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Abstract
Background and Objective—Diabetes predisposes to periodontal disease. However, the
cellular and molecular mechanisms linking the two conditions are not clear. The impact of chronic
hyperglycemia on leukocyte margination and macromolecule extravasation was determined in
gingival vessels in vivo.

Materials and Methods—Gingival intravital microscopy was employed to measure
extravasation of fluorescein isothiocyanate (FITC)–dextran in diabetic Akita and healthy wild-
type (WT) mice. Rhodamine 6G and FITC–LY6G were injected for nonspecific and
polymorphonuclear-specific leukocyte labeling, respectively. Surface expression of leukocyte
adhesion molecules was determined with flow cytometry and western blotting.

Results—Vascular permeability was significantly increased in Akita gingival vessels compared
with WT [permeability index (PI): WT, 0.75 ± 0.05; Akita, 1.1 ± 0.03: p < 0.05). Wild-type
gingival vessels reached comparable permeability 2 h after intragingival injection of tumor
necrosis factor α (TNFα), used here as positive control (PI, 1.17 ± 0.16). The number of rolling
leukocytes was significantly elevated in diabetic gingiva (WT, 25 ± 3.7 cells/min; Akita, 42 ± 8.5
cells/min; p < 0.03). Similar rolling cell counts were obtained in WT after intragingival injection
of TNFα (10 ng TNFα, 47 ± 1.3 cells/min; 100 ng TNFα, 57.5 ± 5.85 cells/min). The number of
leukocytes firmly attached to the endothelium was similar in WT and Akita mice. Leukocyte cell-
surface expression of P-selectin glycoprotein ligand-1 and CD11a was increased in Akita mice,
while L-selectin remained unchanged when compared with WT. Moreover, P-selectin expression
in Akita gingival tissues was elevated compared with that of WT.

Conclusion—Chronic hyperglycemia induces a proinflammatory state in the gingival
microcirculation characterized by increased vascular permeability, and leukocyte and endothelial
cell activation. Leukocyte-induced microvascular damage, in turn, may contribute to periodontal
tissue damage in diabetes.
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Diabetes and chronic periodontal disease exhibit a bidirectional relationship centered on an
enhanced inflammatory response manifested both locally and systemically. The severity and
progression of periodontal tissue destruction in such conditions has been attributed to both
bacterial and host contributions (1–6). Several studies have examined the impact of chronic
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hyperglycemia on periodontal structures and have demonstrated an enhanced innate
inflammatory response leading to microvascular damage, extracellular matrix degradation
and periodontal bone loss (5–9). Even though numerous epidemiological studies have
confirmed that diabetes is a significant risk factor for periodontal disease, especially when
poorly controlled, the mechanisms that link the two diseases are not fully understood.

In vivo examination of leukocyte behavior in postcapillary venules is essential for
understanding the patho-biology of conditions associated with abnormal inflammatory
responses such as Alzheimer’s disease, inflammatory bowel disease, ischemia–reperfusion
injury and diabetic complications, including periodontal disease (10,11). Development of
accurate assessment technologies and reproducible methodologies to understand these
spatial and temporal relationships in vivo has increased in recent years.

In order to characterize intravascular cell–cell interactions, new in vitro preparations, such
as three-dimensional collagen gel matrices, monolayers of endothelial cells bathed with
flowing solutions to mimic forces experienced by cells in vivo, and clusters of re-aggregated
tissue fragments, have been developed. (12). Although they offer many advantages over
previous assays, these models still lack intact blood and lymphatic vessels, which makes
them unsuitable for investigation of leukocyte trafficking. Optical techniques offer cellular
and even subcellular levels of resolution without ex vivo cell manipulation. Real-time
imaging offers a powerful diagnostic tool for the evaluation of both endothelial cell and
leukocyte functions in living organisms. Fluorescence video-microscopy using leukocyte-
labeling dyes has been previously used to evaluate leukocyte behavior in vivo (12–17).

Gingival intravital microscopy is a noninvasive alternative that requires no surgical
preparation to access the microvasculature, thereby eliminating false positive results due to
surgical trauma and exposure of tissues to the outer environment. Furthermore, the
preparation time is reduced and this eliminates sensitive steps that can introduce variability
and make the technique less reproducible. The gingival marginal tissue in the labial
mandibular interincisal area offers the advantage of superficially located postcapillary
venules within a thin structure that can be easily observed using classic optical microscopic
techniques combined with epifluorescence.

Mouse models for human diabetes have been used to understand the complex impact of
prediabetic metabolic changes and chronic hyperglycemia on specific tissues in vivo. The
Akita mouse is a model of type 1 diabetes with early-onset hyperglycemia. It is a
heterozygote carrier of a missense point mutation in the Ins2 gene (C96Y), leading to
synthesis of an abnormal pro-insulin peptide that progressively induces proteotoxicity and
endoplasmic reticulum (ER) stress in the pancreatic β-cells, eventually leading to their
apoptosis and hypoinsulinemia. Akita mice develop hyperglycemia as early as 4 wk of age.
Males develop polyuria, polydipsia, polyphagia and neurological deficiencies at 8 wk of age
(18,19) and show the first signs of nephropathy and retinopathy at 12 wk. The advantage of
the Akita mouse over other models of diabetes is consistent high blood glucose levels
without the complicating factors of obesity and autoimmune response against β-cells.

Leukocyte pre-activation or priming by diabetes has been demonstrated (20); however, the
molecular mechanism by which chronic hyperglycemia leads to leukocyte activation is not
known. The first step in leukocyte recruitment at sites of inflammation is mediated by
selectins. The leukocyte cell surface ligand P-selectin glycoprotein ligand-1 (PSGL-1 or
CD162) binds P-selectin (CD62P) on the surface of endothelial cells, leading to leukocyte
rolling along endothelial surfaces. L-Selectin (CD62L) on leukocytes also contributes to
neutrophil recruitment once initiated by P-selectin, although this may be primarily mediated
by a ligand different from PSGL-1 (21). A recent review summarizes the roles of PSGL-1 in
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both margination and activation of leukocytes (22). Most importantly, the binding of P-
selectin to PSGL-1 is absolutely required for activation of β2-integrins on leukocytes,
notably LFA1 (CD11a/CD18), for slow rolling and attachment to endothelial cells (23).

The aim of the present study was to evaluate the impact of chronic hyperglycemia on early
inflammatory vascular dynamics and leukocyte–endothelial cell interactions in the gingiva
and to elucidate diabetes-induced changes in cell-surface molecules responsible for initiating
leukocyte– endothelial adhesion. Since microvascular damage is a key step in the onset of
diabetic complications, defining leukocyte–endothelial interactions in conditions of chronic
hyperglycemia will further our understanding of periodontal inflammation in diabetes.

Material and methods
Mice and reagents

Akita mice on a C57BL/6 wild type (WT) background were obtained from Jackson
Laboratories (Bar Harbor, ME, USA), aged 4–6 wk. Heterozygote Akita males and
WTC57BL/6 females were bred in-house in a barrier facility and studied according to
institutional and NIH guidelines. Adult mice (age 8–10 wk) of both sexes were used in
experiments. All mouse experiments were in conformity with the standards of the Public
Health Service Policy on Humane Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of Boston University. Mice were fed
standard laboratory chow and water ad libitum. Offspring were genotyped using ear samples
that were further processed for PCR analysis. Hyperglycemic phenotype was confirmed by
blood glucose measurement using a digital glucose meter (Accu-Check; Roche Diagnostics,
Indianapolis, IN, USA).

Rhodamine 6G (R6G; Molecular Probes; Invitrogen, Carlsbad, CA, USA), fluorescein
isothiocyanate–dextran (FITC–dextran; molecular weight, 150 kDa), Wright-Giemsa,
zymosan A solution (Sigma-Aldrich, St. Louis, MO, USA), FITC-anti-LY6G, anti-PSGL1,
anti-CD11a antibodies (BD Biosciences, San Jose, CA, USA), anti-P-selectin, anti-L-
selectin antibodies (Santa Cruz, CA, USA) ketamine, xylazine, isoflurane, tumor necrosis
factor α (TNFα; Roche Diagnostics), sterile saline solution (0.9% NaCl), phosphate-
buffered saline (PBS; Invitrogen Life Technologies, Carlsbad, CA, USA), Bradford protein
assay (Bio-Rad, Hercules, CA, USA), 5–0 silk surgical suture (Benco Dental, Pittston, PA,
USA), FACScan flow cytometer and Cell Quest computer Software (Becton-Dickinson,
Franklin Lakes, NJ, USA), FITC and tetramethylrhodamine isothiocyanate (TRITC) filter
sets (Chroma Technology, Rockingham, VT, USA), luminal-enhanced chemiluminescence
detection reagent (Cell Signaling Technology, Danvers, MA, USA), Zeiss Axiovert 200
inverted epifluorescent microscope equipped with a Sony DFW-X700 digital video camera,
Sonycap (Sony Corporation, Tokyo, Japan) and Olympus MicroSuite software were
obtained commercially, as indicated.

Intravital microscopy
Four- to 6-wk-old male mice weighing 20–25 g received 10 μL TNFα at different
concentrations (1 or 10 μg/mL) intragingivally, between the two lower incisors, on the labial
side of the alveolar process under brief isoflurane anesthesia.

One and a half hours later, mice were placed under a heating lamp for 20 min to induce
vasodilatation, and then anesthetized with a mixture of ketamine (100 mg/kg body weight)
and xylazine (10 mg/kg body weight) intraperitoneally. Body temperature was monitored
with a rectal thermal probe. A 50 μL bolus of labeled fluorescent molecules (FITC–dextran
+ R6G or FITC–LY6G + R6G) in PBS was injected intravenously via one of the two side
tail veins. A 5–0 silk suture was placed into the lower lip for retraction during microscopic
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visualization of labial interincisal gingival, and the mouse was transferred onto a glass
support plate and viewed under the inverted microscope. Gingival moisture was maintained
with PBS at all times during the microscopic analysis. Single unbranched postcapillary
venules (20–40 μm diameter, > 100 μm length) were selected for analysis. Pictures were
captured, and several 30 s videos were recorded under the TRITC filter using ×40
magnification. At the end of the experiment mice were sacrificed with CO2 according to the
guideline of IACUC.

Vascular permeability
Micovascular permeability was measured using an approach published previously (24,25)
with minor modifications based on the assumption of minimal plasma clearance of the tracer
molecule in the interval between its intravenous administration and microscopic assessment.
Thus, the initial fluorescence of the solute filling the vessel lumen and the plasma clearance
constant for FITC–dextran (molecular weight 150 kDa) was not taken into account for
calculation of permeability index (PI). We measured the initial change in fluorescence
intensity as the solute moved across the vessel wall. Permeability was assessed on pictures
taken under the green filter within 30 min after tracer molecule (FITC– dextran, 6 mg/kg)
injection by calculating the green fluorescence intensity ratio in the extravascular (EV) vs.
intravascular (IV) compartment. The average green intensity of 20 randomly selected pixels
in the perivascular area within a 100 μm2 area on each side of the vessel wall was calculated
to determine the EV value. The same rule was applied for the intravascular compartment
over 100 μm vessel length to determine the IV value. The PI was expressed as a ratio: PI =
EV/IV, where EV and IV represent mean green intensity values for each compartment.
Ratios were normalized to those of WT control animals, with higher values indicating an
increase in FITC–dextran extravasation. (Fig. 1A,B).

Leukocyte margination
A 50 μL mixture of FITC–dextran (6 mg/kg, vasculature visualization) and rhodamine 6G
(0.15 mg/kg, leukocyte in vivo labeling) in PBS were injected intravenously via one of the
two side tail veins, and 30 s videos were recorded under the TRITC filter at ×40
magnification. Rolling and attached leukocytes were counted on the recorded videos. A 100
μm length of vessel was visualized, and cells moving along the vessel wall were considered
rolling, while those that remained stationary for the 30 s observation period were considered
attached (Fig. 1C).

To differentiate rolling and attached polymorphonuclear leukocytes (PMNs) from other
leukocytes in vivo, a 50 μL mixture of FITC–LY6G (0.02 mg/kg, for PMN labeling) and
R6G (0.15 mg/kg, for nonspecific leukocyte labeling) was injected via one tail vein. The
merged pictures taken under the red and green filters show attached PMNs in yellow and
rolling PMNs in green. The red-labeled cells indicate rolling leukocytes (Fig. 1D).

Isolated leukocytes from peritoneal cavity for fluorescence-activated cell sorting (FACS)
analysis

Mice were injected intraperitoneally with 1 mL of zymosan A solution (1 mg/mL in PBS).
Mice were killed after 2 h, and the abdominal skin was retracted to expose the abdominal
muscles. Using a 22 gauge needle, 5 mL of sterile PBS was injected into the peritoneal
cavity and then withdrawn to collect abdominal lavage fluid. Peritoneal leukocytes were
centrifuged at 200 g for 10 min at room temperature, and cells were further washed with
1×PBS and centrifuged again as described above. Viable cells were counted in a
hemocytometer using trypan blue exclusion and then resuspended to 106 cells/100 μL in
cold FACS buffer (5% fetal bovine serum in PBS). Cells were incubated for 30 min in the
dark with phycoerythrin (PE)- conjugated antibodies against PSGL-1, L-selectin and CD11a
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at 4°C. Cells were washed once in FACS buffer, pelleted by centrifugation (200 g for 5 min
at 4°C) resuspended in PBS, and fixed by adding 10% formalin in PBS. Flow cytometry was
used to determine cell surface expression of the two target molecules. All flow cytometric
data acquisition was performed on a FACScan flow cytometer. At least 10 000 events were
collected per sample in all experiments. Data analysis was conducted using Cell Quest
computer Software.

Western blotting
Under brief isoflurane anesthesia, gingival inflammation was induced in WT and Akita mice
by injecting TNFα (100 ng) in PBS into each quadrant of the maxilla and mandible.
Phosphate-buffered saline alone served as the control. Two hours later, mice were killed,
and gingival tissue and blood were collected. Gingival tissue was homogenized using a
mortar and pestle in liquid nitrogen. Lysis buffer was added to the tissues homogenate.
Protein concentration was measured with the Bradford protein assay. Gingival protein
extracts were boiled in Laemmle sample buffer, and 60 μg per lane were loaded on a 6%
sodium dodecyl sulfate-polyacrylamide gel and electrophoresed at 120 V for 1 h. Proteins
were transferred to a polyvinylidene fluoride membrane and incubated overnight with P-
selectin antibody (1:200 dilution). Secondary antibody was applied for 2 h (1:5000 dilution).
Protein bands were visualized with luminal-enhanced chemiluminescence detection reagent
followed by autoradiography. Selectin levels were expressed as relative band intensity as
determined by densitometry.

Statistical analysis
Student’s unpaired t-test was used to compare measurements between WT and Akita mice.
Flow cytometry data were analyzed using WinMDI 2.8 software, and mean fluorescence
intensity values for WT and Akita cells were compared using Student’s unpaired t-test.
Values of p < 0.05 were considered statistically significant.

Results
Chronic hyperglycemia increases gingival vascular permeability

Vascular permeability in gingival postcapillary venules was measured using intravital
microscopy 30 min after intravenous injection of FITC–dextran (6 mg/kg body weight).
Fluorescence signal intensity measurement in intravascular and extravascular compartments
revealed an increase in vascular permeability for large molecules in Akita mice compared
with WT (Fig. 1A,B). Similar levels of vascular permeability can be induced in WT mice in
2 h after intragingival injection of 10 ng TNFα (Fig. 2).

Leukocyte rolling is increased in Akita gingival postcapillary venules
Circulating leukocytes were labeled intravenously by injecting R6G, a fluorescent dye that
was shown to specifically stain white blood cells and platelets with no effect on leukocyte
kinetics (26–28). The Ly6G surface antigen was used as a PMN-specific marker and stained
with an FITC-bound anti-LY6G antibody as mentioned in the Material and methods section.
The number of rolling leukocytes along the gingival endothelium of Akita mice was
significantly increased compared with WT (WT, 25 ± 3.7 cells/min; Akita, 42 ± 8.5 cells/
min; n = 4; p < 0.05). This rolling rate is comparable to what is observed in the 10 ng
TNFα-injected WT mice (Fig. 3). The number of attached leukocytes, defined as R6G-
positive cells that do not move in the 30 s observation period, was not significantly different
between WT, Akita and WT+TNFα-injected mice (WT, 3.5 ± 5.1 cells/min; Akita, 0.66 ±
0.53 cells/min; WT+TNFα, 2.9 ± 0.33 cells/min). Double labeling with FITC–LY6G/R6G
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indicated that the majority of attached leukocytes under TNFα stimulation are PMNs (Fig.
1C).

Chronic hyperglycemia enhances surface expression of adhesion molecules in leukocytes
and endothelial cells

Flow cytometric analysis of leukocyte adhesion molecules was performed on zymosan A-
elicited peritoneal leukocytes from WT and Akita mice. A marked increase of PSGL-1 was
found in Akita leukocytes (Fig. 4A). In contrast, L-selectin levels were unchanged (Fig. 4B).
Cell surface expression of the integrin subunit CD11a was elevated in Akita leukocytes (Fig.
4C). Endothelial expression of P-selectin was measured on protein extracts of gingival
samples using western blotting. Akita gingival tissues expressed significantly more P-
selectin compared with WT gingiva (Fig. 4D).

Discussion
The present study demonstrates that chronic hyperglycemia creates a microvascular
environment in the gingiva that is in many aspects comparable to acute inflammation,
including increased vascular permeability, increased leukocyte adhesion molecule
expression and enhanced leukocyte rolling. A proinflammatory state is a well-established
factor in the development of periodontal disease. The observation that hyperglycemia by
itself, in the absence of additional inflammatory signals, promotes a proinflammatory
environment indicates that diabetes is an independent risk factor for the development of
periodontal disease (29–34).

One of the earliest events in inflammation is progressive vascular permeability for small
molecules and later on for macromolecules, leading to osmotic changes and eventually
edema. We measured vascular permeability changes under proinflammatory stimulation and
in chronic hyperglycemia by comparing the outside–inside distribution of the tracer
molecule (FITC–dextran) in nontreated Akita mice and intragingival TNFα-treated WT
mice with healthy WT control animals. The results indicated a significant increase in
gingival microvascular permeability for macromolecules in conditions of chronic
hyperglycemia similar to an acute low-dose TNFα-induced gingival inflammation. Another
study has reported increased microvascular permeability for FITC– dextran in a type 2
diabetes mouse model. Interestingly, the same study reports elevated serum levels of TNFα
(9). The switch from a proinflammatory state mediated by TNFα to resolution of
inflammation is essential for restoration of tissue homeostasis and prevention of chronic
inflammation. There is growing evidence that periodontal disease involves a failure of
resolution mechanisms to restore homeostasis (35).

Furthermore, we showed that PSGL-1 is overexpressed on the leukocyte surface of diabetic
mice, while P-selectin expression in gingival endothelial cells is significantly increased in
Akita compared with WT mice, indicating that hyperglycemia itself activates both
leukocytes and endothelial cells. These findings correlate with our observation of increased
leukocyte rolling along gingival microvessels in Akita mice, suggesting that a mechanism
for a hyperglycemia-induced low level of gingival inflammation in diabetes may be the
upregulation of adhesion molecules on both cell types. Our results indicate increased rolling
and elevated CD11a surface expression in Akita gingival vessels but not increased firm
attachment. This apparent discrepancy may be due to the fact that CD11a mediates firm
attachment only when coupled with CD18, and the resulting integrin molecule LFA1 is in
high-affinity conformation.

In order to control the level of inflammation and promote resolution, we need to clearly
identify the molecular mechanisms that trigger the inflammatory response. In recent years,
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extensive research has been conducted to understand the sequence of events and the
connection between diabetes and inflammation (2,36–38). Hypertension and type 2 diabetes
correlate in a systemic context marked by increased insulin resistance and elevated levels of
high-sensitivity C-rective protein, which predict development of the metabolic syndrome. A
recent study has reported significant microvascular alterations and increased leukocyte–
endothelial cell interactions in UCP1/DTA prediabetic mice. This suggests phenotypic
changes in leukocytes and endothelial cells early in the development of type 2 diabetes in
the context of impaired glucose tolerance, obesity and dyslipidemia (39).

Chronic hyperglycemia itself induces low-grade inflammation via AGE– RAGE interactions
(advanced glycation end-products and their receptors), which lead to induction of reactive
oxygen species release by leukocytes and the upregulation of proinflammatory mediators
and adhesion molecules (40–42). Based on in vitro flow chamber experiments, nuclear
factor-κB and protein kinase C have been proposed to mediate leukocyte adhesion induced
by hyperglycemia (43). Furthermore, impaired chemotaxis (44,45) and adherence (46,47) of
neutrophils and delayed apoptosis have been reported in diabetic patients (8,48). Leukocyte–
endothelial cell interactions have also been correlated with microvascular permeability
increase indirectly via upregulation of intercellular adhesion molecule (ICAM-1) on
endothelial cells (25) and directly via release of lytic factors that damage endothelial cells
(49). These complex spatiotemporal correlations still remain to be investigated. We show in
this study that chronic hyperglycemia induces overexpression of adhesion molecules in
endothelial cells (P-selectin) and leukocytes (PSGL-1). The upregulation of P-selectin and
its ligand PSGL-1 are prerequisites for leukocyte rolling and capture by endothelial cells
(50). Furthermore, the CD11a part of LFA1 leukocyte-specific β2-integrin, which binds
endothelial ICAM-1, leading to firm attachment prior to transmigration, was increased in
Akita mice. This suggests that chronic hyperglycemia alters the leukocyte–endothelial cell
interactions to favor increased rolling along gingival venules. Further, leukocyte surface
overexpression of CD11a may explain in part the increased vascular permeability in Akita
mice, considering its interaction with endothelial ICAM-1 and subsequent reorganization of
the cytoskeleton and endothelial junctions. A recent study on the role of the cytoplasmic
domain of PSGL-1 in leukocyte activation clearly showed that it mediates LFA1 activation
via outside–in activation, thus indicating that increased P-selectin– PSGL-1 interaction may
influence the endothelial cell cytoskeleton, with direct consequences for vascular
permeability (23).

Taking a close look at these specific cell–cell interactions and their outcome in vivo is
indispensable for validating and interpreting their meaning in the context of chronic
diseases. The intravital microscopy technique for gingival microvascular visualization can
be a useful tool for in vivo assessment of leukocyte–endothelial cell interactions and early
events of the innate immune response to periodontal pathogens. Gingival video-microscopy
gives further insight into the specificity of the inflammatory events in the oral cavity. By
combining fluorescent labeling with gingival microscopy, we could identify the behavior of
specific leukocyte subtypes during recruitment at sites of inflammation. Based on
phenotypic features of different organs, these events are highly tissue specific, although they
are part of the ‘nonspecific’ innate immune response (51). We were able to show that the
gingival microvascular environment is changed in hyperglycemic conditions to favor a
proinflammatory state (Fig. 5).

Overall, the present study shows a direct relationship between chronic hyperglycemia,
increased leukocyte margination and macromolecule extravasation along gingival
postcapillary venules in vivo. This chronic proinflammatory state induced by high blood
glucose may contribute to the increased rate and severity of periodontal disease observed in
people with diabetes.
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Fig. 1.
In vivo assessment of gingival vascular permeability and leukocyte margination. Rhodamine
6G (R6G; leukocyte labeling) and FITC– dextran (vasculature visualization and tracer
molecule) or FITC–LY6G (PMN labeling) were injected intravenously, and intravital
microscopy was performed at a controlled body temperature as specified in the Material and
methods section. The black arrows indicate the outer side of the vessel wall. (A) The FITC–
dextran is retained in the gingival vasculature of a WT mouse. (B) Increased FITC–dextran
extravasation in Akita gingiva within the same time period. (C) Rhodamine 6G-positive
leukocytes inside gingival postcapillary venules. The FITC–dextran (green) and R6G (red)
images were merged offline to obtain this picture. (D) Overlapping images of R6G-positive
(red) and LY6G-positive (green) cells indicate that the majority of leukocytes 2 h after
tumor necrosis factor α (TNFα) stimulation are polymorphonuclear leukocytes (PMNs;
yellow). The white arrows indicate intravascular leukocytes as follows: 1,rolling leukocyte
(red); 2, rolling PMN (green); and 3, attached PMN (yellow). Scale bar represents 50 μm;
original magnification ×400.
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Fig. 2.
Microvascular permeability in the gingiva. Wild-type (WT) and Akita mice were injected
with a 50 μL intravenous bolus of FITC–dextran (molecular weight, 150 kDa; 6 mg/kg), and
30 min later pictures were taken under the FITC filter. Tumor necrosis factor α (TNFα; 10
ng) was administered to some WT mice 2 h before the experiment. The permeability index
represents the ratio of extravascular vs. intravascular green fluorescence intensity as
specified in the Material and methods section. Permeability index values were normalized to
WT control values. Results are means + SEM; *p < 0.05; n = 3 in each group.
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Fig. 3.
Leukocyte rolling in gingival venules. Leukocytes were labeled with an intravenous
injection of R6G. A 100 μm segment of a superficial unbranched venule was selected, and
intravital videos were recorded using a rhodamine filter. The number of R6G-labeled cells
rolling along the endothelium was counted during the 30 s observation period. Akita
gingival vessels displayed a significantly higher number of rolling leukocytes than WT.
Stimulation with 10 ng TNFα in WT gingiva 2 h before the experiment resulted in a
comparable elevation in leukocyte rolling. Results are means + SEM; *p < 0.03; n = 4 in
each group.
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Fig. 4.
Leukocyte adhesion molecule expression in chronic hyperglycemia. (A) Flow cytometric
analysis of peritoneal leukocytes showed increased surface expression of PSGL-1 (n = 6).
(B,C) L-Selectin (n = 7) and CD11a (n = 4) expression ws not significantly different
between WT and Akita leukocytes. Black line, WT; gray line, Akita: and black line with
gray shaded area, IgG control. Representative histograms are shown on the left. (D)
Densitometric analysis of P-selectin gingival expression assessed by western blot in Akita
mice relative to WT. Data for P-selectin were normalized to total protein and expressed as a
percentage of WT values (n = 5; *p < 0.05). FL2, orange fluorescence signal channel.
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Fig. 5.
Leukocyte and vascular changes in chronic hyperglycemia. In physiological conditions,
circulating leukocytes are constantly passing through narrow capillaries with smaller
diameters than their own, resulting in direct contact with endothelial cells. This results in
temporary rolling along the inner vessel wall via P-selectin–PSGL-1 interactions. In the
postcapillary segment, they detach and continue circulating (left side, under ‘normal’). High
blood glucose levels and the resulting advanced glycation end-products (AGEs) lead to both
priming of leukocytes and endothelial cell changes which favor longer interaction between
the two. We showed here that P-selectin on endothelial cells and its ligand PSGL-1 on
leukocytes are overexpressed, which may in part explain the observed high rolling rate in
vivo. Prolonged leukocyte–endothelial cell interaction may also promote release of reactive
oxygen species (ROS) by polymorphonuclear leukocytes (PMNs) directly against the vessel
wall by favoring both proximity and cell activation. Furthermore, changes in endothelial cell
phenotype and the basement membrane structure may explain the increased permeability for
large molecules (right side, under ‘diabetes’).
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