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Abstract

Aims/hypothesis Although diabetes mellitus is associated
with peripheral microvascular complications and increased
risk of neurological events, the mechanisms by which
diabetes disrupts the blood-brain barrier (BBB) are not
known. Matrix metalloproteinase (MMP) activity is in-
creased in diabetic patients, is associated with degradation
of tight junction proteins, and is a known mediator of BBB
compromise. We hypothesise that diabetes leads to compro-
mise of BBB tight junctions via stimulation of MMP activity.
Materials and methods Diabetes was induced in the rat
with streptozotocin. At 14 days after injection, BBB
function was assessed by in situ brain perfusion. Tight
junction proteins were assessed by immunoblot and
immunofluorescence. Plasma MMP activity was quantified
by fluorometric gelatinase assay and gel zymography.
Results In streptozotocin-treated animals, permeability to
["*Clsucrose increased concurrently with decreased pro-
duction of BBB tight junction proteins occludin (also
known as OCLN) and zona occludens 1 (ZO-1, also known
as tight junction protein 1 or TJP1). Insulin treatment,
begun on day 7, normalised blood glucose levels and
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attenuated BBB hyperpermeability to ['*C]sucrose. Neither
acute hyperglycaemia in naive animals nor acute normal-
isation of blood glucose in streptozotocin-treated animals
altered BBB permeability to ["*C]sucrose. Plasma MMP
activity was increased in streptozotocin-treated animals.
Conclusions/interpretation These data indicate that diabe-
tes increases BBB permeability via a loss of tight junction
proteins, and that increased BBB permeability in diabetes
does not result from hyperglycaemia alone. Increased
plasma MMP activity is implicated in degradation of BBB
tight junction proteins and increased BBB permeability in
diabetes. Peripheral MMP activity may present a novel
target for protection of the BBB and prevention of
neurological complications in diabetes.

Keywords Blood—brain barrier - Diabetes -
In situ brain perfusion - Matrix metalloproteinase - Occludin -
OCLN - Rat - Streptozotocin - TJP1 - ZO-1 - Zymography

Abbreviations
BBB  blood-brain barrier
HRP  horseradish peroxidase

Kin unidirectional transfer coefficient
MMP  matrix metalloproteinase

TBS  Tris-buffered saline

b volume of distribution

Z0O-1  zona occludens 1 (also known as tight junction
protein 1 or TJP1)
Introduction

The cerebral microvascular endothelium is distinguished by
the presence of the blood—brain barrier (BBB), consisting of:
(1) epithelial-like tight junctions that restrict paracellular
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permeability; (2) highly regulated membrane transporters
that mediate the passage of molecules through the endothe-
lium; and (3) metabolic enzymes. In concert with astrocytes,
pericytes, neurons and the extracellular matrix, the BBB
forms a neurovascular unit that protects the brain from cir-
culating neurotoxic substances while maintaining nutrients
and ions in the brain at levels necessary for neuronal func-
tion. Failure of the BBB is a critical event in the progression
of several neurological diseases, indicating that the BBB
may present a novel therapeutic target in these diseases if the
mechanisms of BBB breakdown can be elucidated [1].

Microvascular complications of diabetes mellitus include
diminished perfusion, abnormal endothelial proliferation,
and increased permeability [2, 3]. Although diabetes is
associated with increased risk of neurodegeneration [4] and
dementia [5], the specific effects of diabetes on the BBB
remain controversial. Diabetes has been associated with
increased BBB permeability in some studies [6-9], whereas
others have indicated that the BBB is maintained in
diabetes [10—-12].

Occludin (also known as OCLN), one of the extracellu-
lar components of the tight junction, restricts permeability
to low molecular mass molecules and increases electrical
resistance of barrier tissues; loss of occludin expression
and/or translocation of occludin from the junction is
associated with increased BBB permeability in diseases
including inflammation, ischaemia and HIV encephalitis
[1]. Occludin is also decreased following streptozotocin
treatment in rats both in cerebral [13] and in retinal
microvasculature [14]. Decreased occludin content in
diabetic retinopathy may result from degradation by matrix
metalloproteinases (MMPs) [15]. Expression and activity of
the gelatinases MMP-2 and MMP-9 are increased by
hyperglycaemia in vitro [3] and elevated in patients with
type 1 [16] and type 2 [17] diabetes. Furthermore, MMP-2
and MMP-9 are known mediators of BBB opening [18, 19]
and occludin proteolysis [20]. It is therefore possible that
diabetes leads to compromise of BBB tight junction via
stimulation of MMP activity. To address this hypothesis, we
examined the effects of streptozotocin treatment on BBB
permeability in the rat using in situ brain perfusion, and its
effects on the expression of the BBB tight junction proteins
occludin, claudin-5 and zona occludens 1 (ZO-1, also
known as tight junction protein 1 or TJP1) using real-time
PCR, immunoblot and immunofluorescence techniques.
MMP activity in plasma was investigated by a fluorimetric
gelatinase assay and by gel zymography.

Materials and methods

Animals and reagents All animal protocols in this study
were approved by the University of Arizona Institutional

Animal Care and Use Committee and conform to National
Institutes of Health guidelines stated in ‘Principles of
laboratory animal care’ (NIH publication no. 85-23, revised
1985). Male Sprague-Dawley rats (3—4 months old, 270—
330 g) were purchased from Harlan (Indianapolis, IN,
USA). Rats were fasted for 6 h prior to i.p. injection of
either 60 mg/kg streptozotocin in sterile 0.9% saline or
saline alone. Following injection, animals were returned to
their cages, maintained under standard 12 h light-dark
cycle, and given free access to food and water for the
remainder of the study. Animals included in the insulin
intervention studies were given insulin dissolved in sterile
saline, 8 U/kg via intraperitoneal injection twice daily
starting on day 7, or a single dose 2 h prior to in situ brain
perfusion in the acute insulin study. Hyperglycaemia was
confirmed by urine test strips prior to commencement of
insulin treatment, and animals were monitored following
insulin injection for signs of severe hypoglycaemia (altered
behaviour, ataxia, convulsions). Animals in the acute
hyperglycaemia study were anaesthetised prior to injection
of a 500-ul bolus of either 50% glucose in saline or saline
alone, followed by blood sampling and in situ brain
perfusion within 10 min. For all endpoints, animals were
anaesthetised via intramuscular injection of 1 ml/kg of a
cocktail containing ketamine (78.3 mg/ml), acepromazine
(0.6 mg/ml) and xylazine (3.1 mg/ml) prior to in situ brain
perfusion or decapitation. Terminal blood samples were
collected from the tail veins of all animals prior to their
being killed. Samples were tested for blood glucose,
ketones and lipids with an analyser (CardioChek P-A;
Polymer Technology Systems, Indianapolis, IN, USA) and/
or centrifuged for plasma and stored at —20°C. Animals
were considered diabetic if blood glucose was >16.7 mmol/l;
streptozotocin-treated animals with blood glucose
<16.7 mmol/l were excluded from the study.

Rabbit polyclonal anti-ZO-1 and anti-occludin, and
mouse monoclonal anti-claudin-5 (also known as CLDNS)
were purchased from Zymed (San Francisco, CA, USA).
Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were purchased from Amersham (Springfield, IL,
USA). Alexafluor 488-conjugated secondary antibodies
were obtained from Molecular Probes (Eugene, OR,
USA). ['*C]Sucrose (specific activity 37 MBq) was
purchased from Amersham. All other reagents were
purchased from Sigma (St. Louis, MO, USA), unless
otherwise stated.

In situ brain perfusion Animals were anaesthetised as
described above and given heparin (10,000 U/kg, i.p.)
Following bilateral cannulation of the common carotid
arteries, oxygenated Ringer solution (117 mmol/l NaCl,
4.7 mmol/l KCl, 0.8 mmol/l MgSQy, 24.8 mmol/l NaHCO3,
1.2 mmol/l KH,POy, 2.5 mmol/l CaCl,,10 mmol/l b-glucose,
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39 g/l 70-kDa dextran, 1 g/l bovine serum albumin and
0.055 g/l Evans Blue, heated to 37°C) was infused via a
peristaltic pump. Once desired flow-rate and perfusion
pressures (approximately 3 ml/min and 100 mmHg) were
achieved, ["*CJsucrose (370 kBq per 20 ml Ringer) was
infused (0.5 ml/min per hemisphere) using a syringe pump
for 5, 10, 15, or 20 min. At the end of the perfusion, samples
of the perfusate were collected and the brain was removed.
Cerebral hemispheres were stripped of meninges and choroid
plexuses and homogenised by hand. Tissue and 100-pl
samples of perfusate were thoroughly mixed with tissue
solubiliser (TS-2; Research Products, Mount Pleasant, IL,
USA) and incubated for 2 days. Samples were prepared for
scintillation counting by the addition of 100 pl 30% acetic
acid and 2.5 ml liquid scintillation cocktail (OptiPhase
SuperMix; Perkin Elmer, Boston, MA, USA) and counted
on a liquid scintillation counter (Microbeta Trilux; Perkin
Elmer). Results are reported as the ratio of radioactivity in
the brain to that in the perfusate (R, ul/g):

Ry = (Cbrain / Cperfusate) ( 1 )

where Cppi, 1 the radioactivity measured in brain (dpm/g)
and Cpeusare that in the perfusate (dpm/ul). In multi-time-
point uptake studies, unidirectional transfer coefficients (Kj,)
were estimated for each group from the slope of a least-
squares regression of Ry, vs perfusion time [21]:

Ry (t) = Vp + KinT (2)

where Vp, is the initial volume of distribution of [*CJsucrose
and T is the perfusion time (min).

Cerebral microvessel isolation Cerebral microvessels were
isolated from freshly removed brains as previously de-
scribed [22]. For protein extraction, isolated microvessels
were placed in 6 mol/l urea buffer (6 mol/l urea, 10 mmol/l Tris
base, 1 mmol/l dithiothreitol, 5 mmol/l MgCl,, 5 mmol/l
EGTA, 150 mmol/l NaCl, pH=28.0, one tablet per 10 ml
EDTA-free protease inhibitor [Complete Mini EDTA-free
Protease Inhibitor; Roche, Mannheim, Germany]) and
incubated at 4°C overnight. Protein was quantified using
the bicinchoninic acid method (Pierce, Indianapolis, IL,
USA) with BSA as a standard, and samples were frozen at
—20°C for use within a week or at —80°C for use at a later
time. For mRNA extraction, all isolation buffers were made
in water treated with diethyl pyrocarbonate, microvessels
were suspended in TRIZOL (Invitrogen, Carlsbad, CA,
USA), and mRNA was isolated per manufacturer’s protocol
and stored at —80°C until use.

Western blot Protein samples (20 pg) were loaded on to 4
to 20% Tris-HCI gels (Ready Gels; Biorad, Hercules, CA,
USA) and separated with 200 V for 30 min, followed by
electrophoretic transfer to polyvinylidene difluoride mem-
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branes (240 mA, 45 min). Membranes were blocked
overnight at 4°C in Tris-buffered saline (TBS) with 0.5%
Tween-20 and 5% non-fat dry milk, then incubated in
primary antibody overnight at 4°C. Membranes were
washed several times with TBS-Tween-20-milk followed
by TBS-Tween-20 without milk prior to incubation with
HRP-conjugated secondary antibody for 45 min at room
temperature, after which membranes were washed again,
developed using enzyme chemiluminescence (ECLplus,
Amersham), and visualised on X-ray film. Semiquantitation
of scanned films was performed using Scion Image (Scion,
Frederick, MD, USA), with gel staining (Gelcode; Pierce,
Rockford, IL, USA) used to confirm consistency of protein
loading. Results are reported as percent expression of
control. Primary and secondary antibodies were diluted
1:2,000 in 0.5% BSA in PBS.

Real-time PCR cDNA was synthesised using a kit
(Superscript IIT First-Strand Synthesis SuperMix; Invitrogen)
per manufacturer’s protocol and stored at —20°C until use.
Real-time PCR was performed with a sequence detection
system (RotorGene RG3000; Corbett Life Sciences, Sydney,
Australia) and a Quantitect Sybr Green PCR Kit (Qiagen,
Valencia, CA, USA). Primers (Electronic supplementary
material [ESM] Table 1) were designed using Primer3
software [23]. cDNA was diluted to 8 ng/ul. The PCR
reaction mixture contained 5 pl of Sybr master mix, 0.4 ul
25 mmol/l MgCl,, 0.35 pl RNAse-free water, 100 pmol of
forward and reverse primers, and 16 ng cDNA in a volume
of 10 ul. Reactions were performed in triplicate as previously
described [24] at 95°C for 15 min; then 95°C for 15 s, 58°C
for 15 s and 20 s at 72°C for 40 cycles, followed by a melt
cycle consisting of stepwise increase in temperature from 72
to 99°C. Expression levels were calculated from cycle
threshold numbers (threshold values) set within the expo-
nential phase of the PCR normalised to endogenous cellular
18S RNA measured in parallel samples using 18S-specific
primers.

Immunofluorescence microscopy Animals were anaesthe-
tised as described above. Following transcardiac perfusion
with 0.9% saline, brains were removed and snap-frozen in
2-methyl butane with dry ice. Brains were stored at —80°C
until cutting (minimum of 48 h). All slides were prepared
with matched saline and streptozotocin samples on the
same slides. Coronal sections (20 pm) from matched
coordinates [25] were placed on to gelatine-coated slides
and stored at —80°C until use. Immunofluorescence staining
for tight junction proteins was performed on the basis of
previously described methods [26]. Slides were brought to
room temperature, air dried, fixed in 100% ethanol for
10 min, then washed in PBS followed by wash buffer (1%
BSA-0.2% Tween-20 in PBS). After blocking 90 min in
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normal goat serum (Vector Labs, Burlingame, CA, USA)
diluted 1:50 in wash buffer, slides were incubated overnight
with primary antibody to tight junction proteins diluted
1:500 in wash buffer; incubation was in humidified
chambers at 4°C. After rinsing with wash buffer, slides
were incubated with appropriate fluorescent-tagged second-
ary antibody diluted 1:500 in wash buffer for 1 h at room
temperature. Slides were rinsed with wash buffer and PBS
and coverslips were mounted with Vectashield (Vector
Labs). Microvessels were visualised on a laser scanning
confocal microscope (Zeiss 510 Metaseries; Carl Zeiss
Microimaging, Thornwood, NY, USA) with a 40x oil
objective. Laser power, gain, pinhole, and all other image
acquisition settings were maintained constant for image
collection of matched saline and streptozotocin samples.

Fluorimetric gelatinase assay Tail blood was collected as
described above. After centrifugation (10,000 g, 5 min),
plasma was decanted and stored at —20°C until use.
Gelatinase activity was measured using a kit (EnzChek
Gelatinase Assay; Molecular Probes). Plasma was diluted
1:2 in reaction buffer (50 mmol/l Tris-HCI, 150 mmol/l NaCl,
5 mmol/l CaCl,, 0.2 mmol/l NaN;, pH=7.6), mixed with
DQ-gelatin (1 mg/ml, final concentration) and incubated at
37°C. Fluorescence was measured (excitation: 485/20 nm,
emission: 530/25 nm) with a fluorescence plate reader
(FLx800; BioTek, Winooski, VT, USA) at various time
points up to 180 min.

Gel zymography Gel zymographic analysis was performed
on plasma based on the methods of Asahi [27]. Plasma
samples (0.5 pl) were run with molecular mass markers and
recombinant MMP-2 and MMP-9 standards (Sigma) under
non-reducing conditions (without &-mercaptoethanol or
dithiothreitol) on 10% Tris-HCI gels containing 0.5%
gelatin (Criterion; Biorad). Enzymes were renatured in the
gel with 2.5% Triton X-100 in deionised water for 1 h at
room temperature. Gels were then equilibrated in a
digestion buffer (5 mmol/l CaCl,, 50 mmol/l Tris-HCI,
pH 7.4, 200 mmol/l NaCl, and 0.2% Brij35) for 30 min at
room temperature and then incubated for 24 h at 37°C in
the same. Gels were stained with Brilliant Blue R (Biorad)
for 1 h, followed by destaining in multiple washes with 5%
methanol-7.5% acetic acid (until wash solution was clear,
approximately 2 h), then photographed and analysed with a
Kodak Image station; clear bands were indicative of
gelatinolytic activity.

Statistical analysis Student’s ¢ test was used for comparison
of two means, or in the case of more than two treatments,
one-way ANOVA with a Tukey’s post hoc test was used.
Linear regression coefficients were compared using the

pooled estimate of variation around the regression lines to
calculate 7' for comparison of Kj, and Vp as previously
described [28]. p<0.05 was considered statistically signif-
icant for all comparisons.

Results

Streptozotocin treatment was associated with a significant
attenuation of weight gain; by day 14 post-injection,
streptozotocin-treated animals displayed significant eleva-
tions in blood glucose, cholesterol and triacylglycerol
(Table 1).

Permeability of the BBB to [**C]sucrose was measured by
in situ brain perfusion (Fig. 1). K;, for ["*Clsucrose was 0.76+
0.18 ul g ' min"" in the saline group, which is comparable
to previously reported measurements [22]. In the streptozo-
tocin-treated group, Kj, was significantly (p=0.018) in-
creased to 1.83£0.42 pul g ' min', which coupled with the
observation that ' was not significantly different (p=0.242)
between the two groups (saline=4.76+2.45 ul/g; streptozo-
tocin=—2.16+5.92 ul/g) indicates that streptozotocin treat-
ment led to increased permeability of the BBB to ['*C]
sucrose.

To determine whether increased BBB permeability was
the result of hyperglycaemia alone, we investigated the
effect of long-term and acute alterations in blood glucose
levels on sucrose distribution using single time point
analysis [21]. Insulin treatment (8 U/kg twice daily)
normalised blood glucose concentrations (9.3+1.9 mmol/l)
and attenuated increased brain distribution of sucrose
following streptozotocin treatment (Fig. 2a). However,
acute normalisation of plasma glucose with a single dose of

Table 1 Blood chemistry and weight changes

Saline Streptozotocin
Blood chemistry (mmol/l)
Glucose 12.7+0.6 30.8+1.3%
Ketones 0.54+0.04 0.57+0.09
Total cholesterol 2.1+0.1 2.7+0.2%
HDL 0.9+0.1 1.3+0.1%
LDL 1.0+0.1 0.7+0.2
Triacylglycerol 0.3+0.0 1.9+0.5*
Body weight (g)
Day 0 30345 301+4
Day 7 34444 306£6°
Day 14 359+3 311+7%

Data are mean+SEM.

All measurements were taken in non-fasted animals. Streptozotocin-
treated animals with blood glucose <16.7 mmol/l were excluded from
the study.

#p<0.01 vs saline-treated
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insulin (15.7+3.6 vs 29.3+1.4 mmol/l in saline-treated
controls, p<0.01) had no statistically significant effect on
sucrose distribution in streptozotocin-treated animals
(Fig. 2b). In addition, acute hyperglycaemia (24.1£3.6 vs
12.7+1.8 mmol/l in saline-treated controls, p<0.05) induced
by i.v. injection of glucose did not increase brain dis-
tribution of sucrose (Fig. 2c¢). Scatter plotting of all indi-
vidual data points in these experiments showed that there is
no significant correlation (»=0.1340) between plasma
glucose concentration and brain distribution of sucrose,
following acute modulation of glucose or insulin (Fig. 2d).

In Western blot studies, all antibodies recognised bands at
or near the expected molecular masses of each protein of
interest (ZO-1, 220 kDa; occludin, 65 kDa; claudin-5, 22 kDa,
Fig. 3b) in extracts from cerebral microvessels, as previously
reported [22]. Expression of ZO-1 and occludin were
significantly decreased to 58+8 and 79+6%, respectively,
of saline-treated control levels in the streptozotocin group
(Fig. 3a). Expression of claudin-5 was not significantly
altered in streptozotocin-treated animals (Fig. 3a). Real-time-
PCR analysis indicated that mRNA levels for these tight
junction proteins were unaltered in streptozotocin-treated
animals (ESM Table 1).

Brain slices stained for ZO-1, occludin and claudin-5 all
showed distinct, continuous bands of staining in brain
microvessels indicative of concentration of these proteins at
the junctions of the endothelial cells (Fig. 4), as previously
described [26]. No changes in junctional localisation were
observed for ZO-1, occludin or claudin-5 following
streptozotocin treatment; however, the staining intensity
for both ZO-1 and occludin appeared to be reduced,
consistent with Western blot data (Fig. 3).

Gelatinolytic activity was measured in plasma using a
fluorescence-based assay [29]. The rate at which DQ-
gelatin was cleaved into fluorescent peptides was signifi-

50 7
40 4

30 1

ol

20 1

R, (ulg)

0 5 10 15 20
Perfusion time (min)

Fig. 1 In situ brain perfusion with ['*C]sucrose. Values for the ratio
of radioactivity in the brain to that in the perfusate (R,,) are mean=+
SEM, n=3-5 per time point. Closed markers, saline-treated; open
markers, streptozotocin (S7Z)-treated. STZ significantly (p<0.05)
increased the rate of ['4C]sucrose entry into the brain (K;,) from
0.76+0.18 to 1.83+0.42 ul g~ min~', whereas the initial volume of
distribution (Vp) for sucrose was not significantly different between
the two groups (saline=4.76+2.45 ul/g; STZ=-2.16+5.92 ul/g)
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cantly increased in plasma from streptozotocin-treated
animals (Fig. 5a,b). Gel zymography of plasma samples
confirmed this finding, with a significant (»p<0.001)
increase in gelatinolytic activity corresponding to the
expected molecular mass of MMP-2 (72 kDa; Fig. 6).

Discussion

Streptozotocin injection is a well-established and robust
model of type 1 diabetes that works by selectively killing
the beta cells of the pancreas [30, 31]. Table 1 shows that
classic symptoms of untreated diabetes (wasting, hyper-
glycaemia and hyperlipidaemia) were induced by strepto-
zotocin, along with pronounced polyuria and polydipsia.
By investigating BBB changes at a relatively early time
point (14 days post-injection), we were able to focus on the
onset and early progression of the disease, which is
analogous to the period in humans when diabetes is most
likely to go undiagnosed and therefore untreated [32], a
critical period with regard to microvascular complications
[33].

Previous studies of BBB permeability in animal models
of diabetes have yielded variable results, with some
investigators reporting increased permeability [9] and
others no change [11, 12]. In this study, permeability of
the BBB was measured by in situ brain perfusion, a highly
sensitive method used to characterise movement of drugs
into the brain [34] as well as changes in BBB permeability
to tracer molecules with development [35], drugs [28], and
disease [36]. The primary advantage of this approach is that
the brain is isolated from the peripheral circulation,
enabling complete control of tracer concentration and flow
[34]. This is of particular importance in diabetes, as the
elimination of many tracer molecules from the peripheral
circulation is much more rapid than normal [37, 38].
Therefore, previous studies utilising peripheral infusion of
tracers may have underestimated brain distributions of
sucrose and mannitol in diabetic animals. In this study,
streptozotocin treatment was associated with a 2.4-fold
increase in the rate (K;,) of ['*C]sucrose entry into the brain
without change in the initial volume of distribution (Vp)
(Fig. 1), indicating that the BBB is indeed compromised in
this model of diabetes, and also confirming recent findings
in diabetic patients [6, 8].

In a separate set of experiments, we showed that
treatment with insulin begun on day 7 following streptozo-
tocin injection normalised blood chemistry and attenuated
the change in sucrose distribution (Fig. 2a). Interestingly,
acute systemic hyperglycaemia in naive animals had no
significant effect on brain distribution of sucrose (Fig. 2b),
nor did acute normalisation of blood glucose and insulin in
streptozotocin-treated animals (Fig. 2c¢). Therefore, al-
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though BBB permeability changes do appear to occur
downstream of hyperglycaemia in streptozotocin-induced
diabetes, acute hyperglycaemia alone is not sufficient to
induce the BBB changes observed in streptozotocin-treated
rats. These data do not rule out the possibility that increased
BBB permeability is the result of chronic hyperglycaemia
and/or a chronic lack of insulin; indeed, the failure of acute
normalisation of plasma glucose and insulin to restore BBB
function in streptozotocin-treated animals (Fig. 2c) suggests
that changes in BBB permeability in diabetes are time-
dependent. Further study is warranted to illuminate the
time-dependent and specific effects of insulin and chronic
hyperglycaemia on BBB function. In addition, exposure of
confluent primary rat cerebral endothelial cells to plasma
from streptozotocin-treated animals leads to increased
sucrose permeability compared with cells treated with
plasma from control animals [39]. However, permeability
of cells treated with plasma from control animals with

«Fig. 2 a-d Effects of blood glucose modulation on brain distribution

of ["*C]sucrose. Data in all panels are from single time point (20-min)
in situ brain perfusions with ['*C]sucrose. Data (a—c) are mean ratio of
radioactivity in the brain to that in the perfusate (R,,)+SEM, n=4-6
per group. a Streptozotocin (S7Z) significantly increased brain
distribution of ['*CJsucrose compared with saline (SAL). Long-term
insulin (/NS) treatment normalised blood glucose levels and attenuated
this increase, with brain distribution of ['*CJsucrose not significantly
different from SAL or STZ. S4L, 14 days post saline injection; S7Z,
14 days post STZ injection; STZ+ INS, 14 days post STZ injection
with insulin (8 U/kg, twice daily) begun on day 7. *p<0.05, NS=not
significantly different. Significance determined by one-way ANOVA
with a Tukey’s post hoc test. b Acute normalisation of blood glucose
with a single dose (8 U/kg) of insulin immediately prior to perfusion
did not normalise brain distribution of sucrose in STZ-treated animals.
STZ+ SAL (SD), 14 days post STZ injection with a single dose of
saline given prior to perfusion; S7Z+INS (SD), 14 days post STZ
injection with a single dose of insulin (8 U/kg) given prior to
perfusion. ¢ Acute hyperglycaemia induced by i.v. injection of a 50%
glucose solution (GLU) did not increase brain distribution of ['*C]
sucrose compared with saline-injected controls. SAL (IV), injection of
a 500-pl bolus of saline into the tail vein immediately prior to
perfusion, GLU (IV), injection of a 500-ul bolus of 50% glucose
solution into the tail vein immediately prior to perfusion. d Scatter plot
of all individual data points summarised in other panels. Linear
regression of points from the long-term insulin study (a, solid circles,
solid line) indicates a significant correlation between blood glucose
and brain distribution of ['*CJsucrose (=0.4997, p<0.05). Regression
of points from acute modulation of glucose or insulin (b, ¢, open
circles, dotted line) indicates no significant correlation between blood
glucose concentration and brain distribution of [**C]sucrose (r=
0.1340, p>0.50)

hyperglycaemic levels of glucose added is not significantly
different from controls [39], suggesting the presence of a
soluble factor in diabetic plasma that regulates BBB
permeability.
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Fig. 3 Summary of Western blot data. a Data are the summary of two
blots for each protein, »=3 unique samples per group per blot. Solid
bars, saline-treated; open bars, streptozotocin-treated. Bars are mean
percent expression of control+SEM **p<0.01. b Representative blots
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Fig. 4 Microscopy of BBB
tight junction proteins. Coronal
sections (20 wm) were stained
for tight junction proteins.
Saline (SAL) and streptozotocin
(STZ) samples from matched
stereotaxic coordinates were
placed on the same slides, and
all microscope settings were
kept constant for all images
acquired within a slide. Panels
show representative sections
from SAL and STZ frontal
cortex; all regions (parietal,
temporal, occipital, hippocampal
and subcortical) showed the
same pattern of results. Images
are 40x in oil immersion. Scale
bar on inset=20 pum

=
=
©
%]
o]

Increased distribution of a polar, water-soluble, non-
transported molecule such as sucrose into the brain is
indicative of increased paracellular diffusion at the BBB, a
route normally blocked by tight junctions. Tight junctions
are complexes of integral membrane proteins spanning
intracellular clefts and cytoplasmic accessory proteins that
link the transmembrane components to the actin cytoskel-
eton [40]. Changes in tight junction protein expression,
posttranslational modification, subcellular localisation, and
protein—protein interactions are associated with increased
permeability [1]. A previous study indicated that strepto-
zotocin-induced diabetes led to decreased protein expres-
sion of occludin, but not ZO-1, at the BBB [13]. In the
present study, we observed decreased protein expression of
both occludin and ZO-1 in cerebral microvessels of
streptozotocin-treated rats, whereas claudin-5 expression
remained constant (Figs. 3 and 4). This discrepancy might
be explained by differences in tissue preparation. In the
previous study, protein was taken from cortical homoge-
nates, whereas we used an enriched preparation of cerebral
microvessels. This is critical, as recently published work
indicates that ZO-1 is expressed in neurons and glia as

@ Springer

STZ

well as endothelial cells [41]. No changes were observed
in mRNA levels for these tight junction proteins
(ESM Table 1), suggesting that decreases in occludin and
ZO-1 content are not due to transcriptional downregulation.
Since occludin and ZO-1 are likely substrates for the
MMP-2 and/or MMP-9 [20, 42], we investigated the
possibility that gelatinase activity was upregulated in our
streptozotocin-treated animals.

Plasma gelatinase activity was first measured by a
fluorimetric assay (Fig. 5) in which proteolysis of a dye-
quenched fluorescein-conjugated gelatin leads to liberation
of fluorescent peptides. The rate of increase in fluorescent
signal, therefore, was used to estimate the activity of
MMP-2 and/or MMP-9 (Fig. 5). There was a statistically
significant (p=0.036) 46% increase in estimated gelatinase
activity in plasma from streptozotocin-treated animals,
which parallels recent findings in diabetic patient popula-
tions [16, 17, 43]. To determine the probable identity of the
protease or proteases involved, gel zymographic analysis
was performed on plasma samples (Fig. 6). Densitometric
analysis indicated a small, but significant (p<0.001)
increase in gelatinolytic activity corresponding to 72 kDa,
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Fig. 5 Gelatinolytic activity in plasma. a Representative data from
gelatinase activity assay in saline-treated (SAL, solid symbols) and
streptozotocin-treated (S7Z, open symbols) plasma. Data are relative
fluorescence units (RFU) normalised to measurement at ¢=0.
b Summary of all gelatinase activity measurements in plasma. Data
are mean of plot slopes as shown in (a) £SEM; n=15 and 13 for SAL
and STZ groups, respectively. *p<0.05

the expected molecular mass of MMP-2 (Fig. 6b). Interest-
ingly, the MMP-9 standard used also showed proteolytic
activity corresponding to this molecular mass as well as the
expected molecular mass of 95 kDa for this enzyme;
however, no activity corresponding to the expected molec-

ular mass of MMP-9 was observed in our samples (Fig. 6a).

Visualisation of gelatinolytic activity in the brain by in
situ zymography did not show any obvious changes
associated with streptozotocin treatment (data not shown).
This indicates that either changes in brain MMP activity
with diabetes are too subtle or diffuse to be visualised by
this technique, or that any increase in MMP activity is in
fact limited to the peripheral circulation in this model.
Increased MMP-9 levels in the peripheral circulation, but
not in the brain itself, have also been associated with BBB
leakage in a model of fulminant hepatic failure [44]. As the
tight junction is located in the apical aspect of the
interendothelial cleft [40], circulating MMPs would pre-
sumably have access to its extracellular components (e.g.
occludin). A recent study found that occludin, but not
claudin-5, was degraded by MMP-2 and MMP-9 in retinal
endothelial cells, and that these MMPs were upregulated in
streptozotocin-treated rats [15]. The present findings in
diabetic brain are striking in their similarity, suggesting
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Fig. 6 Gel zymographic analysis of MMP activity in plasma. a A
representative zymogram (inverse image shown for clarity) of plasma
samples from saline (SAL)-treated and streptozotocin (S7Z)-treated
animals with recombinant MMP-2 and MMP-9 included as standards.
b Summary of data from three separate experiments. Data are mean
relative optical density of the bands at ~72 kDa (MMP-2)+SEM; n=9
unique samples per group in total. ***p<0.001

common pathophysiological mechanisms between the
retinal and cerebral microvasculature.

In this study, we also observed a significant dyslipidaemia,
with elevated cholesterol and triacylglycerol (Table 1). A
recent study [9] indicated that statins have an ameliorating
effect on cerebral endothelial changes induced by streptozo-
tocin, indicating that hyperlipidaemia may also play a role.
There is also evidence that statins can downregulate MMP-2
and MMP-9 activity independently of lipid modulation [45,
46], which, in light of the present finding of increased
gelatinase activity in streptozotocin-treated rats, may also
account for the protective effect of statins on the BBB.
Another possibility that cannot be ruled out is that changes in
BBB permeability occur secondary to peripheral inflamma-
tion in response to streptozotocin [47, 48]. Further studies are
warranted to clarify the possible interactions between MMP
activity, hyperlipidaemia, inflammation, and BBB function.

In conclusion, we have demonstrated that streptozotocin-
induced diabetes leads to increased BBB permeability, that
acute hyperglycaemia is not sufficient to induce this
change, and that this change is associated with specific
alterations in tight junction proteins. This indicates that
microvascular complications similar to those affecting
peripheral organs in diabetes may have a deleterious effect
on the central nervous system, as well, and that glucose
management alone may be insufficient for their prevention
[6]. Compromise of BBB paracellular permeability along
with alterations in BBB transport [49, 50] may present a
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link between diabetes and neurological complications
associated with the disease. Finally, we have demonstrated
that experimental diabetes is associated with increased
gelatinolytic (MMP-2 and/or MMP-9) activity in the blood.
The changes observed in this study are similar to those
reported for both BBB permeability [6] and blood MMP
activity [16, 17] in diabetic patients, suggesting that
circulating MMPs are a potential target for prevention of
neurovascular and neurological complications in diabetes.
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