaped with long processes, whereas PD15
cells have a more polygonal cell soma with either very short or no processes.
Following removal of the nerve fragments, PD2 cells required additional
mitogenic supplements (BPE and CT) to reach confluency while the PD15 cells
required no further supplements in addition to 10% FBS (see below). After 10
days in vitro, cells were subplated into wells or onto glass coverslips, and the
FBS content reduced from 10% to 2% over the next 48 hr.

69
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Figure 6. Migration of PD2 and PD15 cells from nerve fragments. Phase
contrast photomicrograph showing novel isolation method of Schwann cells from
PD2 and PD15 rat. A. Low power image (100X mag.) of cells migrating out of
sciatic nerve fragment from PD2 rat shown at day 2 in vitro. B. Higher
magnification (400X mag.) image showing appearance of adherent celis
remaining following removal of nerve fragments at day 5 in vitro from PD2 rat;
note spindie morphology and phase bright appearance of PD2 cells. C.
Appearance of PD15 cells (250X mag.) after removal of nerve fragments at day 5
in vitro; note here that cells have flattened onto plastic surface and have few, if

any, extended processes.
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In vivo, the calcium-binding protein S-100 is first detectable in both
myelinating and ensheathing Schwann cells by embryonic day 15-16 (Jessen
and Mirsky, 1991). Myelination typically begins during the first post-natal day,
while differentiation of ensheathing Schwann cells proceeds through the second
and third weeks after birth (Jessen and Mirsky, 1992). In vivo, myelinating
Schwann cells characteristically express the myelin proteins MAG, MBP, Py,
PLP, PMP-22 among others. In contrast, ensheathing Schwann celis express
GFAP, the immunoglobulin superfamily adhesion molecule, L1, NCAM and p75,
but do not express any of the myelin associated proteins. CNPase is a myelin
associated enzyme, whose expression is shared by both myelin-forming
Schwann cells in the PNS and oligodendrocytes in the CNS. CNPase levels are
increased following exposure to insulin (Jung-Testas et al., 1994).

Antisera to S100, GFAP, CNTF, CNPase, MAG, MBP and L1 were used to
identify Schwann cells from the PD2 and PD15 sciatic nerves. Both groups were
immunopositive for S100, CNTF, and GFAP. Only PD2-derived cells expressed
the cell adhesion antigen L1, while only PD15-derived cells expressed MBP.
Neither group showed detectable immunoreactivity following incubation with
MAG or CNPase antiserum. Figure 7 illustrates immunofiuorescent images
obtained either on an epifluorescent microscope or from a confocal laser
microscope. Figure 7A1 and 7A2 show S100 immunopositive Schwann celis
from PD2 and PD15 nerves respectively at 10 days in vitro. Figure 7B1 and 7B2
show GFAP immunopositive Schwann cells from PD2 and PD15 nerves

respectively at 10 days in vitro. Figure 7C1 depicts L1 immunopositive Schwann
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Figure 7. Immunocytochemical Identification of PD2 and PD15 Schwann
cells. Fluorescence photomicrograph showing immunocytochemical
identification of Schwann cells from PD2 and PD15 rat following secondary
plating onto glass coverslips after 10 days in vitro. Confocal or epifluorescence
images showing shared expression of S100 (A1, A2) and GFAP (B1, B2) by PD2
and PD15 Schwann cells. C1. confocal image of PD2 Schwann cell showing
expression of the adhesion molecule L1. C2. confocal image of PD15 Schwann

cells reacted with antibody raised against MBP. Scale bar = 10 um.






75

cells from a PD2 culture, while Figure 7C2 shows MBP immunopositive Schwann
cells from a PD15 culture.

Both PD2 and PD15 cells were examined to determine the proportion of
contaminating fibroblasts using antiserum to Thy1.1, which specifically identifies
fibroblasts (Brockes et al., 1979). The proportion of contaminating fibroblasts
ranged between 2 and 5% using this method of obtaining Schwann cells. This
compares well with other methods in the literature, reporting greater than 95%
purity, which employ immunopanning, complement mediated lysis or cytosine
arabinoside (AraC) to remove contaminating fibroblasts (e.g., Assouline et al.,
1983). Having determined that two morphologically distinct populations of cells
could be obtained from PD2 and PD15 nerve, it was then decided to observe
their proliferative characteristics in 2% FBS media.

The absence or presence of proliferation in PD2 and PD15 Schwann cells
was compared using 2 independent methods: counts of intact nuclei and counts
of Schwann cells in the G phase of the cell cycle (Figure 8). Counts of intact
nuclei (n=12 wells) from PD2 Schwann cells taken at 0, 2, 12, 24 and 48 hr did
not significantly increase over the 48 hr period in base media (5.5 mM glucose)
with 2% FBS (Figure 8A). Conversely, counts of intact nuclei from PD15
Schwann cells over the same period showed a steady increase of approximately
20% during the 48 hr in base media with 2% FBS (Figure 8A). Importantly, these
counts also revealed that there was no cell loss in base media over this time

period.
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Figure 8. Proliferation of PD2 and PD15 Schwann Cells. A. Schwann cells
maintained in base media at an initial seeding density of 12,000 cells per well in
24 well plates were harvested 2 d later at 0, 2, 12, 24, and 48 hr and lysed with
10% Zapoglobin. Intact nuclei were counted on a hemocytometer from 12-14
replicate wells. Counts of PD2 Schwann cells (open squares) indicated no
change, whereas counts of PD15 Schwann cells (open circles) showed a gradual
increase over 48 hr. B. Counts of Schwann cells that were Ki67 negative were
made at 0, 12, and 24 hr. The proportion of Gy cells was unchanged over 24h for
PD2 cultures (open square). The proportion of Gy cells declined over 24h for

PD15 cultures (open circle) suggesting that cells were entering the cell cycle.
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Identically treated cells grown on glass coverslips were incubated with
antiserum to the Ki67 antigen and visualized via an imnmunoperoxidase method.
Ki67 immunoreactivity is generally used to grade the histopathology of cancerous
tissue. Cell nuclei that are immunonegative for Ki67 are in the G, phase of the
cell cycle (Braun et al., 1988). The number of G, (Ki67 immunonegative) cells
were counted at 0, 12 and 24 hr for both PD2 and PD15 Schwann cells grown in
base media for a total of about 3000 cells from 3 individual coverslips (see Figure
8B, inset). The percentage of PD2 cells in G, remained constant at
approximately 40% over 24hr in base media, indicating a non-proliferating
population. In contrast, the percentage of PD15 cells in G declined from 29% to
about 16% over 24hr in base media, suggesting that cells were leaving G, and

entering the cell cycle.

lil.b Dose-Dependent Celi Death of Schwann Cells in High Glucose Media
The effect of high glucose on the survival of both populations of Schwann
cells was determined. PD2 and PD15 Schwann cells were exposed to glucose
concentrations of 5.5, 17.5, 30, 40 or 50 mM for a period of 48 hr. Counts of
intact nuclei were made at 0, 2, 12, 24, and 48 hr fo quantitate cell survival.
Counts of intact PD2 Schwann cell nuclei are shown in Figure 9A. Each point
represents the mean and standard error obtained from 12-14 individual wells.
There was a significant dose-dependent cell loss observed at 2 hr following
washing ranging between 13-26% for cells exposed to 17.5-50 mM glucose.
Statistical analysis revealed that the assumption of normality had not been met
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FIGURE 9. Dose-dependent death of Schwann cells in high glucose media.
A. Counts of intact nuclei of PD2 Schwann cells were used to determine cell
survival in 5.5 (square), 17.5 (circle), 30 (up triangle), 40 (down triangle) and 50
(diamond) mM glucose showed a dose-dependent loss of Schwann cells at 2 hr,
and a gradual time-dependent decrease in survival between 12-48 hr. B. An
initial dose-dependent cell death was observed in the first 2 hr exposure to high
glucose media. This was followed by a slower rate of cell loss, as compared to

PD2 cells, which may be due to ongoing proliferation of PD15 cells.
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(Chi Square test, p's < 0.01), therefore non-parametric tests which do not require
assumptions regarding the underlying distribution of the data were used. Pair-
wise comparisons, using the Mann-Whitney U test, of each concentration of
glucose with base media containing 5.5 mM glucose revealed significant
differences at each concentration of glucose (all p’s < 0.01; see Table 4,
Appendix B). Counts of intact PD15 Schwann cell nuclei were decreased by 7-
18% during the first 2 hr of exposure to 17.5-50 mM glucose (all p’s < 0.05, see
Figure 9B).

In PD2 Schwann cells, the greatest rate of decline in cell survival over the
remaining 2-48 hr period occurred between 2-12 hr for all concentrations of
glucose (17.5-50 mM), followed by a steady decline in survival between 12-48 hr.
Conversely, there was a more gradual decline in cell survival of PD15 Schwann
cells over the entire 2-48 hr period. The extent of cell loss in PD2 Schwann cells
ranged between 29-50% for cells exposed to 17.5-50 mM glucose by 48 hr
(Figure 9A). The extent of PD15 Schwann cell loss, however, ranged between
10-26% over 17.5-50 mM glucose between 2 and 48 hr (Figure 9B). Mann-
Whitney U tests revealed significant decreases compared to 5.5 mM glucose in
both populations over the range of glucose concentrations tested between 12
and 48 hr (all p’s < 0.001).

The initial decline in nuclear counts between 0-2 hr for PD2 and PD15
Schwann cells cannot be aftributed to pretreatment washes prior to their
placement in the different glucose media. Cells in base media subjected to the

same wash treatment did not experience any decline in numbers. Also, this
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initial wave of cell loss was glucose dose-dependent for both cell populations. It
is possible that a subset of Schwann cells may be uniquely sensitive to
decreased trophic support with 2% FBS. However, given the findings presented
in Figure 8, it would seem more likely that there is a subset of Schwann cells that
are particularly sensitive to changing glucose concentrations. Total PD15 cell
loss over 48 hr appeared to be about half that of PD2 Schwann cells over the
same time period. PD2 cells may be more susceptibie to glucose toxicity;
however, it is possible that ongoing proliferation of PD15 Schwann cells could
account for this difference, since there is an average increase of about 20% in

PD15 cell numbers in base media between 0 and 48 hr.

lii.c High Glucose Induces Apoptosis in PD2 and PD15 Schwann Cells

Having demonstrated that exposure to high glucose leads to a dose-
dependent loss in Schwann cell survival between 2-48 hr in both populations,
ISEL combined with simultaneous detection of chromatin condensation with
YOYO-1 staining (Tatton et al., 1998) was used to determine whether Schwann
cells died via apoptosis following exposure to high glucose media. Figure 10
depicts confocal laser microscopic images of ISEL/YOYO-stained Schwann cells
exposed to 40 mM glucose for 24 hr. The upper panel depicts a Schwann cell
phagocytosing an apoptotic Schwann cell, observed by differential interference
contrast (Figure 10A), with a 600/30 nm bandpass filter (618 nm emission peak)
to observe BODIPY-TR fluorescent ISEL (Fig. 10B), or with a 530/30 nm

bandpass filter (509 nm emission peak) fo observe YOYO-1 denoting chromatin
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FIGURE 10. ISEL and YOYO-1 staining of apoptotic Schwann celis. The
upper panel shows a confocal laser image of a Schwann cell which has
phagocytosed an apoptotic Schwann cell viewed with transmitted light for an
interference contrast image (A), with [aser excitation to visualize BODIPY-TR-
dUTP/ISEL in the 618 nm range (B) and with laser excitation to visualize YOYO-
1 fluorescence in the 509 nm range (C). Note that the YOYO-bright chromatin
nuclear condensation does not co-localize with the ISEL-bright nuclear regions.
The open arrow indicates the nucleus of the phagocytic Schwann cell, the filled
arrow indicates the nucleus of the apoptotic Schwann cell. in the lower panel,
YOYO reveals chromatin condensation patterns observed in an ISEL positive
nucleus (D) and in a blebbed nucleus which was ISEL negative (E). An ISEL
positive nucleus from a non-phagocytosed cell is shown (F). Note that ISEL

fluorescence remains localized to the nucleus. All scale bars = 10 um.
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condensation (Fig. 10C). Following peripheral nerve injury in vivo, resident
Schwann cells as well as macrophages recruited to the injury zone are
responsible for removal of the cellular debris (Stoll et al., 1989). Schwann cells
apparently retain the capacity to phagocytose cell debris in vitro even in the
presence of high glucose.

The interference contrast image (Fig. 10A) in the upper left panel clearly
shows a small shrunken cell completely engulfed by the larger Schwann cell.
Note that the engulfed cell still maintains a well-delineated nucleus and plasma
membrane. The phagocytic Schwann cell does not display end-labeling of its
nucleus, while the smaller apoptotic Schwann cell is brightly end-labeled
throughout the nucleus and cytoplasm (Fig. 10B). The far right panel shows
light, filamentous YOYO-staining in the phagocytic Schwann cell nucleus, while
the enguifed Schwann cell nucleus shows dramatic chromatin condensation (Fig.
10C). Note that ISEL bright regions of the nucleus do not appear to co-localize
with the YOYO-bright regions.

The ISEL staining in the cytoplasm of the apoptotic cell may be due to
leakage of low-molecular weight DNA fragments out of the nucleus through
nuclear pores, which have been shown in electron microscopy to redistribute in
the nuciear membrane of cell undergoing apoptosis (Wyllie et al., 1980). In cells
with condensed chromatin arranged along the nuclear membrane, nuclear pores
were visible adjacent to areas of loosely arranged chromatin and not clearly
present in areas adjacent to condensed chromatin (Wyllie etal., 1980).

Figure 10D shows a YOYO-1 stained Schwann cell nucleus during the
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early stages of nuclear degradation where the chromatin has begun to condense
and become arranged in small crescent-shaped patches along the inside of the
still-intact nuclear membrane. There are also bright condensed chromatin bodies
visible within the nuclear matrix. This pattern of chromatin condensation has
been reported in the early stages of nuclear degradation in apoptotic cells
observed by electron microscopy (Kerr et al., 1972; Wyllie et al., 1980). Figure
10E shows an example of a YOYO stained Schwann cell with nuclear “blebbing”
following exposure to 40 mM glucose. Blebbed nuclei were observed at both at 2
hr and 24 hr and have a unique pattern of chromatin organization compared to
that observed in normal nuclei, ISEL positive nuclei, and nuclei entering mitosis.
There was no evidence of positive end labeling in any blebbed nuclei. Small
YOYO-stained bodies that appeared to have been pinched off from the nucleus
often accompanied such blebbed nuclei. It was not possible to determine
whether Schwann cells with biebbed nuclei would later become ISEL positive. it
is possible that the extensive DNA fragmentation (oligonucleosomal) that is
detectable by end-labeling (Walker and Sikorska, 1997), may not be a feature of
the apoptotic cell death of all Schwann cells. A similar pattern of nuclear
blebbing has been previously shown for lymphoblastoid cells undergoing
apoptosis following treatment with respiratory chain inhibitors (Wolvetang et al.,
1994), in SK-N-MC neuroblastoma cells following treatment with a cholinergic
neurotoxin (Rinner etal., 1997), and in acinar epithelial cells and lymphoma cells
(Wyllie et al., 1980). Notably, the integrity of the plasma membrane of these cells
appeared intact. Very rarely (about 5-6 cells per coverslip at 2 hr) were any
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Schwann cells observed which displayed the swollen nuclei and somata
indicative of necrotic cell death.

It was determined that all ISEL positive cells also demonstrated the classic
chromatin condensation pattern illustrated in Figure 10C. Therefore, counts of
ISEL positive nuclei were used to estimate the percentage of apoptotic Schwann
cells after exposure to high glucose media. Figure 11 presents the percentage of
ISEL positive Schwann cells following exposure to 5.5, 17.5, or 40 mM glucose
for 2, 12, and 24 hr. There was no significant increase in the number of ISEL
positive celis following 2 hr exposure to 17.5 or 40 mM glucose in either PD2 or
PD15 cells (Mann-Whitney U; all p’s > 0.3, see Table 5, Appendix B). Both
populations of Schwann cells showed a significant dose-dependent increase in
the number of ISEL positive cells over 12-24 hr in both 17.5 and 40 mM glucose
(all p's <0.001). Interestingly, about 23% of PD2 cells were ISEL positive at 24
hr, while only 8% of PD15 cells were ISEL positive. Previous counts of intact
nuclei demonstrated an approximate 40% decline in surviving PD2 Schwann
cells following 24 hr exposure tc 40 mM glucose, but only a 20% decrease in
surviving PD15 Schwann cells. In both populations, estimates of cell death are
approximately 2 fold greater using counts of intact nuclei compared to counts of
ISEL positive cells. This may be explained by differences in methodology. The
protocol used to obtain intact nuclei effectively tests nuclear fragility and so
apoptotic/damaged nuclei will not be counted because, either they are lysed, or
they display irreguiar nuclear membranes. At the same time, this is a cumulative

method, since all cells in the well will be sampled. In contrast, ISEL or YOYO
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FIGURE 11. Counts of ISEL positive PD2 and PD15 Schwann cell nuclei.
PD2 and PD15 Schwann cells were exposed to base media, 17.5 or 40 mM
glucose and fixed in 4% paraformaldehyde at 2, 12, and 24 hr. Counts of ISEL
positive nuclei increased with glucose concentration and time. A. ISEL positive
nuclei increased from about 8% of PD2 cells counted at 12 hr to over 20% after
24 br in 40 mM glucose media (red bars). B. ISEL positive nuclei increased from
about 6% of PD15 cells counted at 12 hr to 8% after 24 hr exposure to 40 mm
glucose. Note that in both PD2 and PD15 Schwann celis, high glucose did not
significantly increase the percentage of ISEL positive cells at 2 hr compared to

base media (grey bars).
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staining only examines cells which are still attached to the coverslip at a single
point in time. Also, it may be that cells with blebbed nuclei are indeed apoptotic,
and display high molecular weight DNA fragmentation only, and therefore cannot
contribute to the ISEL count. If the Schwann cells which demonstrate chromatin
condensation (both blebbed and ISEL nuclei) are apoptotic, it may be possible to
improve their survival in high glucose conditions by treatment with agents which
have demonstrated a capacity to improve cell survival in other models of

apoptosis.

lll.d Anti-Apoptotic Drugs Improve Schwann Cell Survival

The ability of IGF-1 (1 ng/ml), NAC (10”7 M), or DMD (10" M) to prevent
high glucose induced Schwann cell apoptosis was determined. Each of these
molecules has been shown to ‘rescue’ cells from apoptotic cell death induced by
trophic withdrawal or toxic injury (D'Mello et al., 1997; Ferrari et al., 1995; Tatton
and Chalmers Redman, 1996). Concentrations chosen were based on the most
effective dose observed to rescue cells in other in vitro model systems. Counts
of intact nuclei were made at 2 hr and 24 hr (n=6 wells) and the mean values
expressed as the percentage of cells grown in 5.5 mM glucose for both
populations (Figure 12). Mann-Whitney U tests revealed that all three agents
(IGF-1, 1 ng/ml; NAC, 107 M; and DMD, 10°® M) significantly improved cell
survival of PD2 cells in 40 mM glucose at 2 hr (all p’s <0.01, see Table 6,
Appendix B) and at 24 hr (all p’'s < 0.01). In PD15 Schwann cells, both DMD and
IGF-I significantly prevented the cell death produced by 40 mM glucose at 2 hr
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FIGURE 12. IGF-1, NAC and DMD improve Schwann cell survival in 40 mM
glucose. A. Counts of intact nuclei revealed a 20% loss of PD2 cells after 2 hrin
40 mM glucose (red bars). All three agents were able to significantly improve cell
survival at 2 hr. After 24 hr, PD2 Schwann cell survival in high glucose was
maintained at or near control levels by each of the agents. B. Counts of intact
nuclei revealed about a 15% loss of PD15 cells at 2 hr. IGF-1 produced a slight
improvement, while DMD restored counts to or near control values. At 2 hr, NAC
did not significantly prevent high glucose induced apoptosis in PD15 Schwann
cells. All three agents were able to significantly improve PD15 Schwann cell
survival after 24 hr exposure to 40 mM glucose. Counts of treated cells were
normalized to 5.5 mM base media values for each time point for both popuiations

(+#/- SEM).
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(p’'s < 0.05). However NAC only slightly improved survival at 2 hrin PD15
Schwann cells (p > 0.5). This may be a resuit of only 6 wells being sampled
rather than 12, given that NAC was effective at 24 hr. At 24 hr all three agents
significantly improved PD15 Schwann cell survival in 40 mM (all p’s < 0.01).
These data suggest that most of the cell death observed between 0-2 hr was
apoptotic given the rescue observed in PD2 and PD15 cells. It also suggests
that these agents did not require new protein synthesis to effect rescue.

The first series of studies established 1) that in two populations of
Schwann cells (‘non-proliferating’ cells from PD2 sciatic nerve, and ‘proliferating’
cells from PD15 nerve), exposure to high glucose causes a dose-dependent
reduction in survival, 2) that a significant proportion of PD2 and PD15 Schwann
cells display features of nuclear degradative changes characteristic of apoptosis,
chromatin condensation and oligonucleosomal DNA fragmentation, and 3) that
three different anti-apoptotic agents significantly improved Schwann cell survival
in high glucose at 2 hr and to a greater extent at 24 hr.

In an attempt to determine the mechanism of high glucose-induced
apoptosis, the production of NO and TNF-c was examined. In addition, the
sensitivity of PD2 or PD15 Schwann cells to these agents in high glucose was
also tested. Finally, changes in mitochondrial membrane potential (A'¥m) were:

examined to determine if a decrease in potential preceded apoptotic cell loss.



Figure 13. Exposure to NO Decreases Schwann Cell Survival. PD15
Schwann cells grown in 24 well plates were treated with 1, 10, or 100 uM of the
NO donor SNAP and harvested 24 hr later for intact nuclear counts. Each bar
represents the percentage of intact nuclei relative to base media (+/- SEM) from
6 replicate wells. NO exposure caused a significant dose-dependent loss of

Schwann cell survival at 24 hr.
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lil.e Production of NO in Schwann Cells in High Glucose Media

To determine if increased NO signaling mediates the high glucose induced
apoptosis, Schwann cells were first exposed to the NO donor SNAP to determine
if increased NO reduced survival. Figure 13 presents the counts of intact nuclei

(n = 6 wells) from PD15 Schwann cells exposed to 1, 10, or 100 uM S