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Introduction

Abstract

Type 1 diabetes mellitus (T1D) impairs endothelial nitric oxide synthase
(eNOS)-dependent responses of cerebral arterioles. However, the influence of
T1D on another critical aspect of endothelial cell function in the cerebral
microcirculation, i.e., regulation of permeability of the blood—brain barrier
(BBB), remains largely unknown. Our goal was to examine basal and agonist-
induced changes in permeability of the BBB in nondiabetic and type 1 diabetic
(streptozotocin; 50 mg/kg IP) rats. On the day of the experiment (2-3 months
after streptozotocin), a craniotomy was made over the parietal cortex in non-
diabetic and diabetic rats. We measured the permeability of the BBB (FITC-
dextran-10K) under basal conditions and during application of histamine. We
also measured diameter of cerebral arterioles in response to histamine in the
absence and presence of NG-monomethyl-L-arginine (L-NMMA). We found
that basal permeability of the BBB was elevated in T1D and application of his-
tamine did not produce a further increase in permeability. In contrast, basal
permeability of the BBB was minimal in nondiabetics and histamine produced
an increase in permeability. In addition, histamine-induced arteriolar dilation
was less in diabetics than in nondiabetics, and vasodilation to histamine was
inhibited by L-NMMA. Our findings suggest that T1D-induced endothelial
dysfunction leads to an increase in basal permeability of the BBB, but
decreases the ability of the endothelium of the BBB to respond to an impor-
tant inflammatory mediator. Thus, T1D impairs two critical aspects of
endothelial cell function in the cerebral microcirculation, i.e., basal and ago-
nist-induced changes in permeability of the BBB and arteriolar dilation.

fenestrations, and a close proximity to other brain cell types,
including astrocytes, pericytes, microglia, and neurons

Overwhelming evidence has shown that type 1 diabetes
(T1D) impairs endothelial nitric oxide synthase (eNOS)- and
neuronal nitric oxide synthase (nNOS)-dependent dilation
of cerebral arteries and arterioles via mechanisms that appear
to favor oxidant-producing over antioxidant-protecting
pathways (Mayhan 1989; Mayhan et al. 2006; Arrick et al.
2007b; Faraci 2011; Drummond and Sobey 2014). An equally
critical role for the endothelium in the cerebral microcircula-
tion, beyond vascular reactivity, involves the regulation of
permeability of the blood-brain barrier (BBB). This barrier
(at the level of arterioles, capillaries, and venules) is defined
by a well-established basement membrane, presence of tight
junctions between adjacent endothelial cells, the absence of
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(Figueroa and Duling 2009; del Zoppo 2010; Chow and Gu
2015). These unique characteristics of this barrier relative to
the typical peripheral endothelium confer highly restricted
exchange of bloodborne molecules between the systemic
circulation and the extracellular fluid compartment. The
integrity of the BBB is determined by endothelium, pericytes,
astrocytes and neurons, and the interaction of these struc-
tures (neurovascular unit) is termed neurovascular coupling
(Hawkins and Davis 2005; Chow and Gu 2015). Alterations
in neurovascular coupling, and hence the BBB, are associated
with many abnormalities, including multiple
sclerosis, Alzheimer’s disease, cognitive impairment, epilepsy,
and stroke (Hawkins and Davis 2005; Girouard and Iadecola
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2006; Stanimirovic and Friedman 2012; Jing et al. 2013; Naj-
jar et al. 2013; Joutel and Faraci 2014).

Although T1D produces abnormalities of the endothe-
lium to impair vascular reactivity of cerebral arteries and
arterioles, and disrupts the neurovascular unit/neurovas-
cular coupling, to increase the risk of many disorders
including cognition and stroke, there is a lack of informa-
tion regarding the influence of T1D on other important
aspects of endothelial cell function in the brain, i.e., regu-
lation of permeability of the BBB. Although studies have
shown that basal permeability of the BBB may be elevated
in T1D (Oztas and Kucuk 1987; Knudsen and Jakobsen
1989; Hawkins et al. 2007) and that histamine increases
the permeability of the BBB in animal models devoid of
diabetes (Gross et al. 1982; Olesen 1987; Schilling and
Wahl 1994; Sarker et al. 1998) via activation of several
cellular pathways including the synthesis/release of nitric
oxide (Baranczyk-Kuzma et al. 1992; Joo 1993; Mayhan
1996), there is a void of studies that have examined the
influence of T1D on histamine-induced changes in per-
meability of the BBB. Thus, the first goal of this study
was to examine the influence of TID on basal permeabil-
ity characteristics of the BBB. To accomplish this goal, we
measured the clearance of fluorescein isothiocyanate
dextran-10,000 daltons (FITC-dextran-10K; molecular
weight = 10,000 DA) from the pial microcirculation in
nondiabetic and diabetic rats. Our second goal was to
examine whether nitric oxide synthase-dependent
increases in permeability of the BBB are altered by T1D.
To accomplish this goal, we examined the clearance of
FITC-dextran-10K from the pial microcirculation in non-
diabetic and diabetic rats during topical application of
histamine. Our final goal was to determine the role of
nitric oxide in reactivity of cerebral arterioles in response
to histamine, and whether reactivity in response to hista-
mine is altered by T1D.

Materials and Methods

Induction of diabetes

All procedures were reviewed and approved by the Insti-
tutional Animal Care and Use Committee at the Louisi-
ana State University Health Sciences Center-Shreveport.
Male Sprague—Dawley rats (200-250 g body wt) were ran-
domly divided into nondiabetic or diabetic groups. All
rats had access to food and water ad libitum. The diabetic
group of rats was injected with streptozotocin (50 mg/kg
ip) to induce T1D and the nondiabetic group of rats was
injected with vehicle (sodium citrate buffer). Blood sam-
ples, for measurement of blood glucose concentration,
were obtained 3-5 days after injection of streptozotocin
or vehicle, and on the day of the experiment (8—12 weeks
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later). An animal with a blood glucose concentration of
greater than 300 mg/dL was considered to be diabetic.

Preparation of animals

Rats were prepared for in vivo studies 8—12 weeks after
injection of streptozotocin or vehicle. Rats were
anesthetized (thiobutabarbital (Inactin); 100 mg/kg IP),
and a tracheotomy was performed. The animals were venti-
lated and a cannula was inserted into a femoral vein for
injection of the intravascular tracer, (FITC-dextran-10K;
molecular weight = 10,000 DA) and supplemental anesthe-
sia (10-30 mg/kg, if necessary). A femoral artery was cannu-
lated for the measurement of arterial pressure, to obtain a
blood sample for the measurement of blood glucose concen-
tration and to obtain a blood sample for the determination
of plasma concentration of FITC-dextran-10K.

After placement of all catheters, the animal was placed
in a head holder and a craniotomy was made over the left
parietal cortex (Mayhan and Heistad 1985). The cranial
window was suffused with artificial cerebral spinal fluid
and the temperature of the suffusate was maintained at
37 £ 1°C. The cranial window was connected via a three-
way valve to an infusion pump, which allowed for infu-
sion of agonists (histamine or saline) into the suffusate.
Arterial blood gases were monitored and maintained
within normal limits.

Permeability of the BBB

The permeability of the BBB was evaluated by calculating
the clearance of FITC-dextran-10K (mL/sec x 107°) as
we have described previously (Mayhan and Heistad 1985;
Mayhan 1996). In this study, we report the clearance of
FITC-dextran-10K at various time points during a contin-
uous application of vehicle (saline) or histamine over the
cranial window preparation.

Pial arteriolar diameter

Diameter of pial arterioles was measured using a video
image-shearing monitor. We measured the diameter of
the largest pial arteriole exposed by the craniotomy before
and during application of histamine (1.0 and 10 pmol/L)
in the absence and presence of NG-monomethyl-L-argi-
nine (L-NMMA) (10 pmol/L).

Experimental protocol

In the first series of studies, we measured the basal per-
meability characteristics of the BBB in nondiabetic
(n=14) and diabetic (n =9) rats. In these groups of
animals, the cranial window was suffused for a control
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period of 30-45 min. Then, we started a continuous
intravenous infusion of FITC-dextran-10K. Seventy-two
minutes after starting the infusion of FITC-dextan-10K,
we applied vehicle (saline) to the cerebral microcircula-
tion. Application of vehicle continued for the duration of
the experiment (128 min).

In a second group of nondiabetic (n = 10) and diabetic
(n = 11) rats, we examined the influence of topical appli-
cation of histamine (10 umol/L) on the permeability of
the BBB. In these groups of rats, the cranial window was
suffused for a control period of 30-45 min. Then, we
started a continuous intravenous infusion of FITC-dex-
tran-10K. Seventy-two minutes after starting the infusion
of FITC-dextan-10K, we applied histamine (10 pmol/L)
to the cerebral microcirculation. Application of histamine
continued for the duration of the experiment (128 min).

In a third group of nondiabetic (n = 11) and diabetic
(n = 8) rats, we examined responses of cerebral arterioles
to histamine (1 and 10 pmol/L) and nitroglycerin (1 and
10 pmol/L). In addition, in the nondiabetic rats, we
determined the role of nitric oxide in histamine-induced
changes in pial arteriolar diameter by examining
responses before and during a continuous topical applica-
tion of L-NMMA (10 pmol/L).

Statistical analysis

Data are presented as means & SE. Analysis of variance
(ANOVA) with Fisher’s test for significance was used to
compare differences in clearance of FITC-dextran-10K at
the various time points between the groups of animals.
Baseline diameter of pial arterioles, responses of pial arteri-
oles to histamine, body weight, blood glucose concentration,
and mean arterial blood pressure between nondiabetic and
diabetic rats were compared using unpaired #-tests. A paired
t-test was used to compare responses of pial arterioles
to histamine before and during application of L-NMMA.
A P-value of 0.05 or less was considered to be significant.

Results

Baseline conditions

Mean arterial blood pressure and baseline diameter of
cerebral arterioles were similar in nondiabetic and dia-
betic rats (Table 1). Blood glucose concentration was
higher and body weight was lower in diabetic compared
to nondiabetic rats (Table 1).

Basal permeability of BBB

In nondiabetic rats, clearance of FITC-dextran-10K over
the experimental time frame remained modest (Fig. 1).
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Table 1. Mean arterial pressure, baseline diameter of cerebral
arterioles, blood glucose concentration and body weight in nondi-
abetic and diabetic rats.

Nondiabetic Diabetic
Mean arterial pressure (mmHg) 107 + 4 109 + 7
Baseline diameter (microns) 44 £ 2 46 £ 3
Blood glucose (mg/dL) 17 + 3 506 + 25%
Body weight (grams) 356 + 11 288 + 17*
Values are means + SE.
*P < 0.05 versus nondiabetic rats.
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Figure 1. Clearance of FITC-dextran-10K at various time intervals
in nondiabetic (open bars) and diabetic (closed bars) rats under
basal conditions. Intravenous infusion of FITC-dextran-10K was
started at time O (not shown) and continued for the duration of the
experimental protocol. Arrow indicates starting the superfusion
with vehicle (saline; time = 72 min after starting intravenous
infusion of FITC-dextran-10K). Values are means + SE. *P < 0.05
versus diabetic rats.

In contrast, clearance of FITC-dextran-10K in diabetic
rats steadily increased over the experimental period, and
was greater than that observed in nondiabetic rats at
various time points during the experimental period
(Fig. 1). Thus, basal permeability of the BBB is increased
by T1D.

Permeability of the BBB in response to
histamine

Histamine produced an increase in the clearance of
FITC-dextran-10K from the cerebral microcirculation in
nondiabetic rats (Fig. 2), and the clearance of FITC-
dextran-10K remained elevated at all time points during
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Figure 2. Clearance of FITC-dextran-10K in nondiabetic rats during
superfusion with vehicle (saline) (open bars) or histamine (hatched
bars). Intravenous infusion of FITC-dextran-10K was started at time
0 (not shown) and continued for the duration of the experimental
protocol. Arrow indicates starting the superfusion with histamine
(10 pmol/L; time = 72 min after starting intravenous infusion of
FITC-dextran-10K). Values are means 4 SE. *P < 0.05 versus
response during superfusion with vehicle.

the superfusion with histamine when compared with
superfusion with vehicle (Fig. 2). In contrast, superfusion
with histamine in diabetic rats did not increase the clear-
ance of FITC-dextran-10K from the cerebral microcircula-
tion above that seen with superfusion with vehicle
(Fig. 3). Thus, it appears that T1D impairs histamine-
induced increases in permeability of the BBB.

Responses of cerebral arterioles

Histamine and nitroglycerin produced dose-related dila-
tion of cerebral arterioles in nondiabetic and diabetic rats
(Fig. 4). However, the magnitude of vasodilation in
response to histamine was less in diabetic compared to
nondiabetic rats. Histamine (1 and 10 pmol/L) dilated
cerebral arterioles by 18 + 2% and 53 £ 7%, respectively
in nondiabetic rats, but by only 6 £ 1% and 20 £ 3%,
respectively in diabetic rats. In contrast, nitroglycerin pro-
duced similar dose-related dilation of cerebral arterioles
in nondiabetic and diabetic rats (Fig. 4). Topical applica-
tion of L-NMMA (10 umol/L) to the cerebral microcircu-
lation produced a small, but significant constriction of
cerebral arterioles in nondiabetic rats (9 & 1%). Dilation
of cerebral arterioles in response to histamine (1.0 pmol/
L) was significantly decreased by L-NMMA (18 £ 1%
before vs. 3 + 1% during L-NMMA), while responses to
nitroglycerin were not altered by L-NMMA (23 £ 3%
before vs. 23 £ 2% during L-NMMA). Thus, dilation of
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Figure 3. Clearance of FITC-dextran-10K in diabetic rats during
superfusion with vehicle (saline) (closed bars) or histamine (hatched
bars). Intravenous infusion of FITC-dextran-10K was started at time
0 (not shown) and continued for the duration of the experimental
protocol. Arrow indicates starting the superfusion with histamine
(10 umol/L; time = 72 min after starting intravenous infusion of
FITC-dextran-10K). Values are means + SE.

cerebral arterioles in response to histamine appears to be
related to the synthesis/release of nitric oxide, presumably
via activation of eNOS, and T1D impairs responses of
cerebral arterioles to histamine.

Discussion

There are four findings from this study. First, there was
an increase in basal permeability of the BBB in T1D rats
compared to nondiabetics. Second, superfusion of the
cerebral microcirculation with histamine produced an
increase in permeability of the BBB in nondiabetic, but
not in diabetic rats. Third, dilation of cerebral arterioles
in response to histamine was less in diabetic versus non-
diabetic rats. Fourth, dilation of cerebral arterioles in
response to histamine was dependent, in part, upon the
synthesis/release of nitric oxide. These findings suggest
that T1D can influence two critical aspects of endothelial
cell function during physiologic and pathophysiologic
conditions, i.e., reactivity of cerebral arterioles and per-
meability of the BBB.

Permeability of the BBB

We used a well-established methodology to evaluate basal
and histamine-induced changes in permeability of the
BBB (Mayhan and Heistad 1985, 1986; Mayhan 1996).
No leakage of FITC-dextran-10K was observed from dura,
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Figure 4. Responses of cerebral arterioles to histamine and
nitroglycerin in nondiabetic (open bars) and diabetic (closed bars)
rats. Values are means + SE. *P < 0.05 versus diabetic rats.

skin, or bone during suffusion with vehicle or histamine,
and we suggest that the clearance of FITC-dextran-10K
represents alterations in permeability that occur in cere-
bral microvessels exposed by the craniotomy in nondia-
betic and diabetic rats.

Several studies have examined the effects of T1D on
basal permeability of the BBB, but the findings have been
mixed. A few investigators have shown that short-term
(2 weeks) and long-term (>4 weeks) T1D did not pro-
duce any discernible increase in basal permeability of the
BBB to large and small molecules (Jakobsen et al. 1978;
Ennis and Betz 1986; Knudsen et al. 1986; Lorenzi et al.
1986). Others, however, have shown that short-term and
long-term T1D increases basal permeability of the BBB to
large and small molecules (Stauber et al. 1981; Oztas and
Kucuk 1987; Huber et al. 2006; Reeson et al. 2015). Using
the cranial window technique, we also (Mayhan 1990)
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found that the clearance of FITC-albumin from the cere-
bral microcirculation and the number of venular leaky
sites were modestly elevated in diabetic (3-5 months)
when compared to nondiabetic rats. The discrepancy
between studies regarding an influence of T1D on basal
permeability of the BBB is not entirely clear, but the
diversity in the findings certainly emphasizes the need for
more studies to examine the regional characteristics of
the BBB during health and disease. In this study, we
found that the permeability of the BBB to a low-molecu-
lar weight tracer (FITC-dextran-10K) was elevated in dia-
betic rats. The cellular pathway, i.e., transcellular and/or
paracellular, by which T1D can influence the basal perme-
ability of the BBB is not entirely clear from this study.
However, others have shown that tight junctional proteins
(occludin and ZO-1) are decreased in experimental mod-
els of diabetes (Chehade et al. 2002; Hawkins et al. 2007).
Thus, it is likely that a breakdown in tight junctional pro-
teins could account for the increase in basal permeability
of the BBB. Given that there appears to be a correlation
between increased permeability of the BBB and neurologi-
cal deficits (Starr et al. 2003), and that T1D appears to
produce an increase in basal permeability of the BBB, it is
conceivable that the increase in permeability could con-
tribute to the pathogenesis of many CNS-associated dis-
eases in which an increase in BBB permeability is
observed, including stroke, Alzheimer’s disease, epilepsy,
and multiple sclerosis. In any event, our findings suggest
that T1D produces a profound and diverse influence on
an important aspect of endothelial cell function in the
brain, i.e., regulation of basal permeability of the BBB.
We also examined whether histamine could produce an
increase in permeability of the BBB in nondiabetic and
diabetic rats. The rationale for these studies is based upon
previous studies that have shown that T1D impairs
eNOS-dependent dilation of cerebral arterioles to impor-
tant vasoactive agonists, including histamine (Ayajiki
et al. 1992; Arrick et al. 2007a). Given that the primary
site of disruption of the BBB is in venules and veins
(Mayhan and Heistad 1985) and that nitric oxide is
important in histamine-induced changes in permeability
of the BBB (Mayhan 1996), we wondered whether T1D
could impair these important aspects of endothelial cell
function that involved both arterioles (reactivity) and
venules (permeability). Many investigators have examined
the influence of histamine on the BBB, but most of these
studies have concentrated on an examination of the BBB
in control animal models, and few, if any, have examined
the permeability of the BBB during T1D. For the most
part, studies have shown that stimulation with histamine
produces an opening of the BBB in cell culture models
and in animal models (Gross et al. 1982; Olesen 1987;
Butt and Jones 1992; Revest et al. 1994; Schilling and
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Wahl 1994). In addition, it appears that histamine acts
via both H1 and H2 receptors to induce changes in per-
meability of the BBB via activation of cAMP (Joo et al.
1975; Schilling and Wahl 1994). The cellular route for
changes in permeability of the BBB in response to his-
tamine is not entirely clear. Although early studies using
peripheral blood vessels have shown that histamine pro-
duces an increase in permeability via a paracellular route
(contraction of adjacent endothelial cells) (Majno and
Palade 1961a,b), others (Joo et al. 1975) have speculated
that as histamine may activate cAMP in cerebral vessels,
changes in permeability in response to histamine may
occur via a transcellular (vesicular) route. In this study,
we found that topical application of histamine produced
an increase in permeability of the BBB in nondiabetic
rats, but did not alter the permeability of the BBB in dia-
betic rats. Using our in vivo approach, we are not able to
determine the route by which histamine increased the
permeability of the BBB in nondiabetic rats. Our finding
that histamine did not increase the permeability of the
BBB in T1D was a bit surprising given that others (Yuan
et al. 2014) have shown that the permeability characteris-
tics of peripheral blood vessels in response to inflamma-
tory mediators are greater in T1D. As basal permeability
was increased, and presumably pathways that contributed
to this increase would be more susceptible in T1D, we
considered the possibility that histamine would produce a
greater increase in permeability in diabetic than in nondi-
abetic rats. However, this was not the case. There are sev-
eral possible explanations for this finding. First, it may
relate to differences between vascular beds, i.e., responses
in the mesentery during T1D may be different from that
for the brain. Second, a teleological explanation might
relate to the brain being enclosed in rigid structure, and
further change in permeability in T1D in response to
inflammatory mediators would be extremely detrimental
to brain function. Third, it is conceivable that the
increase in basal permeability observed in diabetic rats
may be related to elevated levels of histamine in the
plasma and/or brain tissue as reported by others (Hollis
et al. 1985; Gill et al. 1988, 1989), and further stimulation
with exogenous histamine would not produce an addi-
tional change in permeability. Fourth, it is conceivable
that impairment in nitric oxide synthase-dependent
mechanisms and/or elevations in oxidative stress during
T1D impair the ability of the cerebral endothelium to
respond to histamine and produce a further increase in
permeability of the BBB. Fifth, it is conceivable that
changes in permeability in response to histamine may not
be directed at the endothelium, but may involve other
cellular elements and that T1D impairs the ability of these
cells to regulate the permeability of the BBB. Evidences
suggests that T1D also produces alterations in microglia,
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neurons, and astrocytes (Mukai et al. 1980; Revsin et al.
2005; Currais et al. 2012; Jing et al. 2013; Hu et al. 2015),
and as the cell types may also influence permeability of
the BBB (Abbott et al. 2010), it is possible that alterations
in these cell types may inhibit/prevent agonist-induced
changes in permeability of the BBB. Thus, although the
precise mechanism is not clear, our findings suggest that
histamine-induced changes in permeability of the BBB are
less in T1D.

Reactivity of cerebral arterioles

To determine whether T1D impaired another important
aspect of endothelial cell function, we examined responses
of cerebral arterioles to topical application of histamine
in nondiabetic and diabetic rats. We also examined the
role of nitric oxide in histamine-induced dilation of cere-
bral arterioles by testing response to histamine before and
after treatment with L-NMMA. First, we found that T1D
impaired dilation of cerebral arterioles in response to his-
tamine, but not to nitroglycerin. Several studies, including
studies from our laboratory, have shown that eNOS- and
nNOS-dependent responses of cerebral arterioles are
impaired by T1D via mechanisms that appear to favor
oxidant-producing over antioxidant-protecting pathways
(Mayhan 1989; Mayhan et al. 2006; Arrick et al. 2007a,b;
Faraci 2011; Drummond and Sobey 2014). In addition, it
appears that histamine dilates cerebral arterioles via the
synthesis/release of nitric oxide, presumably via activation
of eNOS (Ayajiki et al. 1992; Karagiannis et al. 2003;
Arrick et al. 2007a). Thus, it appears that T1D produces
selective impairment of endothelium-dependent responses
in cerebral arterioles.

In summary, to our knowledge, this is the first study to
examine the effects of T1D on two important aspects of
endothelial cell function in cerebral venules and arterioles,
i.e., regulation of basal and agonist-induced changes in
permeability of the BBB, and regulation of vasodilation.
We found that T1D increased basal permeability of the
BBB, but impaired the ability of histamine to increase the
permeability of the BBB. We also found that histamine-
induced dilation of cerebral arterioles was dependent
upon the synthesis/release of nitric oxide and that T1D
impaired histamine-induced dilation of cerebral arterioles.
Taken together, these findings suggest that T1D impairs
two critical aspects of endothelial cell function in cerebral
venules and arterioles, i.e., regulation of basal and ago-
nist-induced changes in permeability of the BBB, and reg-
ulation of vasodilation. Given that there appears to be a
correlation between alterations in permeability of the BBB
and neurological deficits, it is conceivable that the
increases in basal permeability and/or lack of ability to
respond to agonists that increase the permeability of the
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BBB may have important implications to the pathogenesis
of many CNS-associated diseases, including stroke, Alz-
heimer’s disease, epilepsy, and multiple sclerosis.
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