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V. Discussion

The studies show that hyperglycemic C6 cells have a higher basal rate of ROS
production than normoglycemic C6 cells. In addition hyperglycemic C6 cells
exposed to hypoosmotic conditions increase their rate of ROS production while no
increase in ROS production is observed for normoglycemic cells swollen in
hypoosmotic conditions. Blocking NADPH oxidase with DPI decreases the basal rate
of ROS production in hyperglycemic cells but does not inhibit the hypoosmotic
induced increase in ROS production observed in hyperglycemic cells. The increase
in ROS production of hyperglycemic cells is not due to increased expression of eNos.
Hyperglycemic cells perfused with normoglycemic hypoosmotic PBS have decreased
ROS production indicating potential cell injury.

Optimal conditions for measuring fluorescence in C6 cells

The first few experiments done were used to establish a proper method of
measuring and collecting data for the experiments. The cell line used for these initial
experiments was the 1321N1 cell line of human astrocytoma cells. I used this cell
line because they were a model for glial cells and were derived from human tissue.
By loading cells with the fluorescent dye calcein, I found the shutter exposure time
and attenuator that would allow for the least amount of bleaching of the dye while
giving a measurable signal.

Measurements of ROS production in isoosomotic PBS and hypoosmotic PBS
then were performed using 1321N1 cells loaded with DCF. ROS is always being

made in cells as part of their physiological functions (2). Others have found in a
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variety of cells exposed to hypoosmotic conditions they increase their production of
ROS (17). Thus, I expected to find a constant basal rate of ROS production and an
enhanced rate of ROS production in the cells when swollen in hypoosmotic PBS.
When I exposed the normoglycemic 1321N1 cells to either isoosmotic or
hypoosmotic PBS, there was often a decrease in ROS production. This suggested that
the 1321N1 cells became leaky when swollen causing the DCF to leave the cell.
Carbenoxolone, which had been used previously in our lab, was added to the
perfusate to decrease the potential for leaking gap junction hemichannels (49). With
carbenoxolone, normoglycemic cells showed increased fluorescence intensity in
isoosmotic PBS but decreased fluorescence intensity when the cells were swollen in
hypoosmotic PBS.

Because of the potential leakiness of the 1321N1 cells, I changed to use the
C6 cell line because it had been used in previous experiments on cell volume
regulation (46) and showed consistent increase in ROS production in our laboratory
(J.0 personal communication). First H,02 was added to the perfusate to allow me to
see if the dye was capable of detecting ROS that was being produced extracellularly.
As seen in Figure 2 there was an increase in intensity during isoosmotic PBS
treatment and even greater increase when isoosmotic PBS with H,02 was added.
The increased fluorescence intensity indicated that the dye was being oxidized.
However, there was a decrease in ROS production towards the end of the
experiment, which could potentially be attributed to cytotoxicity of H202. The
continuous presence of H202 can cause damage to proteins, lipids and nucleic acids

(48). To avoid potential leakiness of DCF, DHE dye was used as a ROS indicator. DHE
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added to the perfusion solution, allowed the dye to continuously load into the cells
during the experiment. When DHE crosses the plasma membrane and becomes
oxidized by ROS it remains bound to DNA. There was no decrease in fluorescence
intensity when DHE was used.
Hyperglycemic conditions causes increased basal ROS production in C6 cells

C6 cells produce ROS at a constant rate as a part of normal physiological
functioning (5, 12, 38). Figure 4 shows that for a single C6 cell in normoglycemic
conditions, there was a continuous production of ROS over time. Following
incubation in hyperglycemic conditions however, there was a greater rate of basal
ROS production than was observed in normoglycemic cells. Hyperglycemia causes
an increased production of ROS production leading to deleterious effects in
pancreatic cells, neuronal cells and vascular cells (30, 37, 42). In experiments done
by Tramontina et al (2012), C6 cells incubated in high glucose medium as a model
for hyperglycemia increased their ROS production by 19% (46). This is consistent
with my results of increased ROS production in hyperglycemic cells. In diabetes,
hyperglycemia increases neuronal death and activates astrocytes to cause gliosis.
Neuronal death has been demonstrated to contribute to the neuropathy associated
with diabetes (48). Diabetic neuropathy is a common complication of both type 1
and type 2 diabetes affecting over 90% of diabetic patients. Increased enhancement
of the polyol pathway activity and the NADPH oxidases during prolonged
hyperglycemia are linked to the primary causes of diabetic neuropathy (4). My
results showed that the NADPH oxidase pathway seems to be activated when glial

cells are incubated in hyperglycemic conditions. Inhibiting the NADPH oxidase
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pathway lowered the rate of ROS production in hyperglycemic cells to the same rate
of ROS production seen in normoglycemic cells. The polyol and NADPH oxidase
pathways when activated cause excess amounts of superoxide to be made
overpowering the antioxidant effects of cells, thus causing oxidative damage.
Oxidative damage of tissues caused by hyperglycemia not only leads to neuropathy
but can also lead to retinopathy, nephropathy and damage to critical blood vessels
potentially causing peripheral arterial disease (53).
Osmotically swollen hyperglycemic and normoglycemic cells in hypoosmotic PBS
When normoglycemic cells were osmotically swollen there was not a
significant change in ROS production (Figure 9). This refuted my hypothesis that
there would be a significant increase in ROS production during perfusion with
hypoosmotic PBS. Many studies show an increase in ROS production in glial cells
during hypoosmotic conditions. Reinehr et al. (39) showed an increase in ROS
production when primary cultured astrocytes were swollen by hypoosmotic
conditions. Mojtahedzadeh et al. (32) showed that traumatic brain injury clinical
patients had high concentrations of ROS in their venous blood after the occurrence
of cerebral edema. Compared to a group of healthy volunteers with no known
psychiatric or neurological disorders, traumatic brain injury patients had
significantly higher serum levels of ROS (32). Haussinger and Gorg (20) also showed
increased generation of oxidative/nitrosative stress when astrocytes were swollen.
This difference in results could be due to the C6 cells and their antioxidant

capacities in hypoosmotic conditions or my methods of using DHE instead of using
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DCF like these previous studies. Further research has to be done to evaluate my
results.

Compared to basal ROS production of hyperglycemic cells, swollen
hyperglycemic cells generated a greater amount of ROS. Increased production of
ROS in hyperglycemic cells is seen in episodes of DKA (16, 17, 18, 22). Increased
ROS production can cause harmful effects to patients. Prolonged DKA can cause a
decrease in white matter and grey matter volumes (14). Alterations in attention and
memory are also associated with prolonged DKA (14). Earlier diagnosis of DKA
could limit these neurological consequences.

Hyperglycemic cells in normoglycemic PBS

Hyperglycemic cells perfused with normoglycemic PBS showed a decrease in
fluorescence intensity when the cells were swollen. The initial increase during
perfusion with isoosmotic PBS and initial period of perfusion with hypoosmotic PBS
shows that the cells were making ROS. The subsequent decrease in fluorescence
suggested the cells were leaking the ROS indicator dye. In DKA treatment, [V
rehydration and administration of insulin is the main form of treatment currently
used (17). Excessive rates of fluid administration have been recently discussed as
being responsible for exacerbating cerebral edema injury due to DKA (17). It has
been hypothesized that rapid fluid infusion with rapid changes in serum osmolality
and glucose might lead to brain swelling (17,18). My experiments using trypan blue
to stain dead cells were done to determine if the fluorescence intensity was
decreasing due to cell death. However, we found the cultures had a very small

percentage of death after the normoglycemic hypoosmotic exposure. These cells
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were likely not to be dying from exposure to the hypoosmotic PBS despite the
decrease in fluorescence signal intensity due to apparent cellular injury. Further
study with this model system is needed to provide more information about the
mechanism of the observed decrease in fluorescence intensity.

NADPH oxidase as a mechanism for ROS production

The NADPH oxidase enzymes Nox2 and Nox4 are a source of ROS production.
Nox enzymes, as highly regulated membrane-associated protein complexes, catalyze
the reduction of oxygen to the superoxide anion. Excess superoxide causes damage
to cells and is specifically seen in hyperglycemic conditions (22, 39). Experiments
done by Ma et al. (31), found that DPI decreased Nox4 activity and ROS production
in endothelial cells. Also, increased Nox2 activity was seen during cellular damage
and oxidative stress after acute brain injury in neurons and microglia. This activity
was decreased when Nox2 was inhibited (27). To determine if this mechanism was
present in C6 cells, | used a pharmalogical agent, DPI, that inhibits the activation of
these oxidases. Figure 8 shows that in hyperglycemic cells there was a decreased
rate of ROS production in isoosmotic PBS when cells were treated with DPI. These
results show that the NADPH oxidase pathway is a mechanism of increased ROS
production in hyperglycemic C6 cells.

When comparing the ratio values of normoglycemic cells and normoglycemic
cells perfused with DP], there is an increase in ROS production in the
normoglycemic cells perfused with DPI. The potential source of the increase in ROS
production could be the electron transport chain. Inhibition of the NADPH pathway

by DPI could unmask small increases in ROS production by the electron transport
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chain. Future experiments to inhibit the electron transport chain can determine
whether this mechanism increases ROS production in response to swelling.

Nos is increased in the arteries of diabetic rats (47). Thus, [ measured the
expression of the ROS producing enzyme eNos using western blots to determine if
the enzyme was responsible for the increased rate of basal ROS production in
hyperglycemic cells as compared with normoglycemic cells. Bands were seen in
both normoglycemic cells and hyperglycemic cells for eNos. While both
normoglycemic and hyperglycemic cells expressed eNos, the bands were the same
density for both treatments. Thus eNos expression was not increased in
hyperglycemic cells and so did not effect the increased ROS production seen

following hyperglycemic exposure.
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VI. Summary and Conclusions

C6 glioma cells grown in normoglycemic conditions had no change in ROS
production when swollen in hypoosmotic PBS. C6 glioma cells grown in
hyperglycemic conditions had an increase in basal ROS production and showed a
substantial increase in ROS production in hypoosmotic PBS. Increased ROS
production can be responsible for CNS damage in diabetes and DKA. NADPH oxidase
inhibitor decreased basal ROS production of hyperglycemic cells but had no effect
on basal ROS production of normoglycemic cells. Thus, a NADHPH oxidase pathway
is involved in increased basal ROS production in hyperglycemic cells. However,
NADPH oxidase is not involved in the increased ROS production observed in
hypoosmotic conditions. Swollen normoglycemic and hyperglycemic cells increased
their overall ROS production when perfused with a NADPH oxidase inhibitor.

Western blots probed for eNos showed that there was no change in
expression of this ROS producing enzyme following growth in hyperglycemic
conditions. Hyperglycemic cells swollen in hypoosmotic PBS, a model for DKA
treatment, showed that a dramatic change from a hyperglycemic environment to a
normoglycemic environment could result in cell lysis or plasma membrane
leakiness. This data suggests that in a clinical setting when treating episodes of DKA,

a quick change in glucose concentrations could also be detrimental for the cells.
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