
Reduced gap junctional communication among astrocytes in
experimental diabetes: Contributions of altered connexin protein
levels vs. oxidative-nitrosative modifications

Kelly K. Ball1, Lamia Harik1, Gautam K. Gandhi2, Nancy F. Cruz1, and Gerald A. Dienel1,2

1 Department of Neurology, University of Arkansas for Medical Sciences, Little Rock, Arkansas,
72205, USA
2 Department of Physiology and Biophysics, University of Arkansas for Medical Sciences, Little
Rock, Arkansas, 72205, USA

Abstract
Experimental diabetes increases production of reactive oxygen-nitrogen species and inhibits
astrocytic gap junctional communication in tissue culture and brain slices from streptozotocin
(STZ)-diabetic rats by unidentified mechanisms. Relative connexin (Cx) protein levels were
assessed by Western blotting using extracts from cultured astrocytes grown in high (25 mmol/L)
or low (5.5 mmol/L) glucose for 2–3 weeks and STZ-diabetic rat brain. Chemiluminescent signals
for diabetic samples were normalized to those of controls on the same blot and same protein load.
Growth in high glucose did not alter relative Cx26 level, whereas Cx30 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were reduced by ~30% and Cx43 increased ~1.9-fold. In the
inferior colliculus of STZ-diabetic rats, Cx30 and Cx43 levels in three of four rats were half those
of controls, whereas GAPDH and actin were unaffected. Diabetes did not affect levels of Cx30,
Cx43, and GAPDH in cerebral cortex, but actin level rose 24%. Cx43 was predominantly
phosphorylated in control and diabetic samples, so reduced dye transfer is not due to overall
dephosphorylation of Cx43. Astrocytic growth in high glucose reduced dye-labeled area by 75%,
but 10 min treatment with dithiothreitol restored normal dye transfer. In contrast, nitric oxide
donors inhibited dye transfer among astrocytes grown in low glucose by 50–65% within 1h. Thus,
modifications arising from oxidative-nitrosative stress, not altered connexin levels, may underlie
reduced dye transfer among severely-hyperglycemic cultured astrocytes, whereas both oxidative-
nitrosative stress and regionally-selective down-regulation of connexin protein content may affect
gap junctional communication in brain of STZ-diabetic rats.
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INTRODUCTION
Experimental diabetes is associated with large increases in glucose levels in blood and body
tissues, including brain (Gandhi et al., 2010). Pathophysiological changes associated with
diabetes include non-specific glycation reactions of glucose, increased sorbitol production,
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oxidative-nitrosative stress, endogenous antioxidant depletion, enhanced lipid peroxidation,
metabolic changes, altered hormonal responses, cardiovascular disease, kidney damage,
poor wound healing, and cataract formation (Brownlee, 2005). Peripheral complications of
diabetes are much more severe and debilitating than those involving the central nervous
system (Little et al., 2007), but sensory processing and cognitive systems in the central
nervous system can be impaired by diabetes. For example, decrements in cognition,
learning, and brain function have been documented in diabetic patients and in animal models
of diabetes (McCall, 1992, 2004, 2005; Mooradian, 1997; Biessels et al., 1998; Kamal et al.,
1999; Allen et al., 2004; Sima et al., 2004; Biessels et al., 2005; Biessels and Gispen, 2005;
Kamal et al., 2006; Huber et al., 2006; Brands et al., 2007; DCCT/EDIC, 2007; Manschot et
al., 2008; Roberts et al., 2008; Kodl and Seaquist, 2008). Diabetic patients have longer
latencies for visual and auditory evoked potentials (Buller et al., 1988; Di Mario et al., 1995;
Diaz de Leon-Morales et al., 2005) and acquire hearing deficits (Tay et al., 1995; Frisina et
al., 2006; Vaughn et al., 2006, 2007). Diabetic rats also have abnormal visual and auditory
evoked potentials (Buller et al., 1986; Rubini et al., 1992; Biessels et al., 1999; Manschot et
al., 2003), and rodent models may be useful to understand how diabetes affects the CNS and
to develop therapeutic approaches.

The inferior colliculus is a midbrain auditory-processing structure that has the highest
metabolic and blood flow rates in the brain (Sokoloff et al., 1977; Gross et al., 1987).
Astrocytes in the rat inferior colliculus are highly coupled by gap junctions (Ball et al.,
2007), and rapid spreading and release of labeled metabolites of glucose within the inferior
colliculus during acoustic stimulation is reduced by treatment with gap junction and lactate
transport blockers (Cruz et al., 2007; Dienel and Cruz, 2008), supporting our hypothesis that
metabolite trafficking among astrocytes is high in this brain structure. We recently showed
that gap junctional communication among astrocytes is disrupted by prolonged
hyperglycemia and diabetes. The area labeled by gap junction-mediated dye transfer is
reduced by about 50% in (i) cerebral cortical astrocytes grown in high-glucose (25 mmol/L)
compared to that in low (5.5 mmol/L) glucose cultures and (ii) in astrocytes in slices of the
inferior colliculus of streptozotocin (STZ)-diabetic rats compared to age-matched, vehicle-
injected controls (Gandhi et al., 2010). These findings are consistent with earlier reports of
reduced transfer through gap junctional pores in other cell types (e.g., Inoguchi et al., 1995;
Stalmans and Himpens, 1997; Kuroki et al., 1998; Oku et al., 2001; Sato et al., 2002; Li et
al., 2003), suggesting that trafficking of ions, signaling molecules, and metabolites among
cells linked by gap junctions is vulnerable to prolonged hyperglycemia and that this deficit
could affect many tissues in diabetic patients.

The goal of the present study was to determine if reduced levels of connexin (Cx) proteins
are a major cause of impairment of transcellular trafficking among astrocytes in cultured
astrocytes and STZ-diabetic rats, or whether other factors may also be involved. We report
that connexin levels were altered in astrocytes cultured in high glucose, but these changes do
not explain reduced dye transfer. Normal dye transfer among astrocytes grown in high-
glucose, could, however, be restored by brief treatment with dithiothreitol. On the other
hand, dye transfer among astrocytes grown in low glucose was reduced by nitric oxide
donors, consistent with a role for oxidative-nitrosative stress. In the inferior colliculus of
streptozotocin (STZ)-diabetic rats, levels of Cx30 and Cx43 were reduced and may
contribute to reduced dye transfer, along with oxidative-nitrosative stress. In contrast,
connexin levels were normal in cerebral cortex, raising the possibility of regional differences
in the effects of diabetes on astrocytes.
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MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM; low glucose, catalog number 12320-032 and
high glucose, #12430-054), penicillin-streptomycin, Amphotericin B, trypsin, phosphate-
buffered saline, pH 7.4 (PBS; Gibco/Invitrogen #10010), affinity-purified rabbit polyclonal
antibodies against Cx43 (#71-0700), Cx30 (#71-2200), Cx26 (#51-2800), and goat anti-
rabbit IgG-horseradish peroxidase (HRP)-conjugated secondary antibody (Zymed-
Invitrogen #81-6120 or Invitrogen #G21234) were obtained from Invitrogen (Carlsbad, CA).
Fetal bovine serum (FBS) was from Hyclone (Logan, UT). Dibutyryl cyclic-adenosine
monophosphate (dBcAMP), L-leucine methyl ester hydrochloride (L-LME), diethanolamine
(D-8885), alkaline phosphatase type VII-T (P6774), bovine serum albumin, antibodies
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH, G9545) and actin (A2066),
poly-D-lysine (P0899), Lucifer yellow VS (LYVS, dilithium salt), dithiothreitol, sodium
nitroprusside, and spermine-NO were from Sigma-Aldrich (St. Louis, MO). Protein assay
reagent, Precision Plus Protein all blue standards, and precast gels (4–15% linear gradient
gels, 10% Ready Tris-HCl gels, and 10% MiniProtean TGX gels) were from BioRad
(Hercules, CA). Six-well culture plates were purchased from Fisher Scientific (Pittsburgh,
PA) and were coated with poly-D-lysine prior to use (Freshney, 2000). Complete protease
inhibitor cocktail was from Roche Diagnostics GmbH (Mannheim, Germany), T-PER tissue
protein extraction reagent from Pierce (Rockford, IL), polyvinylidene fluoride (PVDF)
membranes from Millipore (Billerica, MA), and ChemiGlow Western blotting detection
reagent from Alpha Innotech Corp. (San Leandro, CA).

Astrocyte culture
Cultured astrocytes were prepared by previously-established procedures (Hertz et al., 1998),
with small modifications. In brief, Hanover-Wistar rat pups <2 days of age (Taconic Farms,
Germantown, NY) were decapitated, and cerebral cortical tissue above and lateral to the
lateral ventricles was aseptically dissected and placed in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5.5 mmol/L glucose plus 10% fetal bovine serum (FBS), 100
units/ml of penicillin and 100μg/ml of streptomycin (P/S) plus 0.1 mmol/L L-leucine methyl
ester (L-LME). L-LME was used to minimize the presence of microglial cells (Simmons and
Murphy, 1992; Hamby et al., 2006; Esen et al., 2004, 2007). The meninges and associated
blood vessels were carefully removed using jeweler’s forceps and by rolling the tissue
several times on sterile nitex mesh. The tissue was placed in fresh DMEM (5.5 mmol/L
glucose) with 10% FBS, P/S, and L-LME and disassociated by repeated pipetting with a 10
mL pipette until homogenized. Then the cells were seeded into T-75 tissue culture flasks and
maintained at 37°C in a 5% CO2/95% O2 air atmosphere, humidified incubator. After 24
hours, cells were washed with PBS to dislodge microglia and oligodendrocytes, and fresh
DMEM (5.5 mmol/L glucose) with 10% FBS, P/S, and L-LME was added. The culture
medium was changed every 3–4 days thereafter, and after two weeks, the confluent cells
were trypsinized and re-plated in poly-D-lysine-coated 6-well plates. The medium, with
2.5μg/ml amphotericin B added, was changed the next day to clear away any cell debris.
Once the cells were confluent, all wells were treated with culture medium supplemented
with 2.5μg/ml amphotericin B (Esen et al., 2004) and 0.25 mmol/L dBcAMP (Hertz et al.,
1998). dBcAMP is used to induce morphological and some biochemical differentiation of
the astrocytes (e.g., increased content of glial fibrillary acidic protein (GFAP) and
development of some enzymes), increase longevity of the cultures, and reduce any
macrophage contamination (Schousboe et al., 1980; Hertz et al. 1998). After 24-hour
exposure to dBcAMP, cells were cultured in either 5.5 mmol/L (low) glucose or 25 mmol/L
(high) glucose media plus 0.25 mmol/L dBcAMP and amphotericin B for two to three
weeks. In our previous study that used identical procedures (Gandhi et al., 2010), purity of
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the cultures was based on expression of GFAP (an astrocyte marker) that was detected in
>90% of the cells.

Streptozotocin (STZ)-induced diabetes
Brain tissue samples were from the same STZ-diabetic and age-matched, vehicle-injected
control rats used in our previous study (Gandhi et al., 2010) for assays of dye transfer and
reactive oxygen-nitrogen species in slices of inferior colliculus. In brief, these rats were
given a single intraperitoneal injection of STZ (65 mg/kg in 33 mmol/l citrate-buffered
saline, pH 4.5) or vehicle. Three days later, the hyperglycemic rats were identified by assay
of tail blood glucose levels. During the subsequent 13–20 week interval, the body weight of
diabetic rats averaged 53% of age-matched controls. At time of euthanasia (20–24 weeks),
arterial plasma glucose levels (mean ± SD, mmol/L) were 33.1 ± 5.2 and 8.0 ± 0.9 for
diabetic and control rats, respectively, whereas arterial plasma lactate levels were similar
(2.2 ± 0.7 and 2.2 ± 0.4, respectively). Glucose concentrations in cerebral cortex in two of
our diabetic rats were 8.2 and 6.8 μmol/g compared to 2–3 μmol/g in normal rat brain (see
Table 1 in Gandhi et al., 2010). After euthanasia, one inferior colliculus and each
hemisphere of cerebral cortex were dissected out and immediately frozen on dry ice and
stored at −80°C.

Extraction procedures
Cultured astrocytes—Each 6-well plate was placed on ice, the culture medium was
removed from one well at a time, cells were washed with sterile, chilled PBS (2 ml/well),
the PBS was aspirated and 500μl of freshly-prepared, ice-cold extraction buffer (pH 7.4)
was added to the well, and cells were dislodged using a sterile, disposable cell scraper. The
extraction buffer contained 0.1% sodium dodecyl sulfate (SDS), 1% Triton-X, 10 mmol/L
Na fluoride, 1 mmol/L Na orthovanadate, 0.1 mmol/L neocuproine, 1 mmol/L EDTA,
complete protease inhibitor cocktail (1:25 dilution) in 20 mmol/L PBS or 25 mmol/L
HEPES with 50 mmol/L NaCl. Then the next well was washed, the PBS aspirated, and the
cell lysate from the previous well was transferred to it, followed by scraping of the cells.
Serial extractions of cells from 3 wells were combined in the 500μl extraction buffer; this
volume was used to ensure protein denaturation and prevent proteolysis when cells are
scraped. Serial extractions increased the protein concentration in the pooled sample to
appropriate levels for gel analysis. Lysates were placed on ice, vortexed every 5 min for 30
min, centrifuged at 16,000 g at 4°C for 20 min, and supernatant fractions stored at −80°C.

Brain tissue—Samples were extracted with ice-cold, freshly-prepared extraction buffer
(20 ml/g tissue) comprised of T-PER tissue protein extraction reagent to which were added
Na fluoride (10 mmol/L), Na orthovanadate (1 mmol/L), neocuproine (0.1 mmol/L), and
complete protease inhibitor cocktail (1:25 dilution). Brain tissue was homogenized on ice
using a motor-driven Teflon pestle (inferior colliculus) or Polytron laboratory homogenizer
(Kinematica AG, Switzerland) (cerebral cortex), then centrifuged at 16,000 g for 5 min at
4°C, and supernatant fractions stored at −80°C.

Protein assays
The protein concentration of each extract sample was determined in triplicate in 96-well
microplates using the Bio-Rad protein assay reagent and measuring absorbance at 595nm.
The protein concentration was calculated from the standard curve assayed in parallel and
constructed with known amounts of bovine serum albumin that were appropriately diluted in
the extraction buffer corresponding to that sample set.
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SDS-PAGE and Western blotting
The samples were thawed, vortexed at room temperature, mixed with an equal volume
freshly-prepared sample buffer (Laemmli buffer plus 5% 2-mercaptoethanol), and
repeatedly vortexed at room temperature. The measured protein concentration in each
sample was used to calculate the volume loaded onto each gel lane so that defined protein
amounts, generally within the range 2.5–20 μg, were loaded per lane.

Samples from seven independent batches of astrocytes, each derived from a different litter,
were assayed. Each gel contained molecular weight standards and a pair of samples from the
same culture batch and grown in parallel in either high or low glucose. Replicate lanes for
each sample were loaded with the same amount of protein or 2–3 different protein levels.
Pairs of samples from diabetic and control rats were similarly assayed, and, since the
number of brain tissue samples was smaller than that of cultured cells, replicate assays for
proteins of interest were also carried out with all diabetic and control samples on the same
gel. Calibrated pipettes (Precision Laboratory Support, Hacienda Heights, CA) were used
for all procedures, and their accuracy and reproducibility (coefficients of variation are
typically <1–2%) are periodically verified by laboratory personnel; particular care was taken
when pipetting the glycerol- and detergent-containing samples. The 4–15% gradient
resolving gels were used for samples from cultured astrocytes; 10% TGX gels were used for
brain tissue. Proteins were separated using a Mini Protean II Cell (BioRad) at 80V.

Proteins were transferred from the resolving gel to a methanol-activated PVDF membrane at
76V for 50 min using a Mini Trans-blot Electrophoretic Transfer Cell (Bio-Rad), and
membranes were blocked in 5% blotto (5% milk in TBST [0.05% Tween-20 in TBS, 20
mmol/L Tris 0.5 mol/L NaCl, pH 7.5]) for 1 h at room temperature with constant, gentle
shaking. Then the membranes were incubated overnight at 4°C with primary antibodies
diluted in 1% blotto. After washing 3 times (10 min/wash) with TBST, membranes were
incubated in secondary antibody diluted in 1% blotto for 1 h at room temperature with gentle
shaking. Antibody dilutions were: anti-Cx26 (1:500), anti-Cx43 (1:10,000), anti-Cx30
(1:500), anti-GAPDH (1:40,000), anti-actin (1:500), goat anti-rabbit IgG-HRP (1:20,000).
The membranes were washed 3 times (15–30 min/wash) with TBST, and the bands were
detected with ChemiGlow Western blotting detection reagent (2 ml/membrane) and imaged
with a BioRad ChemiDoc XRS system. The tiff images of samples from cultured astrocyte
were analyzed with MCID Elite™ software (7.0 Rev. 1.0 build 207; InterFocus Imaging Ltd,
Cambridge, England), whereas those for alkaline phosphatase assays and brain tissue
samples were analyzed with BioRad Image Lab Software (version 2.0.1). The units for
chemiluminescence signals differed for the two software programs but preliminary assays
showed that analysis of the same sample with both software programs gave equivalent
results. Chemiluminescent signals were background-subtracted, and, for each protein
amount loaded on a gel, the signal for each high glucose or diabetic sample was normalized
by dividing by the value for the same protein in the corresponding low glucose or control
tissue sample on the same blot. The mean diabetes/control ratio of all replicate assays of
each sample pair was used to calculate the overall normalized mean value for all cultures or
brain samples for each protein of interest. After assays of signal intensities in blots from
cultured astrocytes, the membranes were incubated in freshly-prepared stripping buffer (100
mmol/L mercaptoethanol, 2% SDS, 62.5 mmol/L Tris-HCl, pH 6.7) at 50°C for 30 min with
gentle agitation and then re-probed with antibodies against GAPDH. For some rat brain
samples, stripping was also used to assay GAPDH and actin; in other assays, these proteins
were assayed on blots of separate gels.
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Alkaline phosphatase treatment
Cell lysates from astrocyte cultures (100 μg protein) grown in high and low glucose and
inferior colliculus and cerebral cortex from diabetic and control rats (50 μg protein) were
incubated in buffer (100 mmol/L diethanolamine and 2 mmol/L MgCl2, pH 10) without or
with 100 units of alkaline phosphatase in a water bath at 37°C for 1h; the samples remained
at room temperature overnight, and were incubated at 37°C for another hour the next
morning. Each sample was then added to Laemmli sample buffer, mixed, and assayed by
SDS-PAGE on 10% Ready Gels or 10% TGX gels and Western blotting for Cx43.

Dye transfer assays
Cultured astrocytes grown on coverslips were visualized under differential interference
contrast using a Nikon Eclipse E600 microscope (Melville, NY) equipped with a Nikon
Fluor 40× (numerical aperture 0.80) objective and Photometrics CoolSNAP ES camera
(Roper Scientific, Atlanta, GA). Micropipettes with 12–14 MΩ resistance (tip inner/outer
diameters, 1.0/1.8 μm) were constructed from borosilicate glass using a P97 pipette puller
(Sutter Instruments, Novato, CA) and filled with a test solution containing 4% (62 mmol/L)
Lucifer yellow VS dissolved in the following solution (composition in mmol/L): 21.4 KCl,
0.5 CaCl2, 2 MgCl2, 5 EGTA, 2 ATP, 0.5 GTP, 2 ascorbate, 10 HEPES, pH 7.2. Lucifer
yellow VS labels nuclei plus cytoplasm, simplifying identification of labeled cells and
counts of cell number compared to Lucifer yellow CH that mainly labels the cytoplasm;
both tracers are used to evaluate dye transfer (Ball et al., 2007 and references cited therein).
The osmolarity of each solution was measured (Osmette II, Precision Systems, Natick MA)
and adjusted to 305–320 mOsm/L with sucrose. Single astrocytes were impaled with
micropipettes using a MP-225 manipulator (Sutter Instruments, San Francisco, CA), the dye
diffused into the cell for 2 min, and the pipette removed. Fluorescence intensity, background
subtraction, and dye-labeled area was determined with MetaVue software (Ball et al., 2007;
Gandhi et al., 2010).

Statistics
All statistical analyses were performed with GraphPad Prism® software, version 5.02
(GraphPad Software. La Jolla, CA); p ≤ 0.05 was considered to be statistically significant.
Significant outliers from the rest of the samples in a group were identified with the Grubbs’
test (http://GraphPad.com/quickcalcs/grubbs2.cfm).

RESULTS
Technical aspects of the SDS-PAGE/Western blotting assays

Sample preparation—Previous reports of assays for Cx26 (Brissette et al., 1991; Nagy et
al., 2001), Cx30 (Rash et al., 2001), and Cx43 (Invitrogen product manual for rabbit anti-
Cx43, catalog number 71-0700;
http://tools.invitrogen.com/content/sfs/manuals/710700_Rev1008.pdf) stated that samples
were not boiled before gel loading. When Western blots from boiled and non-boiled aliquots
of the same samples were assayed in parallel on the same gel, boiling prior to loading on the
gel was found to reduce the levels of Cx43, Cx26, GAPDH, and actin, with small, if any,
effects on Cx30 (Table 1a). Subsequent samples were not boiled.

Protein loading and normalization of chemiluminescent signals—Loading
controls are commonly used to minimize variability of signals on different blots by dividing
the signal for a protein of interest by that of a housekeeping protein in the same sample.
These ratios can be used for comparisons if (i) the concentration of the internal reference
protein is not altered by experimental conditions, and (ii) the reference signal is sufficiently
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sensitive to correct for variations in protein amount. To avoid the issue of reference protein
stability, the present study normalized signals from proteins of interest in experimental
samples to those of the same protein in control samples that were assayed in the same blot
and at the same protein load. When the diabetic/control ratio is calculated, protein amount
cancels out (as would the signal for a loading control if its value were identical for both
samples), i.e., [(signal for protein in a high glucose sample/μg protein loaded)]/[(signal for
protein in a low glucose sample/μg protein loaded)].

The above normalization procedure requires that signals from the same protein load are
equivalent, so the overall reproducibility of Western blot assays was first evaluated by
pipetting duplicate samples of the same protein amount into different lanes of the same gel,
then various sample pairs were assayed on different gels. Duplicate assays of 12 samples for
Cx43 yielded a coefficient of variation of 8%, and duplicate assays for GAPDH were also in
close agreement, whereas those for actin were more variable (Table 1b). Thus, protein
loading is sufficiently reproducible to enable use of ratios of signals from different samples
on the same gel and same protein amount for gel-to-gel comparisons. Reproducibility of
diabetic/control ratios obtained from 2–5 different gels/blots are shown in Table 1c. The
coefficients of variation or percent difference (for two ratio values) were lowest for pairs of
samples assayed for Cx43 and Cx30; most replicates agreed within the range of about 2–
11%. In contrast, the coefficients of variation obtained for GAPDH and actin were higher,
ranging from 12%–43% (Table 1c). These findings validate our normalization procedure for
assays of relative changes in connexin protein levels.

Specificity and linearity of immunoassays—Representative Western blots of non-
boiled samples (Fig. 1) show that, after optimization of antibody dilutions, immunoreactive
Cx26, Cx30, and Cx43 protein are readily detectable in extracts of cultured astrocyte. One
major immunoreactive protein band was detected in blots for Cx30, Cx43, and GAPDH,
whereas Cx26 had two bands; the larger one probably represents a dimer that has been
observed with the same antibody against Cx26 in blots of liver and leptomeningial tissue
(Nagy et al. 2001).

Good correlations between chemiluminescent signal magnitude and loaded protein amount
were observed for most samples over the range of 2.5–20 μg (Fig. 2). Plots of the paired
high and low glucose samples usually, but not always, yielded approximately parallel lines.
Occasionally, some samples had divergent values (e.g., Fig. 2A, 10 μg loads for Cx26) or
the slopes of the plots that were not parallel (e.g., Fig. 2D, GAPDH). However, most or all
of the values for a given group were either higher or lower than respective value for the
other group. The slopes of the plots of chemiluminescent signal vs. amount of extract
protein loaded on the gel varied for different proteins of interest; those with a steeper slope
are most sensitive to protein amount (Fig. 2). Most profiles showed that increases in the
protein amount yielded a smaller fractional increase in the chemiluminescent signal (i.e.,
doubling the protein did not necessarily double the signal), as has been reported by other
investigators for various proteins (see Discussion).

Growth of cultured astrocytes in high glucose affects levels of specific proteins
Connexin levels were assayed in 7 batches of cultured astrocytes exposed to 2–3 weeks of
low or high glucose, corresponding to the time interval during which dye transfer is reduced
by about 50% (Gandhi et al., 2010). Differences among batches of cultured astrocytes were
minimized by parallel assays of the paired high-low glucose cultures from each culture batch
on the same blot.

Two immunoreactive bands for Cx26 were detected (Fig. 1), and, because variability could
arise if some Cx26 protein shifted between the two bands in different samples, signals from
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both bands were combined and the high/low glucose ratio calculated from composite values;
the mean ratio was close to 1.0 (Fig. 3). The high/low glucose ratios were also analyzed for
each of the Cx26 bands, the ratios were similar and not different from 1.0 (data not shown).
The levels of Cx30 and GAPDH were reduced by about 30% in the high compared to low
glucose cultures (Fig. 3). Batch-to-batch variability was greatest for Cx43 and one high
value increased the overall mean ratio, which averaged about 1.9 (Fig. 3). If Cx signal
intensities were normalized to that of GAPDH, the relative signal intensities of Cx 26 and
Cx43 in the high glucose cultures would have been inflated and the reduced expression of
Cx 30 would have been masked.

The effect of culture duration was assessed by plotting the high/low glucose ratio as function
of culture time for each protein of interest (not shown). The high/low glucose ratio for Cx26
tended to be slightly below 1.0 at 15 days and to increase with time at 21 days (r2 = 0.833),
whereas those for Cx30, Cx43, and GAPDH did not show time dependence.

STZ-diabetes down-regulates Cx30 and Cx43 levels in the inferior colliculus but not
cerebral cortex

Diabetic-control pairs of brain tissue samples from different rats were initially assayed on
different blots, as for the tissue culture samples. However, one pair from the inferior
colliculus had a high ratio for Cx 43 and Cx30 (Pair 1, Table 1c) compared to the other three
pairs (i.e., Pairs 2–4, Table 1c), and this approach is limited by lack of comparison of all
samples in the same experimental group. Because the number of brain tissue samples (n=3–
4 diabetic and 3–4 controls) was smaller than those for tissue culture (n=7 high glucose and
7 low glucose batches), the brain samples were re-analyzed by loading all samples for each
protein of interest on the same gel (Fig. 4). When diabetic/control ratios for the same
samples were calculated, the results were the same for both approaches (Table 1c, Fig. 4).
The levels of Cx30 and Cx43 protein in the inferior colliculus of STZ-diabetic brain were
about half those of controls in three of the four samples, whereas one rat had Cx30 and Cx43
levels double those of the respective control values (Fig. 4A–a, b). In contrast, the levels of
GAPDH and actin were similar in all samples from each diabetic and control rat (Fig. 4A–c)
indicating that the upregulation of Cx43 and Cx30 in that animal was not related changes in
levels of two housekeeping proteins. Thus, Cx30 and Cx43 levels were reduced in 3 of 4
diabetic inferior colliculi, regardless of whether the diabetic/control ratios were expressed
relative to protein load (Fig. 4A) or normalized to either of the two internal controls that
were assayed on different gels (not shown; see Fig. 4 legend).

In cerebral cortex, levels of Cx30 and Cx43 were compared on the same gels/blots and were
similar in diabetic compared to control samples (Fig. 4B–a, b). Cx26 was not detected in
extracts of inferior colliculus or cerebral cortex from STZ-diabetic or control rats (data not
shown). GAPDH levels were also similar in diabetic and control cerebral cortex, whereas
actin was about 24% higher in the diabetic compared to control tissue (Fig. 4B–c). The
relative levels of the two connexin proteins was not different from control when normalized
to protein amount, GAPDH, or actin. Note that the signal intensity for actin was similar to
that of GAPDH in cerebral cortex (Fig. 4B–c), whereas it was much lower than GAPDH in
the inferior colliculus (Fig. 4A–c).

Cx43 is not extensively dephosphorylated in experimental diabetes
Cx43 in brain tissue is phosphorylated (e.g., Hossain et al., 1994; Ball et al., 2007; and
references cited in these studies), and dephosphorylation of Cx43 is associated with
uncoupling of gap junctional communication (e.g., Li and Nagy, 2000; Li et al., 2005; and
references cited therein). Because discrete bands for phosphorylated Cx43 isoforms were not
resolved in assays using either a home-made 10% gel (data not shown) or 4–15% gradient
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gels, 10% Ready gels, or 10% TGX gels (Figs. 1–4), the overall phosphorylation state of
Cx43 was assessed by incubating samples with or without alkaline phosphatase followed by
SDS-PAGE on 10% Ready or TGX gels and Western blotting. Enzymatic treatment shifted
the Cx43 bands to a lower apparent molecular weight in samples from low and high glucose
cultures and from control and diabetic rats (Fig. 5). Cx43 was not largely dephosphorylated
in the high-glucose cultures or diabetic rat brain.

Dye transfer among cultured astrocytes is enhanced by a reducing agent and inhibited by
nitric oxide donors

Growth of astrocytes for two weeks in high glucose reduced the area labeled by Lucifer
yellow by about 75% compared to that for low glucose cultures (Fig. 6, A, B; Table 2). The
dye-transfer deficit caused by growth in high glucose was eliminated by treatment with
dithiothreitol for 10 min (Fig. 6, B, D; Table 2). Dye-labeled area in astrocytes grown in low
glucose for two weeks was reduced by one hour exposure to nitric oxide donors,
nitroprusside and spermine-NO (by 65 or 45%, respectively; Fig. 6, A, C; Table 2).
Variability of the extent of dye transfer (Table 2) was taken into account by carrying out
many assays per experimental group and having parallel sets of control and test cells for
each condition.

DISCUSSION
Technical aspects of Western blotting assays

Protein loading—Many variables can affect Western blotting results, ranging from
sample preparation, protein loading, electrophoretic separation and transfer of proteins from
gels to blotting membranes, immunoassays, signal detection procedures, protein loss during
stripping of blots, and signal normalization to an internal reference (Alegria-Schaffer et al.,
2009). Variability due to protein loading (i.e., pipetting samples onto a gel) is relatively
small, as documented in the present study (Table 1b) and by Calvo et al. (2008) (signals
from six replicates of the same sample applied to one gel had coefficients of variation (cv)
ranging from 0.5–2.2%) and Liu and Xu (2006) (cv = 6–10%). Low protein loading
variability indicates that other factors are responsible for larger blot-to-blot variations, and
that the normalization procedure used in the present study is a valid, perhaps preferable,
alternative to use of an internal reference protein.

Stability of reference protein level—GAPDH, actin, and tubulin are often chosen as
loading controls, but their use is not appropriate when their levels vary (Calvo et al., 2008;
Bauer et al., 2009), such as in the present study and the following examples. (i) β-Tubulin
was relatively stable with time after spinal cord injury, whereas β-actin increased after
several days (Liu and Xu, 2006). (ii) Tissue-specific differences in the levels of β-actin,
GAPDH, and β-tubulin occur in a mouse model for amyotrophic lateral sclerosis (Calvo et
al., 2008). (iii) Levels of α-tubulin and GAPDH can change with density of cultured cells
(Greer et al., 2010). Also, the relatively high levels of actin and GAPDH and their strong
chemiluminescent responses may render them relatively insensitive to differences in loaded
protein amount (Dittmer and Dittmer, 2006; Aldridge et al., 2008; Romero-Calvo et al.,
2010). Normalization to total protein transferred to blot membranes has the advantage that
ratios do not rely on a single protein and any losses due to blot stripping are eliminated.
Normalization to total protein is more sensitive to differences in loaded protein amount than
actin or GAPDH, but variation associated with protein stains is high, and the protein stain
signal is relatively insensitive to protein amount, i.e., the slope of a plot of stain signal vs.
loaded protein amount rose only about 1.8–2.5-fold over a 14-fold increase in protein load
(Aldridge et al., 2008; Romero-Calvo, 2010). Near-infrared fluorescence imaging can
overcome some limitations of chemiluminescent assays by eliminating the time-dependent
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chemiluminescence reaction, improving the signal-to-noise ratio, and extending the linear
ranges of the signals and the sensitivities to amounts of various proteins (Weldon et al.,
2008).

‘Housekeeping proteins’ are affected by diabetes—GAPDH is a multi-functional
protein that catalyzes a key reaction in the glycolytic pathway of glucose metabolism and
has also important roles in intracellular signaling, cell death cascades, and neuroprotection
(Sen et al., 2009; Tristan et al., 2010). GAPDH is a target of non-enzymatic S-nitrosylation
of cysteine by nitric oxide and, after covalent modification, it can have several fates,
including transfer into the nucleus and function as an apoptotic signal and mediator of
nitrosylation of nuclear proteins (Hara et al., 2006; Hara and Snyder, 2006; Kornberg et al.,
2010). After one year of STZ-induced diabetes, rat retina has reduced GAPDH level
(normalized to actin), the extent of GAPDH ribosylation and nitration is increased, and
nuclear translocation increased (Kanwar and Kowluru, 2009). Nuclear translocation and
accumulation of GAPDH also occurs in cultured retinal Müller cells grown in 25 mmol/L
glucose (Kusner et al., 2004; Yego et al., 2009; Yego and Mohr, 2010). In experimental
diabetes, cellular proteins, including actin, become glycated in pericytes (Chibber et al.,
1999) and lung endothelial cells (Ghitescu et al., 2001). GAPDH and actin levels are
differentially affected in cultured astrocytes grown in high glucose and in STZ-diabetic rat
brain (Figs. 3, 4). Together, the above data indicate that ‘loading’ standards must be
carefully chosen.

Influence of tissue culture conditions and developmental status—The source of
cells (species, brain region), culture medium composition, and duration of culture can have a
high impact on experimental outcome, and culture conditions may have contributed to some
differences between results of our studies and the literature. Little or no Cx30 was detected
in cultured astrocytes by Li and Nagy (2000) and Nagy and Rash (2000), whereas Cx30 was
readily detectable in our study (Fig. 3) and that by Esen et al. (2007); the basis for these
differences is not known. Cx26 is detectable in cultured astrocytes (Fig. 3), but not in
inferior colliculus or cerebral cortex of adult brain (Fig. 4). Cx26 is known to be enriched in
meninges (e.g., Spray et al., 1991; Nagy et al., 2001; Ball et al., 2007), and meninges was,
therefore, carefully removed from brain samples before use for culture studies or adult brain
tissue assays. The difference between Cx26 levels in cultured astrocytes and adult brain may
be related to development since Cx26 mRNA and protein levels are higher in immature
compared to adult brain (Prime et al., 2000; Nagy et al., 2001).

In the present study, cultured astrocytes were treated with cAMP to induce differentiation
(Hertz et al., 1998). cAMP is known to influence the cellular distribution and
phosphorylation of connexins and the permeability of gap junctions (e.g., Saez et al., 1986;
Burt and Spray, 1988; Atkinson et al., 1995; Burghardt et al., 1995; Paulson et al., 2000;
TenBroek et al., 2001; Lampe and Lau, 2004). Effects of cAMP added to the medium are
not ruled out, but all astrocyte cultures were treated in exactly the same manner except for
the medium glucose concentration.

Gap junctional communication in experimental diabetes
Deleterious consequences of growth of neural cells in high glucose—In
cultured astrocytes, very high glucose reduces oxidative metabolism of glucose and lactate
by 50% (Abe et al., 2006), it markedly increases oxidative stress and impairs gap junctional
communication (Gandhi et al., 2010), alters the levels of Cx30, Cx43, and GAPDH (Fig. 3),
and amplifies intracellular calcium waves in association with increased expression of P2
receptors and pannexin1 and of P2X7 receptor-pannexin1-mediated ATP release (Thi et al.,
2010). Cultured neurons have reduced viability and lower responsiveness to the AMP-
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protein activated kinase energy signaling system when grown in high glucose (Kleman et al.,
2008). Cultured Schwann cells are negatively affected by hyperglycemia due to altered
biosynthesis of arachidonic acid and abnormal protection by antioxidants (Mîinea et al.,
2002). Hyperglycemic cell culture conditions are much more severe than the usual diabetic
conditions in brain in vivo. Even a low glucose medium, 5–6 mmol/L glucose, is about
twice the normal rat brain glucose concentration (i.e., about 2–3 μmol/g) and is equivalent to
the glucose level in diabetic in rat brain (see Table 1 in Gandhi et al., 2010); any deleterious
effects of low glucose media may, however, not be evident in relatively short-term (<3
week) cultures. In sharp contrast, a culture medium glucose level of 20–25 mmol/L is about
10 times that of normal rat brain and 3 times that of diabetic rat brain (Table 1 of Gandhi et
al., 2010). Pathological changes can be observed within days of culture in high glucose in
many cell types, raising serious concerns about the normalcy of astrocytes, neurons,
oligodendrocytes, microglia, and mixed cultures grown in high glucose (see Discussion in
Gandhi et al., 2010).

Cell culture models for diabetes—Short-term culture (days to <1–2 weeks) of cells in
low (2–5 mmol/L) compared to high (20–30 mmol/L) glucose is commonly used as a model
for diabetes and for testing drugs to reverse or minimize hyperglycemic damage. For
example, Hammes et al. (2003) grew bovine aortic endothelial cells in 30 mmol/L glucose
for 6 h to 5 days to evaluate pathways related to diabetic vascular damage; benfotiamine was
shown to block three major pathways of hyperglycemic damage that become manifest
within this short time interval. Many cell types (e.g., astrocytes; pigment epithelial cells and
pericytes in the retina; endothelial cells in aorta, retina, and epididymal fat pads; and smooth
muscle cells in aorta) exhibit reduced dye transfer after growth in high-glucose media, and,
except for astrocytes (Fig. 3), this impairment is associated with reduced levels of Cx43 on
Western blots (see below).

Impaired dye transfer among astrocytes—We previously showed that reduced dye-
labeled area in astrocytes cultured in high glucose was not due to opening of cell-surface
channels and that impairment of dye transfer had a slow onset that lagged behind a rise in
production of reactive oxygen-nitrogen species by several days (Gandhi et al., 2010). Once
established, inhibition of dye transfer was not reversed by transfer to low glucose medium
for two additional weeks even though generation of reactive oxygen-nitrogen species fell to
control levels. It could, however, be prevented but not reversed by treatment with a nitric
oxide synthase inhibitor or superoxide dismutase mimetic, whereas small molecule
chaperones known to help protein folding could both prevent and reverse the decrement in
dye transfer (Gandhi et al., 2010).

The results of the present study extend this work by showing that reduced gap junctional
communication in high-glucose astrocyte cultures is not due to large decrements in connexin
protein levels or to overall dephosphorylation of Cx43 (Figs. 3, 5). Instead, there must be
modifications, perhaps related to protein mis-folding, that are quickly reversed by
dithiothreitol (Fig. 6, Table 2), yet are quite resistant to actions of intracellular reducing
agents, even after generation of reactive oxygen-nitrogen species has subsided for two
weeks after transfer to low glucose media. Inhibition of dye transfer in low glucose astrocyte
cultures by brief exposure to two nitric oxide donors (Fig. 6, Table 2) and the protective
effects of a nitric oxide synthase inhibitor (Gandhi et al., 2010) support the possibility that
S-nitrosylation of protein-cysteine residues secondary to oxidative-nitrosative stress
underlies high-glucose-induced inhibition of dye transfer. Low dye transfer among
astrocytes in slices of inferior colliculus from STZ-diabetic rats is also associated with
increased oxidative-nitrosative stress (Gandhi et al., 2010), but in vivo temporal
relationships between onset of oxidative stress and inhibition of dye transfer and effects of
reducing agents and NO-donors have not yet been assessed in brain slices. Initial results in
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STZ-diabetic rat brain revealed reduced connexin levels in the inferior colliculus but not
cerebral cortex (Fig. 4), raising the possibility of selective regional vulnerability of
intercellular communication among astrocytes in diabetic brain.

Oxidative-nitrosative stress and non-enzymatic glycation, nitration, nitrosylation, and
carbonylation reactions are associated with complications of diabetes, and these processes
covalently modify proteins. Altered structure may lead to changes in protein level,
subcellular localization, or detection by immunoassays and Western blotting if the antigenic
site is modified. Exposure of sample extracts to reducing conditions will release NO from
cysteine-SNO and preclude detection of protein-S-nitrosylation on Western blots. In retina
of diabetic rats and mice and in retinal cells cultured in high glucose, elevated inducible
nitric oxide synthase (iNOS) activity is associated with increased production of nitric oxide,
which has a role in retinopathy and breakdown of the blood-retinal barrier (Du et al., 2004;
Leal et al., 2007). Also, as discussed above, S-nitrosylation of GAPDH increases in vivo in
the retina of STZ-diabetic rats and in cultured Müller cells grown in high glucose. Thus,
abnormal NO production and S-nitrosylation are components of retinal diabetic
pathophysiology in vitro and in vivo; more work is required to evaluate consequences of
oxidative-nitrosative stress in diabetic brain.

Cx43 phosphorylation status and impaired dye transfer—Changes in Cx43
phosphorylation can modulate gap junctional permeability, and Cx43 dephosphorylation
after hypoxia-ischemia is associated with uncoupling (e.g., Li and Nagy, 2000; Li et al.,
2005; Lampe and Lau, 2004; and references cited therein). Cx43 was not markedly
dephosphorylated in astrocytes grown in high glucose or in two STZ-diabetic brain regions
(Fig. 5), but changes in phosphorylation of specific sites that could alter channel properties
remain to be assessed. In cultured aortic smooth muscle cells, a shift to more highly-
phosphorylated Cx43 is associated with reduced dye transfer in short-term (2–7-day) high-
glucose cultures (Kuroki et al., 1998), whereas in retinal pigment epithelial cells Cx43 was
down-regulated by high glucose without a significant change in the phosphorylation state
(Malfait et al., 2001). The levels of phosphorylated Cx43 were also reduced in
microvascular (Sato et al., 2002) and retinal (Fernandes et al., 2004) endothelial cells by
culture in high glucose for 8–9 days. In diabetic rats, connexin levels are altered in the
inferior colliculus (Fig. 4), retina and retinal vasculature (Bobbie et al., 2010), and corpora
cavernosa and bladder (Suadicani et al., 2009), whereas the changes in the heart are variable
(Howarth et al., 2008; Lin et al., 2006; Makino et al., 2008). Impaired gap junctional
communication in endothelial cells, pericytes, and astrocytes suggests that vascular
complications of diabetes may affect the central and peripheral nervous systems in addition
to the cardiovascular system.

Cx43 in astrocytes may be the major ‘connexin target’ of diabetes—
Experimental diabetes reduces dye transfer among astrocytes in tissue culture and in brain
slices when assayed with Lucifer yellow VS, Alexa Fluor 350, and 6-NBDG, a non-
metabolizable glucose analog (Gandhi et al., 2010; Fig. 6). Gap junctional channels
comprised of Cx30 are impermeant to Lucifer yellow CH (Manthey et al., 2001), whereas
this dye goes through Cx26 and Cx43 channels (Elfgang et al., 1995). Thus, reduced Lucifer
yellow transfer must be related to unidentified changes affecting Cx43 or Cx26 channels,
not down-regulation of Cx30 (Figs. 3, 4). Because the inferior colliculus has negligible
levels of Cx 26, abnormal Lucifer yellow spreading in these brain slices probably arose from
effects of STZ-diabetes on Cx43. The level of Cx43 protein was reduced in the diabetic
inferior colliculus, but not in astrocytes grown in high glucose (Figs. 3, 4, 6), implicating
other factor(s) in regulation of dye transfer in cultured astrocytes.
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S-nitrosylation of Cx43—Astrocytic gap junctional permeability is reduced by induction
of nitric oxide synthase and exposure to peroxynitrite (Bolaños and Medina, 1996), findings
that are consistent with results of the present study (Fig. 6, Table 2). Reversible S-
nitrosylation of Cx43 during severe metabolic inhibition of astrocytes and HeLa cells is
associated with increased dye uptake that is ascribed to opening of cell surface hemichannels
(Contreras et al., 2002; Retamal et al., 2006, 2007). S-Nitrosylation of Cx43 is also linked to
regulation of communication between endothelial cells and vascular smooth muscle cells via
the myoendothelial junction in resistance arteries (Straub et al., 2010). The contrasting and
apparently-opposing responses of astrocytic cell surface channels and gap junctional
channels to reducing agents and nitric oxide donors in the above studies are striking. Severe
metabolic blockade opens cell surface channels whereas growth in high glucose does not;
dithiothreitol closes the channels opened by prolonged metabolic inhibition, but increases
dye coupling in high glucose cultures; and nitric oxide donors inhibit dye transfer among
astrocytes grown in low glucose, yet open cell surface channels in the absence of metabolic
inhibition. Elucidation of the basis for these differences may provide a better understanding
of the complexity of regulation of gap junctional communication among astrocytes in
normal brain and under pathophysiological conditions.
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Fig. 1. Western blots from paired extracts of astrocytes grown in high or low glucose
Extracts were prepared from each batch of cultured astrocytes in which cells were grown in
low (L) (5.5 mmol/L) or high (H) (25 mmol/L) glucose (Glc). For each sample pair of each
batch, the assay for each protein of interest was carried out by loading the same amount of
extract protein for the high-low glucose pair into adjacent lanes of the gel. Three protein
amounts over the range 2.5–20 μg were loaded on each gel, as indicated below each sample
pair. The blots were first probed with an antibody against (A) connexin 26 (Cx26), (B)
connexin 30 (Cx30), or (C) connexin 43 (Cx43), then stripped and probed for (D)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each gel also contained molecular
weight standards (not shown), and approximate molecular weights (kDa) of proteins of
interest are indicated above the arrows in left margin of each panel; these values were
determined in each gel by graphical analysis of semi-log plots of molecular weights of the
protein standards and migration distances (relative to the dye front) of the standards and of
proteins of interest. The boxed areas contain the entire blot and demonstrate that, except for
Cx26, one predominant band was visualized for each connexin. Most, but not all, Cx26 gels
showed two bands that, when present, had similar intensity levels; the band with the higher
molecular weight (~50 kDa) may represent a dimer.
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Fig. 2. Relationships of chemiluminescent signals to protein amount loaded on the gel
Three amounts of protein from extracts of pairs of high and low glucose cultures were
loaded onto adjacent lanes in each gel (see Fig. 1), separated by electrophoresis, transferred
to membranes, and chemiluminescent signals captured (BioRad ChemiDoc system) and
analyzed (MCID Elite™ software). Background-subtracted signals (arbitrary units) are
plotted against the loaded protein amount for extracts from high and low glucose cultures.
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Fig. 3. Growth of cultured astrocytes in high glucose medium differentially affects connexin (Cx)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein levels
Western blots of each sample (n=7 independent batches of astrocytes grown in high and low
glucose) were assayed in triplicate for each Cx protein by application of different extract
protein amounts per gel (2.5, 5, 10, 15, and/or 20 μg/lane, see Figs. 1 and 2).
Immunoreactive GAPDH was assayed after stripping each Cx blot and re-probing with
antibodies against GAPDH. After background subtraction, the ratio of the signal intensity
for each band in the sample derived from astrocytes grown in high glucose to that in cells
grown in low glucose was calculated for each protein concentration loaded onto the gel, and
the values were averaged for that sample. The mean ratio for each sample pair was used to
calculate the overall mean and variance for the seven culture batches grown in high or low
glucose for each protein of interest. For Cx26, the signals for the two bands in each sample
were combined and used to calculate the ratio for that sample pair. Values for each sample
are shown; horizontal lines are mean ratios and vertical bars are ±95% confidence intervals.
Statistically significant differences from a ratio of 1.0 (dashed line) were identified by the
Wilcoxon signed rank test (one sample t test); P values are indicated.
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Fig. 4. Western blots showing regional selectivity of changes in levels of Cx30 and Cx43 in brain
of streptozotocin (STZ)-diabetic rats at 5–6 months after onset of diabetes
Samples of (A) inferior colliculus (n = 4/group) and (B) cerebral cortex (n = 3/group) from
age-matched, vehicle-injected control and STZ-diabetic rats were assayed for Cx30 (a),
Cx43 (b) and GAPDH and actin (c). The same amount of total protein from different tissue
extract samples was loaded onto SDS-PAGE gels (upper panels in A and B) and Western
blots were probed with antibodies against the indicated proteins. Separate gels and blots
were used for assays of actin (43 kDa) and GAPDH (36 kDa), and each blot was probed
with both antibodies.
Chemiluminescent signal intensities are in the lower panels of A and B. Values for each
sample are shown; horizontal lines are mean ratios and vertical bars are ±95% confidence
intervals. All samples were assayed on at least two replicate gels with all samples for each
protein of interest on the same gel. (A) Note that one diabetic rat had a very high signal
intensity in the Cx30 and Cx43 blots of samples of inferior colliculus (lane 1 from the left in
the upper panels, denoted by filled diamonds in the lower panels) that was about twice that
of the respective control mean (lower panels) and was even higher than the respective mean
values for Cx30 and Cx43 in the other three rats; these two values were identified as a
significant outliers (Grubbs test) from the other three values, and were not used to calculate
mean values for diabetic Cx30 and Cx43 intensities. Statistically significant differences
were identified by the t test; P values are indicated. In sharp contrast, the signal intensities
for GAPDH and actin in the same outlier rat were similar to the other diabetic and control
values (panel A–c, upper and lower panels), indicating that the connexin proteins, not other
proteins in the same extract diverged from the rest of the samples in the group. Signal
intensities for the three rats with low levels of immunoreactive Cx30 and Cx43 protein were
also normalized relative to actin or GAPDH in the same sample (data not shown). When
these normalized diabetic and control samples were compared (t test), the p values were as
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follows: Cx43/actin (p=0.034), Cx43/GAPDH (p=0.051), Cx30/actin (p=0.009), Cx30/
GAPDH (p=0.005). Thus, Cx30 and Cx43 levels were significantly reduced, whether
expressed relative to the amount of extract protein loaded onto the gel or to other proteins in
the same samples. The rat with high levels of immunoreactive Cx30 and Cx43 protein also
had higher-than-normal ratios when expressed relative to actin and GAPDH (see Table 1c).
(B) Note that two immunoreactive bands were visible for GAPDH, and the bar graphs
include both bands; a minor, lower molecular weight band for Cx43 was visible in the blots
but was not assayed. When signal intensities for Cx30 and Cx43 were expressed relative to
those for GAPDH or actin, there were no statistically significant differences between
diabetic and control rats even though the level of immunoreactive actin was about 24%
higher in the diabetic tissue (t test; P value indicated), normalized to loaded protein amount.
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Fig. 5. Representative Western blots showing that most of the Cx43 is phosphorylated in
astrocytes in control conditions and experimental diabetes
Extracts from astrocytes cultured in high (25 mmol/L) or low (5.5 mmol/L) glucose (Glc)
for 2 weeks (A) and from inferior colliculus (B) and cerebral cortex (C) from STZ-diabetic
rats and vehicle-treated, age-matched controls were incubated with buffer or alkaline
phosphatase (P’ase), then assayed in duplicate. Buffer and P’ase are denoted as − and +
respectively.
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Fig. 6. Lucifer yellow labeling in astrocyte cultures grown in low and high glucose
Astrocytes were grown in culture medium containing low (5.5 mmol/L, A, C) or high (25
mmol/L, B, D) glucose for two weeks. Single astrocytes were impaled with a micropipette
containing 4% Lucifer yellow, and the dye was allowed to diffuse for 2 min, and dye-labeled
area measured (see Table 2). (C) Astrocytes grown in low glucose were treated with
spermine-NO (250 μmol/L for 1h) prior to dye transfer assay. (D) Astrocytes grown in high
glucose were treated with dithiothreitol (DTT, 10 mmol/L for 10 min) prior to dye transfer
assay. The scale bar represents 40 μm and applies to all panels.
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Table 2

Effect of dithiothreitol and nitric oxide donors on Lucifer yellow-labeled area.

Culture batch Culture condition Lucifer yellow-labeled area (μm2) Percent

1 Low Glucose 20,110 ± 8,302 (n=11) 100

High Glucose 5,303 ± 4,810 (n=17)* 26

High Glucose + dithiothreitol 21,103 ± 7,776 (n=21) 105

2 Low Glucose 12,907 ± 6,718 (n=22) 100

Low Glucose + nitroprusside 4,573 ± 3,557 (n=27)** 35

3 Low Glucose 5,581 ± 3,463 (n=44) 100

Low Glucose + spermine-NO 2,947 ± 1,380 (n=28)** 53

Separate batches of astrocytes were grown for 2 weeks in low (5.5 mmol/L) or high (25 mmol/L) glucose. Lucifer yellow-labeled area was assayed
on day 14 by impaling a single cell with a micropipette containing 4% Lucifer yellow VS (62 mmol/L) and allowing the dye to diffuse for 2 min
(see Fig. 6). Immediately prior to the dye transfer assay, high glucose cultures were treated with vehicle or dithiothreitol (DTT; 10 mmol/L) for 10
min. Separate batches of low glucose cultures were treated with vehicle and either sodium nitroprusside (200 μmol/L) or spermine-NO (250 μmol/
L). The vehicle and nitric oxide donors were added to the culture medium and cells were returned to the CO2 incubator for 1h prior to the dye-
transfer assay. Values are means ± SD for the number of samples indicated.

*
, p<0.001 vs. DTT or 5.5 mM glucose, ANOVA and Bonferroni test;

**
, p<0.001 vs. respective control group, t test.
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