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A lone spike in blood glucose can enhance
the thrombo-inflammatory response in
cortical venules
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Abstract

How transient hyperglycemia contributes to cerebro-vascular disease has been a challenge to study under controlled

physiological conditions. We use amplified, ultrashort laser-pulses to physically disrupt brain-venule endothelium at

targeted locations. This vessel disruption is performed in conjunction with transient hyperglycemia from a single injec-

tion of metabolically active D-glucose into healthy mice. The observed real-time responses to laser-induced disruption

include rapid serum extravasation, platelet aggregation, and neutrophil recruitment. Thrombo-inflammation is pharma-

cologically ameliorated by a platelet inhibitor, by a scavenger of reactive oxygen species, and by a nitric oxide donor. As a

control, vessel thrombo-inflammation is significantly reduced in mice injected with metabolically inert L-glucose. Venules

in mice with diabetes show a similar response to laser-induced disruption and damage is reduced by restoration of

normo-glycemia. Our approach provides a controlled method to probe synergies between transient metabolic and

physical vascular perturbations and can reveal new aspects of brain pathophysiology.
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Introduction

Transient hyperglycemia secondary to metabolic demands
and various stressors has been linked to adverse ischemic

stroke outcomes1–3 and long-lasting effects on the patency
of vessels.4 Transient hyperglycemia is not uncommon as

shown5 from glucose monitoring in humans where high
glucose transient spikes can reach prediabetic and even

diabetic levels. These spikes in blood glucose concentra-
tion are variously attributed to rapid, high caloric

intake, endocrine imbalances, and stressors including
inflammation6 and chronic social stress.7

Numerous results in model systems suggest a link

between high glucose and a prothrombotic phenotype.8

The formation of platelet-rich thrombi is initiated, at
least in part, by soluble vascular stress signals such as

thrombin, epinephrine, and adenosine diphosphate,9

as well as by exposure to collagen and laminin compo-

nents of the extracellular matrix of a disrupted vessel.10
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It is suggested that hyperglycemia increases platelet respon-
siveness to such agonists.11 Mechanistically, hyperglycemia
increases production of mitochondrial reactive oxygen spe-
cies (ROS) in primary endothelial cells in vitro12 and the
constellation of ROS mediated pathogenic pathways pro-
vides a basis for the endothelial dysfunction observed in
people with diabetes.13–15 Importantly, blood fluidity is
impacted by ROS through associated depletion of the
vasoactive gaseous transmitter nitric oxide. This gas mol-
ecule is an essential cofactor for vasodilation16 and further
functions as a checkpoint for inhibition of platelet activa-
tion.17 Platelet activation in turn initiates an inflammatory
cascade that is mediated, in part, by neutrophil
recruitment.18

To establish a potential link between a spike in
blood glucose concentration in the blood stream and
a prothrombotic phenotype in vivo, we introduce a new
model of vascular tissue disruption. Our model uses
amplified ultra-short laser pulses targeted to cerebral
veins as a surrogate for injuries that lead to platelet
activation. In their pioneering work, the Furies used
laser induced vascular disruption as a means to track
thrombus formation within the cremaster artery of
anesthetized rats,19 to mimic the pathophysiology of
spontaneous vessel wall tissue disruption that may be
variously triggered by high wall-shear stress,20 infec-
tion,21 and aging.22 Our experimental platform features
the use of focused nonlinear optical excitation for
vessel disruption. Since there is no thermal damage to
the vessel wall23,24 we can precisely induce single vessel
tissue disruption with minimal collateral damage. We
further make use of transcranial imaging to minimize
craniotomy-induced inflammation25 and to preserve
brain homeostasis26 in awake mice. These advances
extend prior use of focused nonlinear optical excitation
to ablate individual blood vessels27,28 and somata29,30

in vivo.
We chose to target cortical cerebral venules for dis-

ruption as the central sinus and venous branches act as
an immune hub, with both innate and adaptive immune
activity31 that may contribute to cerebral venous throm-
bosis. Further, the tree-like topology of pial venules32

allows us to perform injuries of multiple independent
venous segments in single mice with transient hypergly-
cemia. Finally, we are motivated to study CNS throm-
botic events by data that suggests that thrombotic events
are organ specific and peripheral vascular beds are non-
identical to those of the CNS.33–35

Materials and methods

Subjects

All animal procedures were approved by the
Institutional Animal Care and Use Committee

(IACUC) at the University of California, San Diego
(UCSD) and follow or exceed those described in the
United States National Institutes of Health “Guide
for the Care and Use of Laboratory Animals”,
Publication 85–23 (1985). Our subjects were C57BL/
6J wild type, LysM-eGFP, db/db, and STZ treated
mice, all males between age P55 and P75, and all
from The Jackson Laboratory.

Transient hyperglycemia. To transiently modulate blood
sugar, L-glucose (L-glc) or D-glucose (D-glc) (Sigma)
solutions were i.p. injected at 2 gm/kg mouse body
weight, 20% (w/v) in saline, following 18 hours fast,
30minutes prior to the laser induced vascular disrup-
tion. Blood sugar levels were monitored (3–5 ml sam-
ples) from the tail vein with a glucometer (ContourVR ).

Chronic hyperglycemia. We used streptozotocin (STZ)
induced type 1 diabetes mice. Streptozotocin induced
mice display chronic hypoinsulinemia and hyperglyce-
mia. This form of chronic hyperglycemia can be tran-
siently reversed by a single i.p. injection of insulin
(1 unit/kg (TOCRIS-#3435). As a model of type 2 dia-
betes mellitus, we used leptin receptor deficient db/db
mice, which display obesity and insulin resistance evi-
denced by severe hyperglycemia.

Intraperitonal (IP) injections. Pharmacological modulators
were administered by i.p. injection. The ADP receptor
P2Y12 blocker, Clopidogrel (1mg/kg) (TOCRIS
#2490), was administered one day before imaging. The
NO donor S-nitroso-N-acetyl-DL-penicillamine (SNAP)
(Sigma-Aldrich #N3398) (5mg/kg), was administrate one
hour before the onset of imaging. The mitochondrial
oxygen free radical scavenger, MitoTempo (10mg/kg)
(Sigma SML 0737), was administrated one day before
imaging with a second boost one hour before imaging.

Surgery. Eight-week-old mice were anesthetized with
isoflurane, 3% (v/v) oxygen for induction and
1.5%–2.5% (v/v) for maintenance, from a precision
vaporizer. Reflexes and breathing were visually moni-
tored through the entire surgical procedure to ensure a
deep plane of anesthesia. Body temperature was main-
tained at 37 �C using a heating pad with feedback reg-
ulation (FHC, model 40-90-8D). The animal was then
placed in a stereotaxic frame, and the periosteum on
the parietal and occipital plates was exposed, only skull
sutures were covered with low viscosity cyanoacrylate
glue (Loctite, no. 4104) to reinforce stability between
skull plates, and a 1.5mm by 1.5mm region of skull
over somatosensory cortex was thinned with a 250 lm
drill bur coupled to a low vibration drill (Osada, EXL-
M40) to form a transcranial window.26,36 The thinned
bone was dried and covered with cyanoacrylate glue
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(Loctite, no. 401) and a number 0 glass coverslip and a
T-shaped metal implant was glued onto the skull for
head-fixation. The remaining exposed bone and the
implant were covered with cyanoacrylate glue and
dental cement (Grip Cement, Denstply no. 675571) to
increase stability. Buprenorphine hydrochloride
(Buprenex, Reckitt Benckiser Pharmaceuticals) was
provided subcutaneously for analgesia (7 lg) as the
animal recovered from surgery. Mice were allowed to
recover for 48–72 hours before experiments were
performed.

Retro-orbital injection. Labeling of blood serum was
achieved with Texas red dextran (2 MDa) (Thermo-
Fisher T6134), Alexa Fluor 405 (AF405) dextran (2
MDa), or fluorescein isothiocyanate–dextran (2
MDa) (FITC-dextran; Sigma-Aldrich FD2000S).
Labelling of platelets was achieved using Biotin anti-
mouse CD41 (integrin alpha 2 b) antibody (BioLegend
#133930) conjugated with Strepavidin Alexa FluorTM

594 or Streptavidin 405 (ThermoFisher Scientific
#S11227, #S32351).

In vivo imaging and laser induction of intravascular
blood platelet aggregates

Live images of mouse cerebral vasculature were obtained
with a system of local design in which a two-photon laser
scanning microscope incorporates a beam line from an
amplified 100-femtosecond pulsed laser.37 The utility of
this design is described in detail in prior work;27,38,39 we
extend the system to produce micrometer-sized regions of
damage to the lumen of a vessel in the intact skull. See
Supplemental Material for details. Selected acquisition of
precision in vivo images used an adaptive optics config-
uration of two-photon imaging.40

Acquisition. Individual frames were acquired at 2.13Hz
using standard galvanometric scanners (Figure 1(c)).
The typical power levels used for imaging were within
the range of 20 to 40mWatts, at the brain surface, at a
wavelength of 840 nm. We detected fluorescence with
one of two schemes. For labeling of blood serum and
platelets, we imaged Alexa FluorTM 405 to monitor
blood flow and serum extravasation (emission filtered
at 457� 25 nm) and imaged Alexa FluorTM 594 to
monitor platelets (emission filtered at 615� 20 nm).
For labeling of blood serum, platelets, and neutrophils,
we imaged Alexa FluorTM 405 to monitor platelets
(emission filtered at 457� 25 nm), Texas Red to mon-
itor blood flow and serum extravasation (emission
filtered at 615� 20 nm), and EGFP to monitor neutro-
phils (emission filtered at 512� 12 nm).

We imaged single frames at the focal plane of the laser-
induced damage for the first 412 s after laser-induced

vascular disruption and then performed a volumetric

reconstruction between 413 and 882 s after the laser-

induced vascular disruption. The scan was arranged

to cross the focal plane of the platelet aggregates at a

time of about 650 s after laser-induced damage. The

volume consisted of 1000 scans; an axial z-stack in

steps of 1 mm across 100 mm with an average of 10

frames per step. Oversampling and averaging was per-

formed solely to improve the signal-to-noise ratio.

Blinded test

To test the effect of transient hyperglycemia in an unbi-

ased manner we used randomized, blinded i.p. injection

of L- or D-glc. Prior to each imaging session mice were

fasted overnight (18 hr), then injected with L-glc; 2 gm/

kg mouse body weight, 20% (w/v) in saline. Mice

injected with L-glc were then imaged and platelet

aggregate formation was induced and monitored. An

identical second imaging/laser-induced damage session

was then conducted with the same mouse, injected with

a second unmarked tube that contained either L- or D-

glc; 2 gm/kg mouse body weight of 20% (w/v) in saline.

Importantly, each imaging session was carried out in a

separate venule that branched from the central sinus.

Histology

Mice with transient hyperglycemia were euthanized by

intravenous administration of pentobarbital at the end

of in vivo imaging data collection (3 mice). The heads

were removed, post-fixed en bloc and then decalcified

in 0.5M EDTA (Promega A2671) followed by sucrose

cryoprotection. Serial cryo-stat sections were mounted

on consecutive slides for application of different anti-

bodies on adjacent sections.
Sections underwent antigen retrieval and immunos-

taining with antibodies that identify proteins that are

up-regulated in activated endothelial cells. Von

Willebrand factor antibody (Invitrogen, PA516634;

1:1000), was localized with biotinylated anti-rabbit

antibody (Vector BA-1000) and Alexa 647-

Streptavidin (1:200) (Life Technologies S32357). Anti-

collagen IV antibody (Southern Biotech, 1340-1;

1:6000) was localized with biotinylated anti-goat anti-

body (Vector BA9500) and Alexa 647-Streptavidin.

Intercellular Adhesion molecule-1 (ICAM-1; 1:2000)

was localized from its conjugation to Alexa 647

(Abcam, ab307614). DAPI-Fluoromount-G (Southern

Biotech 0100-20) cover-slipped slides were scanned for

fluorescence with a Zeiss Axioscanner (325 nm/pixel)

(FITC; ex 470� 20 nm, em 525� 25 nm) (Alexa 594;

ex 590� 7 nm, em 624� 16 nm) (Alexa 647; ex 640�
15 nm; em 690� 25 nm) (DAPI; ex 385� 10 nm, em

425� 15 nm).

Shaked et al. 3



Figure 1. Sample preparation and calibration studies for cerebrovascular disruption by the targeted delivery of amplified ultra-short
laser pulses. (a) Topology of the pial venules. The top diagram is taken from the reconstruction of vasculature in a single mouse. The
bottom compilation incorporates 11 surface venules in five mice. (b) Timeline of study design. (c) Schematic representation of the
optical system that combines two-photon laser scanning microscopy with optical ablation using a gated train of amplified ultra-short
pulses. The inset is the image of surface vasculature of mouse cortex; arrow indicates branch of superior cerebral vein targeted for

Continued.
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Fibrinogen blood assay

Mice were fasted overnight. They were injected either

with sterile saline or dosed with 2 g/kg of D-glc. Thirty

minutes post saline or D-glc injection, 45 ml of blood

was collected from the tail vein supplemented with 5 ml
of sodium citrate (0.11mol/L). Fibrinogen blood con-

centration was determined using a Healvet coagulation

analyzer (HV-COA 7000).

Reactive oxygen species assay

Mice were randomly divided into two groups: Vehicle

(injected with sterile saline) and D-glc (dosed at 2 g/kg).

30minutes post vehicle/D-glc injection mice were anes-

thetized with an IP injection of a cocktail containing

100mg/kg ketamine HCl (Covetrus) and 20mg/kg xyla-

zine (Akorn Pharmaceuticals). The blood (300ml) was

collected using sodium citrate as an anticoagulant.

Blood was centrifuged at 100 g for 10minutes to

obtain platelet-rich plasma (PRP, >98% of platelets)

and the PRP was washed twice (1100 g for 15minutes)

using Hanks balanced salt solution without Ca2þ and

Mg2þ (HBSS) (GIBCO 14175095) with the addition of

5mM prostaglandin I2 as a potent inhibitor of platelet

activation.
MitoSOX Red mitochondrial superoxide indicator

(Invitrogen) was dissolved in DMSO (Sigma Aldrich)

at a concentration of 1mM, diluted to a 5lM working

solution in pre-warmed HBSS prior to staining isolated

the PRP and incubated at 37 �C for 30min in the dark.

The PRP was washed twice with warm HBSS to

remove unbound dye and re-suspended in 200 ll of

warm HBSS. Flow cytometry measurements were car-

ried out using a BD LSRFortessa (BD Biosciences).

A laser at 488 nm excited MitoSOX and emission was

collected at 575� 13 nm. Data is presented as the frac-

tion of positive cells based on a histogram chart.

Quantification and statistical analysis

The reporting of our data is in compliance with the

ARRIVE guidelines.41

All time-series analysis was done using MATLAB

(MathWorks). Regions of interest (ROIs) were drawn
around the laser damage site and the average pixel
intensities of the ROI in multiple fluorescence channels
were used to construct time series of platelet aggrega-

tion, neutrophil aggregation, and serum extravasation.
Time series were normalized to the average of the 141 s
of data acquired prior to the laser-induced vascular

disruption, i.e., these data define F0 at each pixel. We
then calculated DF/F0¼F(t)/F0 – 1. Time series were
smoothed with 2.4 s median filter. Volumetric analysis
was done on image stacks using Imaris (Oxford

Instruments).
To determine the laser power needed to induce

thrombosis, a piecewise linear model was fit to the
platelet aggregates volume and platelet aggregates frac-
tion as a function of laser energy using the Shape

Language Modeling toolbox in MATLAB.42 The
model had one free interior knot, i.e., the threshold
power, and was constrained to be a constant value
between 0 and 0.2 mJ of the laser pulse energy.

The two-sided unpaired Wilcoxon rank sum test was
used to compare platelet and neutrophil volumes and

volume fractions at 650 s across different experimental
conditions.

The one-sided unpaired Wilcoxon rank sum test was
used to compare time series of changes in blood com-
ponent different experimental conditions. For blood

serum, we used the average fluorescence of the last
100 s of the relevant times series. For platelet and neu-
trophil aggregation, the average fluorescence of the
first 100 s of the times series after laser damage was

compared across different experimental conditions.
A one-way Kruskal Wallis H-test was used to per-

form a meta-analysis of whether platelet aggregates

Figure 1. Continued.
laser-induced disruption. (d) Fluorescent images of platelet (anti-CD41; green) and serum (Texas red dextran) fluorescence in cortical
surface veins, before and 30 s and 200 s post irradiation using 0.1 mJ, 1.0 mJ, and 2.0 mJ laser pulses. Focal region of the excitation spot is
highlighted by the yellow circle. (e) Effects of varying laser energy, by increasing the power and keeping the number of pulses constant,
on the time course of laser-induced aggregation of platelets and blood extravasation following the example data in panel D. Each curve
is generated from the average change in vein fluorescence relative to baseline values (6 veins at one vein per animal at 0.1 mJ, 0.2 mJ, and
1.0 mJ; 3 for 1.2mJ, and 1.5 mJ; 11 veins for 0.5 mJ; and 5 veins for 2.0 mJ); 40 mice total. Inset highlights the mean and standard error for
the samples at 1.0 mJ. (f) Three-dimensional reconstructions of platelets aggregates (green) within vasculature (red), collected 400 to
600 s after laser-induced vascular disruption. (g) Platelet-rich thrombi volumes for data collected between 400 and 870 s after laser-
induced vascular disruption; we mark the midpoint time of �600 s post laser damage. Same veins as in panel E. The responses at 0.5 mJ
is statistically different from zero (p< 0.01), as is the response at 1.0 mJ (p< 0.01). The red bar is the mean at 1.0 mJ. The data is fit with
a threshold-linear function with intercept of 0.44 mJ and slope of 8.7� 3.4 pL/mJ (mean and 0.95 CI) and (h) thrombus volume
fractions, i.e., volume normalized to the volume of a sphere whose radius equals that of the vein; reanalysis of the data in panel G. The
response at 0.5 mJ is statistically different from zero (p< 0.01) as is the response at 1.0 mJ (p< 0.001). The data is fit with a threshold-
linear function, with intercept forced to be 0.77mJ, for a slope of 0.17� 0.05mJ�1.
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volume and platelet aggregates fraction at 650 s
differed significantly across different control and
D-glucose groups.

Results

To test whether hyperglycemia in isolation exacerbates
a thrombo-inflammatory response to vascular tissue
disruption, we examined responses in cortical veins of
wild type mice where paired injuries are performed in a
blinded fashion in the same subject under hyperglyce-
mic, i.e., D-glc or normoglycemic, i.e., L-glc, challenge.
Pharmacological manipulations to blunt hyperglycemic
pathogenic pathways in transiently hyperglycemic mice
were tested for their effects on mitigation of the laser-
triggered vascular tissue disruption. As controls, we
utilized two models of murine diabetes to establish a
baseline standard for the response to vascular tissue
disruption in the presence of comorbidities linked to
diabetes. All data was taken from pial venules above
parietal cortex.

Cerebrovascular mapping

We map the topology of a fluorescent-gel filled pial
venule network (11 vessels across 5 mice; Figure 1(a)).
In agreement with past claims,32 we find that the topol-
ogy of all venules appear as tree; this is unlike the pial
arterioles, which form loops43 (Figure 1(a)). We chose
3rd or 4th order branches as target venules.

Venule laser targeting

Veins were visualized from plasma pool labeling with
Texas red dextran (Figure 1(b)) while platelets were
fluorescently labeled by injection of AF594-conjugated
anti-CD41 antibodies (Figure 1(c)). To visualize neutro-
phil/leukocyte responses to laser-induced disruption, we
utilized transgenic LysM-eGFP mice whose blood leu-
kocytes are endogenously labeled through expression
of eGFP.

Targeted laser-induced disruption to the lumen of a
venule was delivered by amplified ultra-short laser
pulses of known energy.27 Real time changes in fluo-
rescence were continuously recorded and normalized to
baseline pre-perturbation levels to quantify the dynam-
ic effects of laser-induced disruption across a ROI cen-
tered around the blood vessel in a single imaging plane.
We tested the effect of laser pulse energies ranging from
0.1 mJ to 2.0 mJ (Figure 1(d) to (h)). Laser-induced dis-
ruption led to a sharp peak in the aggregation of fluo-
rescent platelets. The amplitude in fluorescence
decayed from its peak value, post-disruption, towards
a plateau value after 400 s of recovery (Figure 1(e)). We
reconstructed the volume of the platelet-rich thrombi
during the plateau period from successive optical

sections (Figure 1(f) and (g)). Thrombus volumes
increased with increasing of laser pulse energies. The
first statistically significant change from zero volume
occurs at an energy of 0.5 mJ (p< 0.01; Figure 1(g)), for
which we observe thrombi with a mean volume of
0.41 pl (0.08 to 1.02 pl, 0.95 confidence interval (CI)).
However, despite the statistical significance, there were
cases with no thrombi. At 1.0 mJ per pulse, thrombi
formed in all cases and thus we use 1.0 mJ per pulse
in all experiments going forward. Here the mean
volume of the thrombus is 2.5 pl (1.7 to 4.1 pl). As a
normalized metric, we estimated the measured throm-
bus volume relative to that of the volume for a hypo-
thetical sphere whose diameter equals the diameter of
the vessel (Figure 1(h)). We designate this quantity as
the “thrombus volume fraction”. The mean thrombus
volume fraction at 1.0 mJ per pulse is small, i.e., 0.071
(0.038 to 0.134), so that the thrombi we form are
modest in size. Lastly, we inferred the extent of
serum extravasation from the fluorescence of extravas-
cular labeled serum within seconds after irradiation
(Figure 1(d) and (e)).

In total, these test data highlight the quantitative
relation between laser pulse energies and intra- and
juxta-luminal responses to vascular tissue disruption.
It sets the stage for the use of this targeted assay to
assess the increased susceptibility of venules to irradi-
ation damage by hyperglycemia.

Effect of transient glucose spikes on systemic blood
glucose, fibrinogen, and ROS

We first determined the window of time for a height-
ened level of blood glucose (Figure 2(a)). We varied the
concentration of D-glc that we injected from 0.25 g/kg
to 2.0 g/kg. In all cases, injection of D-glc results in a
significant, transient increase in blood glucose concen-
tration that peaks at 30minutes and then returns to
normal level after 120minutes (Figure 2(b)). Thus,
the laser injuries were performed 30minutes after glu-
cose injection. Further, an initial injection of 1.5 g/kg to
2.0 g/kg D-glc leads to blood glucose concentrations
that exceed 300mg/dl, the range of pathological hyper-
glycemia for non-fasting mice.44 We note that mice
injected with L-glc or with saline showed no significant
changes in blood glucose levels (Figure 2(b)).

We tested for systemic effects of a spike of glucose in
healthy animals using an injection of 2.0 g/kg D-glc.
We assay PRP for reactive oxygen species (ROS) with
the indicator MitoSOX red at the peak glucose level
(Figure 2(b)). We observe a statistically significant,
two-to-three-fold increase in ROS compared with con-
trol mice receiving saline injections (Figure 2(c)). We
further tested for increased in fibrinogen, part of the
known prothrombic pathways. Fibrinogen levels
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significantly increased in response to an injection of

2.0 g/kg D-glc compared to saline control mice

(Figure 2(d)).

Blinded study of vascular disruption from glucose

spikes

Chronic hyperglycemia is associated with multiple

morbidities that have been linked to vascular patholo-

gy.45 Does transiently high blood glucose levels induce

susceptibility to thrombus formation in response to

vascular tissue disruption? Laser effects are first

tested with a baseline dose of inert L-glc, which

cannot be metabolized and which serves as osmotic

control. This was followed by laser disruption after a

second injection of either L- or D-glc; the nature of the

second injection remained blinded until after data anal-
ysis of fluorescence changes was completed (Figure 3

(a)).
For each injection of L- or D-glc, three pial venules

were targeted for laser-induced disruption at energies

of 0.2 mJ, 0.5 mJ, and 1.0mJ each (Figure 3(b)). Platelet

aggregation, at energies of 0.5 mJ and 1.0 mJ, and serum
extravasation, at an energy of 0.5 mJ, were significantly
greater after injections of D-glc as compared to tissue

damage observed after injection of inert L-glc at the

same level of laser energy (Figure 3(c) and (d)).

Volumetric reconstruction of the thrombi and the

Figure 2. Blood glucose level measurements after injection of glucose into wild type mice. (a) Study design. Data was taken after the
injection of saline (control; 6 mice), L-glc (inert control; 6 mice); or D-glc (metabolic glucose) at concentrations of 0.25 g/kg (9 mice),
0.5 g/kg (7 mice), 1.0 g/kg (8 mice), 1.5 g/kg (5 mice), and 2.0 g/kg (9 mice); 50 mice total. (b) Involvement of hyperglycemia in induction
of ROS by platelets. Effect of D-glc injection on platelet production of superoxide were measured by flow cytometry using MitoSOX as
an indicator of mitochondrial superoxide. Each circle represents a single mice treated with saline or D-glc (3 mice each). (p< 0.006).
(c) Blood Fibrinogen level measurements after injection of saline or D-glc into wild type mice. Data was taken 30 minutes after the
injection of saline (control; 4 mice) or D-glc at concentrations of 2.0 g/kg; 4 mice total. Blood fibrinogen concentration was deter-
mined using a blood coagulation analyzer.
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Figure 3. Double blinded study shows that transient hyperglycemia induced by injection of D-glucose but not L-glucose increases
susceptibility to laser-induced vascular disruption. (a) Study design. (b) Schematic of set-up and image of surface vasculature of mouse
cortex; arrow indicates branch of superior cerebral vein targeted with 0.2 mJ, 0.5 mJ, and 1.0 mJ laser energy, following treatment with
1st injection of 2nd injection of blinded L-glc (upper vein) or D-glc (lower vein). (c) Example images of platelet (green), and associated
serum (red) fluorescence in cortical veins targeted by 0.2 mJ, 0.5mJ, and 1.0mJ laser pulses, 30 s post laser damage, in wild type mice
treated with a 1st injection of L-glc and a 2nd, blinded injection of L- or D-glc. Site of focal damage is marked with yellow circle, along
with the outline of the vein in selected images. (d) Effects of varying laser energy on the time course of the aggregation of platelets and
blood extravasation induced by vascular disruption. Each curve is generated from the average change in vein fluorescence relative to
baseline values. Each animal received a 1st injection of L-glc and a second injection of either L- or D-glc; 6 mice each for 12 mice total.
A set of three veins per animal were irradiated 0.2mJ, 0.5 mJ, and 1.0 mJ after the 1st L-glc injection and a second set was irradiated after
the 2nd, blinded, injection. The insets give the Wilcoxon statistics for 1st L-glc and the blinded control 2nd L-glc relative to the
experimental condition of the 2nd D-glc (averaged at 300–400 s post laser damage). (e) Three dimensional reconstructions of thrombi
(green) within vasculature (red), collected 600 s post laser-induced vascular disruption. (f) Thrombi volumes at 600 s post laser-
induced vascular disruption with 1.0mJ irradiation. The red bar is the mean; 3.3 (2.2 to 6.1, 0.95 CI) pl for 1st L-glc; 17.6 (13.2 to 24.3) pl

Continued.
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associated thrombus volume fractions also showed a
greater value when formed in conjunction with D-glc
injections (Figure 3(e) to (g)). In terms of an analysis
over all samples, the mean thrombus volume fraction
for the D-glc injected mice was 0.30 (0.20 to 0.49), as
compared with a mean volume fraction of 0.044 (0.024
to 0.076) for the first L-glc injection or a mean volume
fraction of 0.050 (0.028 to 0.088) for the second L-glc
injection; the difference between D- and L-glc is signif-
icant (p< 0.0003 for 1st and p< 0.0006 for 2nd L-glc;
Figure 3(g)). These data indicate that a transient eleva-
tion in the concentration of blood glucose, renders
healthy mice significantly more susceptible to laser
induced platelet aggregation.

Impact of sub-pathological as well as pathological
blood glucose levels on susceptibility to disruption

To establish the susceptibility of vessels to laser-
induced disruption, our double-blind experiments
(Figure 3) made use of a spike in blood glucose
(Figure 2) that is comparable to the hyperglycemia
observed in diabetic mice models (Supplemental
Figures 1A and 2B). We now address how blood glu-
cose spikes of lower magnitudes affect the cerebrovas-
cular thrombo-inflammatory response. Injections of
D-glc ranged from 0.25 g/kg to 2.0 g/kg led to peak
blood levels of 170mg/dl to 440mg/dl blood glucose
respectively (Figures 2 and 4(a) and (b)). Second injec-
tions of saline control served as controls (Figure 4(a)).
For each pair of injections of saline and D-glc, three
pial venules were targeted for laser disruption with
1.0 mJ laser pulses (Figure 4(b)). We observe that plate-
let aggregation and serum extravasation were signifi-
cantly greater than baseline after injections of D-glc
at all concentrations greater than 0.5 g/kg (Figure 4(c)
and (d)); only injection of D-glc at a concentration of
0.25 g/kg did not lead to significant, excessive damage
(Figure 4(c) and (d)).

Volumetric reconstruction of the platelet-rich
thrombi and the associated thrombus volume fractions
showed a greater value when formed in conjunction
with D-glc injections (Figure 4(e) and (f)). In the
D-glc injected mice the average thrombus volume frac-
tion was significantly different compared to saline con-
trol for injections of 1.0 g/kg, (mean thrombus fraction

0.057 (0.029 to 0.098), p< 0.04), 1.5 g/kg (mean throm-
bus fraction 0.18 (0.08 to 0.33), p< 0.0006), and 2.0 g/
kg (thrombus fraction 0.24 (0.18 to 0.31), p< 0.0006)
(Figure 4(g)).

All told, these data (Figures 2 and 4(d), (f) and (g))
indicate even glucose spikes that are sub-pathological
increase susceptibility to laser induced platelet aggrega-
tion and serum extravasation.

Diminution of damage by suppression of
platelet activation

Thrombo-inflammation, as the immediate response to
vascular tissue disruption, also includes neutrophil acti-
vation and recruitment.46 We therefore extended our
analyses of the effects of transient hyperglycemia on
vascular tissue disruption to specifically monitor the
neutrophil responses in LysM-eGFP mice, in which
blood myelomonocytic cells and in particular neutro-
phils are endogenously fluorescently labeled.47 Mice
were successively split into four cohorts to test the
effect of blocking platelet mediated neutrophil activa-
tion (Figure 5(a)). In the first split, mice were i.p.
injected with clopidogrel, an adenosine diphosphate
receptor P2Y12 blocker that acts to suppress platelet
hyperactivation, or they were injected with saline as a
control. The second split was by an injection of either
L- or D-glc (Figure 5(b)).

In the absence of inhibitor, we observed that the
D-glc injected mice developed platelet aggregates that
were significantly larger than those in L-glc injected
mice (Figure 5(c) and (d)). This is consistent with the
previous, fully blinded experimental result (Figure 3(d)).
Neutrophil recruitment was also significantly greater in
the D-glc treated mice, with a linear growth of neutro-
phil binding (slope¼ 0.0023� 0.0002 s�1, mean and
0.95 CI; Figure 5(d)). Critically, pretreatment with
the platelet inhibitor clopidogrel significantly reduced
platelet aggregation and neutrophil recruitment in
D-glc injected mice (Figure 5(c) and (d)).
Pretreatment with clopidogrel also inhibited serum
extravasation (Figure 5(c) and (d)). Volumetric recon-
struction of platelet and neutrophil aggregation
indicated significantly greater volumes in the D-glc
injected mice as compared to L-glc injected mice and
as compared to D-glc injected mice with clopidogrel

Figure 3. Continued.

for 2nd D-glc; and 3.0 (1.2 to 7.8) pl for 2nd L-glc. For the first injection with L-glc the value does not differ from the baseline value of
Figure 1(g) (p¼ 0.62). For the second injection with D-glc the value significantly differs from the baseline value (p< 0.0003). For the
second injection with L-glc the value does not differ from the baseline value (p¼ 0.31). (g) Thrombus volume fractions for 1.0mJ
irradiation; reanalysis of the data in panel F. The red bar is the mean; 0.044 (0.024 to 0.076) for 1st L-glc; 0.30 (0.21 to 0.49) for 2nd D-glc;
and 0.050 (0.028 to 0.089) for 2nd L-glc. For the first injection with L-glc the value does not differ from the baseline value of Figure 1(h)
(p¼ 0.53). For a second injection with D-glc the value significantly differs from the baseline value (p< 0.006). For a second injection with
L-glc the value does not differ from the baseline value (p¼ 0.67).
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Figure 4. Normal, sub pathological and pathological blood glucose level effect on cerebrovascular susceptibility. (a) Study design.
(b) Schematic of set-up and image of surface vasculature of mouse cortex; arrow indicates branch of superior cerebral vein targeted
with 1.0 mJ laser energy, following treatment with 1st injection of saline and 2nd injection of D-glc, at 0.25, 0.5.1.0,1.5 or 2.0 g/kg, or a
saline control. (c) Example images of platelet (green) and serum (red) fluorescence in cortical veins targeted with 1.0 mJ laser pulses,
30 s post laser-induced vascular disruption, in WT mice treated with a 1st injection of saline and a 2nd injection of D-glc in
concentrations of 0.25, 0.5, 1.0, 1.5 and 2.0 g/kg. Site of focal damage is marked with yellow circle, along with the outline of the vein in
selected images. (d) Effects of 1.0mJ laser energy on the time course of aggregation of platelets and blood extravasation. Each curve is
generated from the average change in vein fluorescence relative to baseline values. Each animal received a 1st injection of saline and a
second injection of D-glc. A set of three or four veins per animal for were irradiated at 1.0 mJ after the 1st saline injection and after a
second injection of 0.25, 0.5, 1.0, 1.5, or 2.0 g/kg D-glc; 3 mice each for 15 mice total. As a control, a set of three veins per animal for
were irradiated at 1.0 mJ after both a 1st saline injection and a 2nd saline; 12 mice total. The grand total is 27 mice. (e) Three-
dimensional reconstructions of thrombi (green) within vasculature (red), collected 600 s post laser-induced vascular disruption.
(f) Thrombus volumes at 600 s post laser-induced vascular disruption. The red bar is the mean; only 7 of the 12 saline controls were
used. For the injection with saline the value does not differ from the baseline value of Figure 1(g) and (g) Thrombus volume fractions;
reanalysis of the data in panel G. The red bar is the mean.
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Figure 5. Transient hyperglycemia induced by D-glucose but not by L-glucose injection increases neutrophil recruitment following
laser-induced vascular disruption. (a) Study design using lysM-eGFP mice with genetically labeled neutrophils. (b) Schematic of set-up
and image of surface vasculature; arrow indicates branch of superior cerebral vein targeted with laser, following pretreatment with
platelet inhibitor or saline followed by injection of L- or D-glc. (c) Example images of platelet (green), neutrophil (blue) and serum
(red) fluorescence in cortical veins targeted with laser pulses in mice pretreated with saline, followed by injection of L- or D-glc, or

Continued.
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(Figure 5(e) and (f)). In the D-glc injected mice the

platelet aggregates led to a mean thrombus volume

fraction of 0.084 (0.048 to 0.131), significantly higher

than in the L-glc injected mice (p< 0.004) albeit not

higher than baseline control (Figure 1(h)). Similarly,

the neutrophil aggregates occupied a mean volume

fraction of 0.32 (0.20 to 0.46), which is significantly

higher than in the L-glc injected mice (p< 0.009); the

relatively large volume results from the continued

recruitment of neutrophils over the course of the meas-

urements (Figure 5(d)) and the large size of neutrophils

relative to that of platelets. Platelet inhibitor treat-

ment greatly diminished the aggregation of platelets

for the D-glc injected mice, with the mean thrombus

volume fraction reduced to 0.0034 (0.0015 to 0.0045)

(Figure 5(f) and (g)), as well as aggregation of neutro-

phils (Figure 5(h) and (i)), with the mean thrombus

volume fraction reduced to 0.0051 (0.0023 to 0.0069)

(Figure 5(i)); both changes are significant with

p< 0.03.
In total, we found that transient hyperglycemia

-activated platelet aggregates provide a nucleation

point for neutrophils.

Diminution of damage by scavenging of reactive

oxygen

A known complication of diabetes is the elevated pro-

duction of reactive oxygen species (ROS).48 Excessive

concentrations of ROS can hyperactivate platelets by

depleting homeostatic vascular NO to form peroxyni-

trite.49 Further hyperglycemia by itself results in sys-

temic elevations of ROS (Figure 2(b) and (c)). We

asked if the effects of transient hyperglycemia are

blunted by administration of a mitochondria-targeted

antioxidant Mitotempo, which is a ROS scavenger, and

S-nitroso-N-acetyl-DL-penicillamine (SNAP), which is

a nitric oxide (NO) donor. Mice were successively

divided into six cohorts to test the effect of scavengers

(Figure 6(a)). In the first split, wild type mice were i.p.

injected with Mitotempo, with SNAP, or with saline as a

control. The second split was by an injection of either

L- or D-glc. We targeted a single pial vessel of each

mouse with amplified laser pulses of 1.0mJ (Figure 6(b)).
In the absence of antioxidants, we observed that the

immediate acute response of D-glc injected mice was an

increase in platelet aggregation and serum extravasa-

tion after a laser pulse as compared to the effects

observed in the L-glc injected control mice (Figure 6(c)

and (d)). Critically, pretreatment with Mitotempo or

with SNAP reduced platelet aggregation and reduced

serum extravasation in both L- and D-glc injected mice

(Figure 6(c) and (d)). Volumetric reconstruction of

platelet aggregates in the D-glc injected mice indicated

that these volumes were significantly greater than

platelet aggregate volumes in L-glc injected control

mice (Figure 6(e) and (f)). In terms of an analysis

over all samples, in the D-glc injected mice the mean

Figure 5. Continued.

pretreated with the platelet inhibitor clopidogrel followed by L- or D-glc. Site of focal damage is marked with yellow rectangle.
(d) Effects of 1.0 mJ laser energy on the time course of laser-induced thrombi, neutrophil recruitment, and blood extravasation. We use
6 mice and one vein per mouse in the saline pretreatment group, followed with injection L- or D-glc (6 mice per group or 12 total),
and 4 mice and one vein per mouse in the platelet inhibitor group, also followed with injection L- or D-glc (4 mice per group or
8 total); grand total of 20 mice. P-values refer to Wilcoxon statistics for the inhibitor effect on the initial platelet change and the
steady-state serum extravasation and neutrophil recruitment for L-glc and D-glc. (e) Three-dimensional reconstructions of thrombi
(green) and neutrophil (blue) within vasculature (red), collected 600 s post laser-induced vascular disruption. (f) Thrombi volumes for
post laser-induced vascular disruption. Same veins as in panel D (upper panel). The red bar is the mean: 1.83 (0.73 to 3.16, 0.95 CI)
pl L-glcþ saline; 22.2 (12.8 to 35.2) pl for D-glcþ saline; 0.42 (0.15 to 0.57) pl for L-glcþ inhibitor; and 0.69 (0.28 to 0.93) pl for
D-glcþ inhibitor). For injection with L-glc plus saline the values do not differ from the baseline values of Figure 1(g) (p¼ 0.49). For
injection with D-glc plus saline the thrombus volumes differ from the baseline value (p< 0.0003). For injection with L- or D-glc plus
inhibitor the values are significantly less than baseline, with p< 0.03 for both cases. (g) Thrombus volume fractions; reanalysis of the
data in panel F. The red bar is the mean: 0.0089 (0.0040 to 0.0154) for L-glcþ saline; 0.13 (0.08 to 0.20) for D-glcþ saline; 0.0010
(0.0002 to 0.0018) for L-glcþ inhibitor; and 0.0026 (0.0007 to 0.0040) for D-glcþ inhibitor). For injection with D-glc plus saline the
value does not differ from the baseline values of Figure 1(h) (p¼ 0.09). For injection with L-glc and L- or D-glc plus inhibitor the values
are significantly less than baseline, with p< 0.03, p< 0.007, and p< 0.007 respectively. The volume of the platelet aggregates after
injection with D-glc is significantly greater than that with D-glc þ inhibitor (p< 0.03). (h) Neutrophil aggregate volumes for post laser-
induced vascular disruption. Same veins as in panel D. The red bar is the mean: 2.03 (1.14 to 4.00) pl for L-glcþ saline; 31.8 (21.7 to
48.3) pl for D-glcþ saline; 0.50 (0.13 to 0.75) pl for L-glcþ inhibitor; and 1.50 (0.92 to 2.00) for D-glcþ inhibitor. For injection with
D-glc plus saline the value significantly differs from baseline (p< 0.003).For injection with D-glc plus inhibitor the values do not differ
from baseline (p¼ 0.71). For injection with L-glc plus inhibitor the values are significantly less than baseline (p< 0.05). (i) Neutrophil
aggregate volume fraction; reanalysis of the data in panel H. The red bar is the mean: 0.048 (0.012 to 0.101) for L-glcþ saline; 0.32
(0.20 to 0.46) for D-glcþ saline; 0.0007 (0.0004 to 0.0010) for L-glcþ inhibitor; and 0.0050 (0.0023 to 0.0069) for D-glcþ inhibitor).
For injection with D-glc plus saline the value significantly differs from baseline (p< 0.0018). For injection with D-glc plus inhibitor the
values do not differ from baseline (p¼ 0.26). For injection with L-glc plus inhibitor the values are significantly less than baseline
(p< 0.03).
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Figure 6. Involvement of hyperglycemia induced ROS and NO inhibition in susceptibility to laser-induced vascular disruption. (a)
Study design. (b) Schematic of set-up and image of surface vasculature of mouse cortex; arrow indicates branch of superior cerebral
vein targeted with 1.0 mJ laser energy, following pretreatment with NO donor, ROS scavenger or saline followed by injection of L- or
D-glc. (c) Example images of platelet (green), and serum (red) fluorescence in cortical veins targeted with 1 mJ laser pulses, 0, 30 and
200 s post laser-induced vascular disruption in wild type mice pretreated and treated with saline, followed with injection L- or D-glc,
or pretreated and treated with ROS scavenger (MitoTempo) followed by L- or D-glc, or treated with NO donor (SNAP) followed by
L- or D-glc. Site of focal damage is marked with yellow circle, along with vein outline in some images. (d) Effects of 1.0 mJ laser pulses
on the time course of laser-induced thrombi, neutrophil recruitment, and blood extravasation. Each curve is generated from the

Continued.
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platelet volume fraction after laser-induced disruption
was 0.26 (0.11 to 0.32), significantly higher than for
L-glc injected control mice at 0.029 (0.007 to 0.051)
(p< 0.02) (Figure 6(g)). Injection of the ROS inhibitor
Mitotempo dramatically and significantly reduced the
mean thrombus volume fraction to 0.010 (0.004 to
0.014), for the D-glc injected mice (p< 0.008) (Figure 6
(g)). These data are in agreement with past studies that
connects ROS intermediates with cerebrovascular inflam-
mation.50 Further, injection of the NO donor SNAP sig-
nificantly reduced the mean thrombus volume fraction to
0.016 (0.007 to 0.028) for the D-glc injected mice
(p< 0.008) (Figure 6(g)). In total, these data suggest a
mechanism, in which excessive blood glucose fuels ROS
production. This, in turns depletes, homeostatic NO and
links hyperglycemia to cerebrovascular thrombus forma-
tion and inflammation.

Models of chronic hyperglycemia

How does the venous response to laser-induced tissue
disruption for transient hyperglycemic normal mice
compare to that for established mouse disease models
of diabetes? We investigated this for two mouse
models. The first is a model of type 1 diabetes in
which streptozotocin (STZ) injections have destroyed
pancreatic b-cells51 (Supplemental Figure 1). Here,
fasting blood glucose levels are high, of order 400mg/
dl (Supplemental Figure 1A). In control, nondiabetic
mice blood glucose levels are normal, of order 100mg/
dl (Supplemental Figure 1A). The high blood glucose
level in STZ mice could be transiently reduced with a
single i.p. injection of insulin (1U/kg equal to� 120mg/
dl) (Supplemental Figure 1A). We examined pial venule
disruption during hyperglycemia and insulin normaliza-
tion of hyperglycemia (Supplemental Figure 1B,1C).

Both platelet aggregation and serum extravasation

were observable at the 1.0mJ threshold level for disrup-

tion after the first saline injection and in cases with a

second saline injection (Supplemental Figure 1D,E).

However, injection with insulin significantly reduced

irradiation triggered platelet aggregation and abrogat-

ed serum extravasation (Supplemental Figure 1D,E).

Laser-induced tissue disruption produced platelet

aggregates whose volume and volume fractions were

significantly reduced, to near control levels, during

insulin treatment (middle row, Figure 7(d) and (e)),

when glucose levels are reduced to near normal levels

(Supplemental Figure 1A). A similar reduction in

thrombus volume during insulin treatment was

observed (Supplemental Figure 1G,H). This effect is

substantial; the average thrombus volume fraction

was over three-times as large in STZ mice (0.22 (0.13

to 0.30); Supplemental Figure 1H) as compared to nor-

moglycemic mice (0.071 (0.038 to 0.134); Figure 1(h))

and insulin controls (0.034 (0.023 to 0.046);

Supplemental Figure 1H) and the reduction upon insu-

lin treatment was statistically significant (Mann-

Whitney U-test, p< 0.02).
To model type 2 diabetes, we made use of leptin-

receptor knock-out db/db mice. These mice are signifi-

cantly overweight (Supplemental Figure 2A) and

display chronic high blood glucose levels (�320mg/dl)

as compared to control mice (�110mg/dl)

(Supplemental Figure 2B). This model of hyperglycemia

cannot be reversed with insulin,52 which indicates insulin

resistance. The effects of laser-induced disruption to

venules, at pulse energies of 1.0mJ, were compared

between db/db hyperglycemic versus control mice with

normal blood glucose (Supplemental Figure 2C,D). The

dynamic responses in these two groups demonstrated

Figure 6. Continued.
average change in vein fluorescence relative to baseline values. We use 12 mice and one vein per mouse irradiated at 1.0 mJ in the
saline group (þ L- or D-glc at 6 mice each). We use 8 mice and one vein per mouse irradiated at 1.0mJ in the ROS scavenger group
(þ L- or D-glc at 3 mice each). We use 8 mice and one vein per mouse irradiated at 1.0 mJ in the NO donor group (þ L- or D-glc at
4 mice each). The grand total is 28 mice. P-values refer to Wilcoxon statistics for treatments with ROS-inhibitor and NO-donor for
L- and D-glc injected mice relative to untreated. We computed statistics for the initial platelet change and the steady-state serum
extravasation. (e) Example three dimensional reconstructions of thrombi (green) within vasculature (red), collected 600 s post laser-
induced vascular disruption. (f) Thrombus volumes at 600 s post laser-induced vascular disruption. The red bar is the mean; 1.52 (0.45
to 2.58, 0.95 CI) pl for L-glcþ saline; 16.4 (7.9 to 20.4) pl for D-glcþ saline; 1.21 (0.45 to 1.80) pl for L-glcþNO donor; 2.76 (1.26 to
3.86) pl for D-glcþNO donor; 0.89 (0.38 to 1.22) pl for L-glcþROS inhibitor; and 2.58 (1.10 to 3.69) pl for D-glcþROS inhibitor. For
the injection of L-glc the volume is consistent with baseline (Figure 1(g); p¼ 0.31), for injection of D-glc the volume differs from
baseline (p< 0.003). For injection of either L- or D-glc plus NO donor the volume is consistent with baseline (p¼ 0.29 and p¼ 0.68,
respectively). For injection of either L- or D-glc plus ROS inhibitor the volume is consistent with baseline (p¼ 0.08 and p¼ 0.77,
respectively). (g) Thrombus volume fractions; reanalysis of the data in panel F. The red bar is the mean: 0.029 (0.007 to 0.051)
for L-glcþ saline; 0.26 (0.11 to 0.32) for D-glcþ saline; 0.011 (0.003 to 0.016) for L-glcþNO donor; 0.016 (0.007 to 0.028) for
D-glcþNO donor; 0.0025 (0.0010 to 0.0034) for L-glcþROS inhibitor; and 0.010 (0.004 to 0.014) for D-glcþROS inhibitor. For the
injection of L-glc the volume fraction is consistent with baseline (Figure 1(g); p¼ 0.21), for injection of D-glc the fraction is greater
than from baseline (p< 0.02). For injection of either L- or D-glc þ NO donor the fraction is consistent with baseline (p¼ 0.16 for
both). For injection of D-glc plus ROS inhibitor the volume is consistent with baseline (p¼ 0.11). For injection of L-glc plus ROS
inhibitor the volume is significantly less than baseline (p< 0.007).
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Figure 7. In vivo and post-mortem characterization of susceptibility to vessel perturbation in the presence of a transient hyper-
glycemia. (a) Wide-field image of the region of cortex prior to ablation shown on left and the maximal projection (90 mm) of an
adaptive optics two-photon microscope image on the right to show intended target regions of a vein. The same ablation protocol was
applied to two locations on a single vein segment, first 15 minutes after L-glc (yellow), and again 15 minutes after D-glc (red) injection.
(b) In-vivo FITC accumulation as indicator of vessel wall damage. Localized FITC accumulation was evident �1 hour later, again using
adaptive optics for improved resolution. Orthogonal reconstructions of the healthy (green) and injured (red and yellow) vessel
segments in the upper left-hand image locate the FITC accumulation to the proximity of the vessel wall. (c) Post-mortem histology.
Top panel: Sagittal section of DAPI staining of brain with laser targeted injured vein (white box), deep to thinned skull, and non-
targeted vein (cyan box). Lower panels: Fluorescence images of three serial sections immunostained with activated endothelial cell
markers: von Willebrand factor (VWF); collagen IV; intercellular adhesion molecule 1 (ICAM-1). Left most panel laser perturbed
vessel from FITC-Dextran uptake by endothelial cells. Cytoplasmic immunostaining for each marker surrounds flat endothelial nuclei
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that there were significantly larger platelet aggregations
and serum extravasation in the db/db mice as compared
to normoglycemic mice (Supplemental Figure 2E,F).
Volumetric reconstructions of platelet aggregates after
laser-induced tissue disruption showed that obesity
related hyperglycemia resulted in significantly greater
aggregate volumes in db/db mice relative to control
mice (Supplemental Figure 2G,H). In terms of an anal-
ysis over all samples, the mean thrombus volume frac-
tions of platelet aggregates in db/db mice were 0.25 (0.11
to 0.40), which is significantly larger (p< 0.04) than the
thrombus volume fractions for control normoglycemic
mice (Figure 1(h) and Supplemental Figure 2I).

Characterization of the laser perturbation site under
transient hyperglycemia

To test for vessel wall damage induced by targeted laser
perturbation, we injected 2MD FITC-dextran intrave-
nously and acquired a three-dimension set of images
before and after laser perturbation of a vein using
adaptive optics for improved spatial resolution40

(Figure 7(a)). Axial reconstructions of the one-hour
post-perturbation stack revealed focally increased
FITC uptake in proximity to the perturbation sites.
This indicates a localized vessel wall lesion (Figure 7
(b)), consistent with previous reports of FITC uptake
into the vessel wall53 after transient ischemic injury.

In vivo responses to laser irradiation of veins are evi-
dent from platelet aggregation within the damaged vessel
and serum extravasation emanating from vessel leakage
sites adjacent to platelet clot (Figures 3 to 6). To obtain
direct evidence of endothelial cell activation to laser irra-
diation, veins with in vivo signposts of damage under a
glucose spike were examined. The signposts of in vivo
damage include 2 MD FITC-dextran accumulation53

(Figure 7(c)), and/or accumulation of CD41 immunoflu-
orescent platelets (Supplemental Figure 4) .
Immunostaining of individual targeted veins examined
in serial section allowed localization of multiple endothe-
lial activation markers. Release of the glycoprotein von
Willebrand Factor (VWF) from endothelial cell Weibel-
Palade bodies, with the result of platelet aggregation to
stem bleeding, is observed to characterize the acute phase
activation.34,54–56 Here we observe VWF immunoreactiv-
ity in laser targeted veins (Figure 7(c) and Supplemental
Figure 4).

Synthesis of the glycoprotein intercellular adhesion
molecule 1 (ICAM-1)57–59 in activated endothelial
cells in conjunction with elevations in serum fibrino-
gen (Figure 2(d)) can enhance platelet binding to
injured vein endothelial cells60 (Figure 2(d)). We
observe densely immunoreactive ICAM-1 endothelial
cells in laser perturbed veins (Figure 7(c) and
Supplemental Figure 4). Gene mutation in Collagen-
IV has been linked to perinatal cerebral hemorrhage61

and disruption of Factor IX binding to collagen IV in
knock-in mice and supports a role for Collagen IV in
normal hemostasis.62 We observe elevated Collagen
IV immunoreactivity in laser perturbed vein endothe-
lial cells (Figure 7(c) and Supplemental Figure 4). As a
control, non-targeted vessels on these immunostained
sections show only scant immunoreactivity for I-
CAM-1, VWF or Collagen IV antibodies (lower
right-hand ICAM-1 panel Figure 7(c) and
Supplemental Figure 4).

Meta-analysis of normoglycemia and transient
hyperglycemia results

We purposely conducted separate controls for each set
of experimental conditions to minimize potential sys-
tematic variability between experiments, such as may
occur with different litters of mice despite matching
for age and sex. This yielded multiple sets of control
experiments that involved the same or nearly the same
conditions. We considered a meta-analysis across exper-
imental groups based on a one-way Kruskal–Wallis
H-test. For the control condition of solely wild type
animals (Figure 1) or wild type plus saline injection
(Figure 4 and Supplemental Figure 2), we could not
reject the null hypothesis, i.e., their mean values were
not significantly different, yielding a mean thrombus
volume fraction of 0.053 (0.033 to 0.095; 25 mice). For
the control condition of wild type animals injected with
L-glc (Figures 3, 5, and 6), we found that the combined
results did not differ significantly from each other
(p< 0.12), yielding a mean thrombus volume fraction
of 0.032 (0.020 to 0.052; 23 mice). In fact, the data
across all control groups do not differ significantly
from each other and yield a grand mean thrombus
volume fraction of 0.041 (0.030 to 0.062; 48 mice).

A similar meta-analysis was performed for all wild
type animals injected with 2.0 g/kg of D-glc (p< 0.91;

Figure 7. Continued.
and delineates the reactive vessel wall in serial sections. Right panel shows sparsely immunostained vessels from same section with
dense ICAM-1 staining of the laser perturbed vessel. This vessel segment is out of range of laser targeting (cyan rectangle in top panel)
as it is deep to the thick part of the skull. The sparse ICAM-1 staining (red arrowheads), is consistent with known low constitutive
expression of ICAM-1 in endothelial cells. (d) Summary of perturbation model for transient versus chronic hyperglycemia. Shown are
the combined effects of 1.0 mJ ultra-short, pulsed laser energy on the peak of laser-induced of platelet fluorescence and the peak of
laser-induced of serum extravasation fluorescence and (e) Graphical summary of our results.
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Figures 3 to 6), but no subsequent pharmacological
agents. We found a mean thrombus volume fraction
of 0.28 (0.22 to 0.38; 29 mice), i.e., approximately
seven-times the size of the thrombus under control con-
ditions and significantly different (p< 5� 10�8).

Plots of the diameters of veins as a function of
experimental manipulation and groupings demonstrate
no bias in selection of veins for targeted laser disrup-
tion (Supplemental Figure 3).

Discussion

Here we test the effect of a lone, transient spike in
blood glucose on susceptibility to clotting in cortical
veins in healthy mice. Venous clotting susceptibility
was assessed using a reproducible targeted laser illumi-
nation to produce a precisely timed and precision
focused perturbation through a thinned skull prepara-
tion in the awake animal (Figure 1). This experimental
setup supports real-time imaging of dynamics of serum
extravasation, platelet aggregation, and neutrophil
aggregation in the injured vein. The essential data is
based on a fully blinded experimental design and
reveals that a single spike of increased blood D-glucose
(Figure 2), but not of inert L-glucose, is sufficient to
dramatically increase the platelet-rich thrombotic
response to laser-induced focal perturbation to a vein
(Figure 3). This suggests that the susceptibility to vas-
cular thrombo-inflammation is heightened by transient
hyperglycemia, even at levels of blood glucose, e.g., 1 g/
kg D-glc dosage, that are below the fasting glucose dia-
betic threshold in mice (Figures 2 and 4).

The extent of extravasated serum from laser injured
veins is well above control levels, but less than that for
the diabetes models (Figure 7(d)). Surprisingly, the
extent of thrombi clot volumes in animals, with tran-
sient hyperglycemia, rivals that for the diabetes models
(Figure 7 and Supplemental Figures 1 and 2) even
though the transiently hyperglycemic mice are other-
wise healthy and lacking comorbidities.

What is the mechanism of heightened sensitivity to
vascular damage in transient hyperglycemia? Acute
hyperglycemia has been shown to increase platelet stick-
iness in harvested platelets of healthy and diabetic
humans.63 Here we found that pretreatment with a
platelet inhibitor also is protective from effects of laser
perturbation of veins in mice with a transient spike
in blood glucose64 (Figure 5). This abrogation of suscep-
tibility indicates that platelet activation plays a key role.

A contributory role for vessel endothelial cells in
conferring susceptibility is suggested by increased pro-
duction of ROS by endothelial cells when stimulated by
high glucose under chronic hyperglycemia.12 Elevation
of ROS species decreases bioavailability of NO,
a coagulation cascade inhibitor.65 An involvement of

ROS generation in transient hyperglycemia is sup-
ported by our observations of elevated ROS levels in

plasma rich platelet fractions harvested from healthy
mice subjected to transient hyperglycemia (Figure 2).
Direct evidence for ROS/NO involvement is demon-
strated by our observations that interference with

ROS pathways and NO donor supplementation both
reduce thrombi formation and extravasation in
response to laser perturbation of veins in mice with
transient hyperglycemia (Figure 6).

Chronic hyperglycemia in diabetic patients is linked
to increased blood fibrinogen levels,66 another risk

factor for thrombosis. Healthy mice with transient hyper-
glycemia also show significant elevations in blood fibrin-
ogen and notably this is independent of comorbidites
(Figure 2). These systemic pro-thrombotic changes

linked to transient hyperglycemia are likely to contribute
to heightened susceptibility to laser-induced vein throm-
bosis that we observe in this study.

The results of the current study, combined with past
in vitro studies,12 supports a hypothesis that hypergly-
cemia, whether it is chronic or transient, facilitates
platelet thrombus formation in response to vascular

tissue disruption (Figure 7(e)). We introduce a mouse
model comprised of two insults, i.e., transient hyper-
glycemia (Figure 2) and targeted laser perturbation
(Figure 1), that consistently induce cerebral venous

thrombosis. The reliability and reproduciblity of this
mouse model make it possible to quantify metrics for
thresholds for each insult. This can support testing of
other interventions that migh reduce susceptibility, i.e.,

antioxidant dietary strategies.67 It is tempting to spec-
ulate if the study of two insults in human patients, i.e.,
the conjunction of transient hyperglycemia along with
any source of brain vascular damage, could reveal

increased risk for cerebral venous thrombosis.
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