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Altered Chromatin Structure of Cerebral
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Abstract. To determine whether diabetes alters chromatin structure in vivo, micrococcal
nuclease digestion kinetics were analyzed in cerebral cortical and hepatic nuclei of
streptozotocin-induced diabetic rats. Cerebral nuclei of diabetic rats maintained for 6
weeks were less susceptible to micrococcal nuclease digestion compared with control
rats. Insulin treatment reversed diabetes-related changes in nuclease digestion kinetics.
There were no changes in the kinetics of digestion in hepatic nuclei. The reduced
digestibility of cerebral DNA in diabetes could not be attributed to altered DNA fluores-
cence spectra, or altered distribution of most abundant chromatin proteins that were
either solubilized or that remained insoluble immediately following nuclease digestion.
it is concluded that chronic, uncontrolled hyperglycemia can alter chromatin structure
of some tissues in vivo, and this change is probably related to subtle alterations in DNA-

protein interactions.

[P.S.E.B.M. 1992, Vol 199]

ambient glucose concentration can directly modify

DNA structure (1-4). The biological significance
of these changes in DNA has been demonstrated in
Escherichia coli filamentous bacteriophage (2). In cul-
tured human endothelial cells, high glucose concentra-
tions induce DNA damage and cause cellular death (5,
6). We have previously found reduced alkali-induced
DNA unwinding in various tissues of streptozotocin-
induced diabetic rats and genetically obese (db/db)
diabetic mice (7). A similar observation was made in
white blood cells of diabetic patients (8). These studies
indicated that chronic uncontrolled hyperglycemia can
alter chromatin structure i»n vivo. The biochemical basis
of these changes is unknown. To gain further insight
into this problem, the present work was carried out to
study the kinetics and the products of micrococcal
nuclease digestion of rat brain and liver nuclei following
6 weeks of uncontrolled diabetes. Micrococcal nuclease
has been used previously under certain conditions as a

In vitro studies have previously shown that elevated
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probe for transcriptionally active accessible DNA sites
and is sensitive for DNA-protein interactions (9, 10). A
change in micrococcal nuclease digestion kinetics,
therefore, is evidence for a change in chromatin struc-
ture.

Materials and Methods

Animals. Male Fischer 344 rats were obtained from
Harlan (Indianapolis, IN) at 3 months of age. A 1.3%
solution of streptozotocin (Upjohn, Kalamazoo, MI) in
0.05 M cold citrate buffer (pH 4.5) was injected at a
dose of 45 mg/kg body wt ip. Control rats (n = 25)
were concurrently injected with citrate buffer. Rats were
maintained on regular rat chow and water ad libitum.
Animals manifesting glucosuria, polydipsia, and poly-
phagia were considered diabetic (# = 25). The diabetic
state was confirmed on the day of sacrifice by plasma
glucose determination. Urinary excretion of ketones
measured with Keto-Diastix (Ames, Miles, Elkhart, IN)
was either trace or negative. Five days after streptozo-
tocin injection, a group of diabetic rats was treated with
NPH insulin (8 units/kg sc) twice a day until the end
of the 6-week observation period. Plasma glucose in
diabetic rats was 388 *+ 33 mg/dl, whereas in insulin-
treated diabetic rats and control rats plasma glucose
levels were 152 + 14 and 144 + 7 mg/dl, respectively.
Of the insulin-treated diabetic group, only those with
plasma glucose of less than 200 mg/dl were included in
the study (# = 8). Animals were sacrificed by exsangui-
nation through the abdominal aorta under pentobar-



bital sodium anesthesia. The forebrain and liver were
removed, frozen immediately on dry ice, and kept at
—70°C until the day of the experiment. Preliminary
experiments in our laboratory indicated that the results
obtained in frozen-thawed tissues are similar to those
seen in fresh tissue.

Preparation of Nuclei. Tissue was diluted 1/10
(w/v) with ice-cold buffer A (0.34 M sucrose, 15 mM
Tris HCI [pH 7.5], 60 mAM KCl, 15 mM NaCl, 150 uM
spermidine, 500 uM spermine, 500 M dithiotrietol, 2
mM EDTA, 500 uM EGTA, and 1 mM phenylmeth-
ylsulfonyl fluoride) and gently hand-homogenized with
seven strokes in a glass homogenizer specially milled to
give 0.25-mm clearance. The homogenate was filtered
through cheesecloth, centrifuged at 600g for 10 min,
washed twice successively in buffer B (which is identical
to buffer A except for 1.0 M sucrose and 0.5% triton)
and buffer C (which is identical to buffer B except for
0.25 M sucrose), and resuspended in buffer D nuclease
digestion buffer (0.25 M sucrose, 15 mA/ Tris HCI [pH
7.5], 60 mM KCIl, 15 mM NaCl, 500 uM dithiotreitol,
1 mAM CaCl,, and 3 mM MgCl,). The isolation of nuclei
was carried out at 4°C.

Nuclease Digestion for Kinetic Experiments. The
kinetic experiments were carried out as described pre-
viously (11). Nuclear suspension was adjusted to a
concentration of 150 ug/ml. This concentration was
determined by suspending a known aliquot in 2 M
NaCl and 5 M urea, and determination of absorbance
at 260 nm. CaCl, was added to a final concentration of
1 mM, followed by 100 units/ml of micrococcal nu-
clease (Worthington, Freehold, NJ). The incubation
was carried out at 37°C in triplicate aliquots. The
reaction was terminated at intervals between 30 sec and
120 min by adding perchloric acid to a final concentra-
tion of 7% and chilling on ice. Precipitated material
was removed by centrifugation at 10,000 rpm for 30
min and the absorbance of the acid-soluble material in
the supernatant was determined at 260 nm. Pellets were
resuspended in 1 ml of 7% perchloric acid, heated for
10 min at 70°C, and cooled, and the absorbance was
measured to determine the nucleotide concentation of
hydrolyzed acid-insoluble material (11). The total acid-
soluble DNA concentrations were also performed in
representative samples using diphenylamine colorimet-
ric assay (12).

To verify the positive findings in these measure-
ments, additional experiments on the time course of
nuclease digestion were carried out. Nuclei were sus-
pended in digestion buffer at a concentration of 1 mg/
ml and were digested with 50 units/ml of micrococcal
nuclease at 23°C for 2, 5, 15, 30, and 60 min. These
experimental conditions were best suited for identifying
diabetes-related changes. DNA was purified after pro-
nase digestion by phenol extraction, followed by chlo-
roform-isoamyl alcohol reextraction and ethanol pre-

cipitation. Approximately 15 ug of DNA was applied
to each slot of 17.5-cm 1% agarose horizontal slab gel.
Electrophoresis was carried out at 30 V for 18 hr using
Tris-acetate buffer (13). The gels were stained with
ethidium bromide (0.5 ug/ml) and photographed
through a red filter.

Measurement of Fluorescence Absorbance of
DNA. DNA purified from either intact cerebral nuclei
or following micrococcal nuclease digestion for 5, 30,
and 60 min were subjected to fluorescence spectral
analysis. The fluorescence was measured with emission
wavelengths between 400 and 470 nm and excitation
was fixed at 370 nm, or emission wavelength was fixed
at 440 nm and excitation wavelength varied from 330
to 410 nm. This approach has been used previously to
detect modification of DNA by reducing sugars in
vitro (2).

Determination of Chromatin Proteins. Nuclei
were suspended in digestion buffer at a concentration
of 1 mg/ml and digested with micrococcal nuclease
(100 units/ml) at 37°C for 10 min. The reaction was
terminated with rapid chilling on ice and centrifugation
at 1,000g for 5 min. The pellet was resuspended in 0.2
mM EDTA, pH 7.5, and centrifuged at 12,000g for 30
min. This pellet and the first supernatant (S) were
adjusted to 0.2 M H,SO,, incubated for 1 hr at 4°C,
and centrifuged at 10,000g for 10 min. The solubilized
proteins in the supernatant were precipitated with 2 vol
of 95% ethanol at —40°C overnight. The proteins were
recovered by centrifugation at 10,000g for 30 min at
—5°C, washed twice with cold 70% ethanol, and lyo-
philized. The protein quantitation was carried out in
all of these fractions using Lowry’s assay (14). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis slab
gels (12%) were used for electrophoretic separation of
different protein fragments. Electrophoresis was carried
out at 30 mA/gel constant current for 3 to 4 hr using
glycine buffer (15). The gels were stained with silver
nitrate as described previously (16). The purpose of this
approach was to determine whether chronic, uncon-
trolled hyperglycemia would alter the electrophoretic
mobility of various protein components of chromatin.

The statistical significance of the differences was
determined by analysis of variance, followed by Stu-
dent’s ¢ test for unpaired variables.

Results

Digestion kinetics of rat forebrain nuclei with mi-
crococcal nuclease are shown in Figure 1. The amount
of acid-soluble material at zero time (background) was
subtracted from all the experimental points. Endoge-
nous nuclease activity (i.e., acid-soluble material in
aliquots without added enzyme) could not be detected
at up to 120 min of incubation. Chromatin digestion
of diabetic rat brain was slower than in control rats.
The percentages of DNA digested at 5, 10, and 30 min
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Figure 1. Digestion kinetics of rat brain cerebral nuclei with micro-
coccal nuclease. x-—--x, Control rats (n = 9); O----O, diabetic rats
(n =9); A———-A, diabetic rats treated with insulin (n = 7). Values are
mean = SE. *P < 0.01 compared with control rats using analysis of
variance followed by Student’s t test.
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Figure 2. Digestion kinetics of rat hepatic nuclei with micrococcal
nuclease. x----x, Control rats (n = 7); O----O, diabetic rats (n =
7). Value are mean + SE.

were significantly lower in diabetic animals. In control
rats, the reaction is complete by 30 min and reaction
midpoint (50% of digestion) occurs in 3-4 min. In
diabetic rats, the digestion reaction is complete by 60
min and reaction midpoint occurs at 13 min. The
kinetics of digestion seen in insulin-treated diabetic rats
were not significantly different from those in controls.
The percentage of DNA digested at 60 min and beyond
was not significantly reduced in diabetic rats.

Digestion kinetics of hepatic nuclei with micrococ-
cal nuclease were not altered in diabetic rats (Fig. 2).
Endogenous nuclease activity in the liver resulted in up
to 20-30% digestion of DNA. This background activity
was subtracted from the total DNA digested at each
time point.

The relative resistance of cerebral nuclei of diabetic
rats to micrococcal digestion is also shown in Figure 3.
Whereas the cerebral nuclei of control rats show cleav-
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Figure 3. DNA analysis of 1% agarose horizontal slab gel of micro-
coccal nuclease (50 units/ml) digestion of control and diabetic rat
cerebral nuclei (1 mg/ml) for 2, 5, 15, 30, and 60 min of incubation at
23°C.

age at 5 min of incubation, the first sign of cleavage in
nuclei of diabetic rats is evident at 15 min of incubation
under these experimental conditions.

The DNA isolated from the cerebrum of diabetic
rats, like DNA isolated from control rats, did not show
fluorescence (data not shown). The electrophoretic pat-
tern of proteins isolated from the first supernatant (S)
following micrococcal nuclease digestion is shown in
Figure 4. There were no differences between control
and diabetic rats. The proteins isolated from the pellet
fraction are shown in Figure 5. As was found in the S
fraction, the 65-kDa band is also a prominent protein
in the pellet. The 92-kDa band seen in S proteins is
now replaced by a smaller protein band at 14-18 kDa.
There were also no significant differences between con-
trol and diabetic rats. The comparisons of protein pro-
files of various fractions were repeated in five experi-
ments.
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Figure 4. Analysis of protein content of the first supernatant fraction
by sodium dodecy! sulfate-polyacrylamide (12%) gel electrophoresis.
Lanes 1 and 2 are for control rats and lanes 3 and 4 are for diabetic
rats.

Discussion

The decreased susceptibility of DNA to micrococ-
cal nuclease digestion in cerebral nuclei of diabetic rats
is consistent with our previous observation of reduced
alkali-induced unwinding of DNA in cerebral nuclei of
diabetic rats and mice (7). Near normalization of serum
glucose with insulin therapy corrected the diabetes-
related changes in DNA digestibility. The susceptibility
of DNA to nuclease digestion in hepatic nuclei was not
altered in diabetes. This suggests that cerebral nuclei
are more susceptible than liver nuclei to glucose-in-
duced changes. However, the inability to document
diabetes-related changes in liver nuclei can also be due
to high endogenous nuclease activity in the liver, mak-
ing the measurements of micrococcal nuclease digestion
kinetics in this tissue less sensitive. In contrast, endog-
enous nuclease activity in diabetic or control rat cere-
bral nuclei was essentially undetectable.

The contribution of nuclear RNA to the acid-
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Figure 5. Analysis of protein content of the pellet by sodium dodecyl
sulfate-polyacrylamide (12%) gel electrophoresis. Lanes 1 to 3 are

proteins isolated from control rats and Lanes 4 to 6 are isolated from
diabetic rats.

soluble material appeared to be small. Direct measure-
ment of acid-soluble material with diphenylhydramine
reaction in representative samples indicated that over
85% of the acid-soluble material was DNA. This is
consistent with the fact that micrococcal nuclease has
substantially lower affinity to RNA (17).

It is noteworthy that there is a remarkable similar-
ity between the changes observed in diabetic rat cerebral
and hepatic nuclei and those previously found in aged
animals (11). The decreased sensitivity to micrococcal
nuclease digestion is found in the cerebral nuclei of
aged rats, but not in the hepatic or cardiac nuclei of
aged mice (18). It remains to be seen whether diabetes-
related changes in gene expression can be related to
alterations in chromatin structure.

The precise biochemical basis of reduced DNA
accessibility to micrococcal nuclease is not known.
Changes in DNA, per se, or in chromatin proteins or
the changes in the interaction of the two may alter
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DNA digestibility. Alternatively, the observed changes
can also be due to differences in the characteristics of
the nuclear envelope that nuclease must traverse to
reach the chromatin. It was tempting to postulate that
DNA or chromatin proteins can undergo glycosylation
which would then alter chromatin digestibility. To test
this postulate, the DNA fluorescence spectra were ex-
amined and the electrophoretic patterns of chromatin
proteins were studied. The fluorescence spectra of DNA
isolated from diabetic rat brain were not different from
that of controls. This is in line with in vitro studies
showing that glucose adduction to DNA can be dem-
onstrated for single-stranded DNA and various nucleo-
tides, while the double-stranded DNA is protected
against glycation (2).

The first supernatant fraction following nuclease
digestion represents the chromatin proteins that are
readily solubilized with the micrococcal nuclease. The
pellet fraction represents chromatin resistant to micro-
coccal nuclease. There were no significant diabetes-
related changes in the chromatin proteins identified in
this study that would explain the altered DNA digesti-
bility with micrococcal nuclease.

It appears that the most abundant proteins of nu-
clear chromatin are not significantly altered in diabetes.
The reduced DNA susceptibility to micrococcal nu-
clease, therefore, is probably related to more subtle
changes in less abundant proteins or in the DNA-
protein interactions.

Chronic, uncontrolled hyperglycemia can alter
chromatin structure in vivo. Certain tissues appear to
be more susceptible to these changes than others. Fur-
ther studies are needed to clarify the precise biochemical
basis of these changes.
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