
ORIGINAL ARTICLE

Stalled cerebral capillary blood flow in mouse models of
essential thrombocythemia and polycythemia vera revealed by
in vivo two-photon imaging

T . P . SANT I SAKULTARM,*1 C . Q. PADUANO,* T . STOKOL ,† T . L . SOUTHARD,‡ N. N I SH IMURA ,*

R . C . SKODA,§ W. L . OLBR ICHT ,* ¶ A. I . SCHAFER ,** R . T . S I LVER** and C . B . SCHAFFER*
*Department of Biomedical Engineering, Cornell University; †Department of Population Medicine and Diagnostic Services, College of

Veterinary Medicine, Cornell University; ‡Department of Biomedical Sciences, College of Veterinary Medicine, Cornell University, Ithaca, NY,

USA; §Department of Biomedicine, University Hospital Basel, Basel, Switzerland; ¶Department Chemical and Biomolecular Engineering,

Cornell University, Ithaca; and **Department of Medicine, Weill Cornell Medical College, New York, NY, USA

To cite this article: Santisakultarm TP, Paduano CQ, Stokol T, Southard TL, Nishimura N, Skoda RC, Olbricht WL, Schafer AI, Silver RT,

Schaffer CB. Stalled cerebral capillary blood flow in mouse models of essential thrombocythemia and polycythemia vera revealed by in vivo

two-photon imaging. J Thromb Haemost 2014; 12: 2120–30.

Summary. Background: Essential thrombocythemia (ET)

and polycythemia vera (PV) are myeloproliferative neo-

plasms (MPNs) that share the JAK2V617F mutation in

hematopoietic stem cells, leading to excessive production

of predominantly platelets in ET, and predominantly red

blood cells (RBCs) in PV. The major cause of morbidity

and mortality in PV and ET is thrombosis, including

cerebrovascular occlusive disease. Objectives: To identify

the effect of excessive blood cells on cerebral microcircu-

lation in ET and PV. Methods: We used two-photon

excited fluorescence microscopy to examine cerebral

blood flow in transgenic mouse models that mimic MPNs.

Results and conclusions: We found that flow was ‘stalled’

in an elevated fraction of brain capillaries in ET (18%),

PV (27%), mixed MPN (14%) and secondary (non-MPN)

erythrocytosis (27%) mice, as compared with controls

(3%). The fraction of capillaries with stalled flow

increased when the hematocrit value exceeded 55% in PV

mice, and the majority of stalled vessels contained only

stationary RBCs. In contrast, the majority of stalls in ET

mice were caused by platelet aggregates. Stalls had a med-

ian persistence time of 0.5 and 1 h in ET and PV mice,

respectively. Our findings shed new light on potential mech-

anisms of neurological problems in patients with MPNs.

Keywords: animal models; cerebrovascular circulation;

microcirculation; myeloproliferative disorders; optical

imaging.

Introduction

Essential thrombocythemia (ET) and polycythemia vera

(PV) are two of the chronic myeloproliferative neoplasms

(MPNs), diseases characterized by hyperactivity of hema-

topoietic stem cells and their myeloid progenitors in the

bone marrow [1]. Polycythemia vera is characterized pri-

marily by an increased number of red blood cells (RBCs)

that is often associated with an increase in circulating leu-

kocytes and platelets; in contrast, essential thrombocyth-

emia (ET) predominantly involves increased numbers of

platelets, occasionally increased leukocytes but always a

normal number of RBCs. The major causes of morbidity

and mortality in both ET and PV are associated with

clinical complications related to blood circulation and

coagulation abnormalities [2]. However, the basic mecha-

nisms of vascular occlusive complications in these disor-

ders are poorly understood, largely because they have not

been directly visualized and measured in real-time in vivo

in the past. In PV, excess RBCs contribute to high blood

viscosity that increases vascular resistance and slows

blood flow [3]. Elevated leukocyte counts may also

increase resistance in microvessels, where leukocytes must

flow in single file. Further, elevated platelet counts and

hyperactive platelets have been thought to lead to

increased thrombosis in ET and PV, resulting in vessel

occlusions. While these vascular problems are systemic

and affect many organs, they can have devastating
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consequences in the brain. In both ET and PV, occlusion

of brain blood vessels is a frequent complication that leads

to transient ischemic attacks and cerebral infarcts [4,5].

Obstructions in small brain vessels, which have not been

observed directly, could also have a significant impact on

neuronal health, even in the absence of acute symptoms.

Clinical evidence shows that cerebral microinfarcts are

associated with more precipitous cognitive decline and a

higher risk of the development of dementia [6–8]. Some

clinical case studies have identified cognitive problems in

ET and PV patients in the absence of large vessel stroke

[9–12]. Dysfunction in the microcirculation of the brain

could play a role in such neurological symptoms.

The Janus kinase-signal transducers and activators of

transcription (JAK-STAT) signaling pathway is critical for

the control of hematopoiesis. A mutant form of one of the

four cytoplasmic tyrosine kinases in this pathway,

JAK2V617F, has been found to be present in virtually all

patients with PV and about 60% of those with ET [13–16].
Normally, STAT molecules are phosphorylated by acti-

vated JAK2 only after a cognate growth factor ligand, such

as erythropoietin or thrombopoietin, binds to its cytokine

receptor on hematopoietic cell surfaces. Phosphorylated

STAT then translocates to the nucleus, promoting produc-

tion of blood cells. With mutant JAK2V617F, however,

STAT phosphorylation is constitutively activated, irrespec-

tive of engagement of an extracellular signal, leading to

excessive hematopoiesis [16]. Transgenic mice with this

mutation were recently created. In these mice, a higher

allele burden of JAK2V617F leads to a PV phenotype

(increases in RBCs, and sometimes increases in leukocytes

and/or platelets), whereas lower levels of the mutant gene

lead to an ET phenotype (increases in platelets) [17]. These

transgenic animals provide the opportunity to study brain

blood flow disruptions in ET and PV.

To directly visualize and quantify the effects of MPN on

brain blood flow, we examined vascular structure and cere-

bral blood flow in mouse models of these diseases using

two-photon excited fluorescence (2PEF) microscopy, which

enables three-dimensional imaging with micrometer resolu-

tion deep into brain tissue [18,19]. We examined wild-type,

erythropoietin-injected (Epo-inj) and JAK2V617F transgenic

mice with PV, ET or a mixed MPN phenotype. Using

2PEF microscopy, we quantified blood flow speed and ves-

sel diameter in arterioles, capillaries and venules. Because

we observed capillaries with spontaneously stalled blood

flow in the MPN mice, we also quantified the fraction of

capillaries with stalled blood flow and determined the types

of cells lodged in stalled capillary segments.

Methods

Animal models

Six experimental groups of mice were used in this study:

(i) wild-type (wt); (ii) bone marrow transplanted (BMT)

wt; (iii) erythropoietin injected (Epo-inj) wt; (iv)

JAK2V617F BMT mice with an ET phenotype (BMT ET);

(v) JAK2V617F BMT mice with a PV phenotype (BMT

PV); and (vi) JAK2V617F BMT mice with an MPN pheno-

type that did not fall into classical ET or PV diagnosis

(BMT mixed MPN). All mice were on the C57/Bl6 back-

ground. BMT ET, BMT PV and BMT mixed MPN

groups were chimeric mice, derived by bone marrow trans-

plant from mutant JAK2V617F mice into wild-type mice

[17]. For these groups, mice with spun hematocrit values

above 54% were classified as PV; those with platelet

counts above 3000 thou lL�1 without elevated hematocrit

values were considered ET. Mice that did not exhibit these

classical manifestations of ET and PV were included in the

mixed MPN group. These animals showed laboratory evi-

dence of MPNs (e.g. leukocytosis and bone marrow fibro-

sis [20]), but could not be unambiguously classified as ET

or PV (patients with these phenotypically mixed or ‘over-

lap’ MPNs are likewise encountered in clinical practice).

To control for the effects of the BMT procedure, we cre-

ated an experimental group where lethally irradiated wt

mice received normal bone marrow cells from another wt

donor. The Epo-inj group of wt mice received 0.5 mL of

erythropoietin (20–200 IU mL�1) subcutaneously for five

consecutive days to induce erythrocytosis, followed by an

imaging experiment on day 8. This group served as a

secondary polycythemia (secondary erythrocytosis),

non-MPN model. For most mice we obtained the spun

hematocrit value and for many we obtained the complete

blood count and bone marrow histopathology. Character-

istics of the mice in all six groups are summarized in

Table 1. Because not all animals are used for all types of

measurements, Table S1 shows the number of animals

used for each measurement made in this paper.

In vivo two-photon excited fluorescence imaging

We followed previously published surgical procedures to

gain optical access to the brain for acute imaging experi-

ments [21] (Fig. 1A). The care and experimental manipu-

lation of our animals have been reviewed and approved

by the Institutional Animal Care and Use Committee at

Cornell University. We imaged the cerebral vasculature of

anesthetized mice using a custom-built 2PEF microscope

[21] (Fig. 1B–D). Texas Red-dextran (0.05 mL of 2.5%

w/v; D1830; Invitrogen, Carlsbad, CA, USA) and Rhoda-

mine 6G (0.05 mL of 0.1% w/v) in saline were injected

retroorbitally. The Texas Red-dextran labels the blood

plasma, allowing imaging of vascular topology and quan-

tification of blood flow by tracking the motion of non-

labeled RBCs. The lipophilic Rhodamine 6G labels leuko-

cytes and platelets with high efficiency [22]. In some ani-

mals, Hoechst 33342 (0.05 mL of 0.5% w/v; H1399;

Invitrogen) was injected to label cell nuclei and aid in dis-

tinguishing leukocytes from platelets. The fluorescence

emission was relayed through bandpass filters, 460/50,
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575/25 and 645/65 nm (center wavelength/bandwidth), for

Hoechst 33342, Rhodamine 6G and Texas Red-dextran,

respectively. Laser scanning and data acquisition were

controlled by MPSCOPE [23] or ScanImage [24]. RBC

flow speed and vascular diameter of arteriole, venule and

capillary vessel segments were measured using previously

published methods [19,21,25].

Identifying stalled capillaries

Multiple overlapping 200 9 200 lm image stacks with

1-lm axial spacing up to 350 lm in cortical depth were

recorded, and then aligned in three dimensions by maxi-

mizing the cross-correlation of fluorescence signal in the

overlapping regions. Each vessel segment in the combined

image stack was manually scored to be flowing or stalled

based on the observed motion of RBCs, with the individ-

ual conducting this analysis blinded to the phenotype of

the animal. Each capillary segment was visible for a mini-

mum of 1 s in the image stack and we could easily detect

cell motion of 1 lm over this time, so vessels classified as

stalled had a maximum RBC speed of 1 lm s�1, or about

1000 times slower than average cortical capillary flow

speeds in mice [21]. Most stalled vessels clearly exhibited

no discernable motion over the observation period. Our

definition of a stalled capillary is based solely on motion

of blood cells because motion of plasma could not be

determined with our labeling scheme.

Platelets and leukocytes, both labeled by Rhodamine

6G, could be distinguished based on their appearance.

Leukocytes were larger and showed solid fluorescence

throughout the cell. Platelets were much smaller, tended

to aggregate along vessel walls, and presented a more

punctate appearance. We confirmed the identification of

leukocytes based on colocalization of Hoechst 33342 and

Rhodamine 6G in some animals. We further classified

capillary stalls based on the cells present in the capillary.

In some cases, platelets or leukocytes were present in

stalled segments. In other cases, the stalled segment con-

tained only stationary RBCs. Some stalled segments were

designated as empty because they contained no cells,

either stalled or flowing. To quantify stall persistence, we

monitored the stability of capillary stalls in some animals

by repeated imaging at 15, 30, 60 and 120 min. We deter-

mined whether or not stalled vessels reestablished flow

over that time. However, it is possible that these stalled

capillaries may have established flow, then stalled again

between our observations. We also tracked the total num-

ber of capillary segments within the brain volumes we

imaged in order to quantify vascular density.

Table 1 Characteristics of study animals

wt BMT wt BMT mixed MPN BMT ET Epo-inj wt BMT PV

Subjects (n) 23 7 17 11 19 16

Male/female 20/3 3/4 6/11 8/3 9/10 4/12

Age (months) 4.7 (0.4–6.6), 17 6.8 (4.1–7.6) 5.9 (4.2–8.1) 5.3 (4.0–12.6) 4.5 (0.8–19.7), 15 5.9 (4.1–7.1)
Weight (g) 26 (20–36) 29 (21–33) 26 (20–32) 25 (20–33) 24 (18–28), 17 22 (19–28)
Hematocrit

value (%)*

48 (41–52), 8 41 (36–46), 6 42 (30–49), 15 46 (39–50) 61 (40–71), 13 63 (54–91)

Hemoglobin

(g dL�1)

15.7 (14.3–17.1), 2 15.8 (14.1–17.2), 4 14.7 (10.5–20.0), 5 15.4 (11.6–18.7), 8 21.1 (19.7–21.5), 4 23.5 (12.9–30.7), 6

Red blood cells

(mil lL�1)

10.4 (9.2–11.6), 2 10.8 (9.8–11.2), 4 9.9 (7.5–14.3), 5 11.0 (7.2–13.7), 8 14.4 (13.9–14.9), 4 14.9 (8.7–18.4), 6

Leukocytes

(thou lL�1)

3.7 (3.1–4.3), 2 9.5 (5.0–12.3), 4 11.4 (1.8–18.4), 5 23.2 (12.3–78.6), 8 3.5 (1.5–9.6), 4 8.0 (4.0–35.0), 6

Platelets

(thou lL�1)

991 (976–1007), 2 803 (283–882), 4 984 (94–8355), 5 5727 (3711–8019), 8 574 (154–850), 4 389 (109–1190), 6

Values are expressed as median (range), number of animals measured when less than total. *Packed cell volume by centrifugation.

D

C
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1 mm
50 µm

A
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m

Fig. 1. In vivo 2PEF imaging of cortical microvessels. (A) Schematic

drawing of a cranial window to allow optical access to the brain of an

anesthetized mouse. (B) Low (49 air objective, NA = 0.28, Olympus)

and (C) high (209 water immersion objective, NA = 0.95, Olympus)

magnification 2PEF images of fluorescently-labeled brain vasculature.

The images were obtained using a custom-built 2PEF microscope,

and axially projected (z-direction) using ImageJ (National Institutes

of Health). (D) Three-dimensional rendering (Imaris; Bitplane Scien-

tific) of the vasculature beneath the brain surface.
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Results

Blood flow was stalled in a large fraction of cortical

capillaries in mouse models of PV, ET, mixed MPN and

secondary erythrocytosis

In all animal groups, we found all surface and penetrating

arterioles and all surface and ascending venules to be

flowing. In wild-type animals, we found that the vast

majority of brain capillaries were also flowing, with only

a small fraction stalled: 3 � 1% in wt (mean � standard

error of the mean (SEM); 3653 vessels, 14 mice) and

3 � 1% in BMT wt (2325 vessels, three mice, no signifi-

cant difference; Kruskal-Wallis with Dunn’s multiple

comparisons with wt group). In contrast, we found an

increased fraction of capillaries with stalled blood flow in

mice with MPN-specific mutant JAK2 in hematopoietic

cells that exhibited an ET phenotype (18 � 7%; 2815 ves-

sels, five mice, P = 0.1), a mixed MPN phenotype

(14 � 3%; 8827 vessels, 15 mice, P = 0.03) or a PV phe-

notype (27 � 4%; 8959 vessels, 13 mice, P = 0.0001;

Fig. 2B). In addition, a significant elevation in the frac-

tion of capillaries with stalled flow was found in the Epo-

injection model of erythrocytosis (19 � 4%; 5849 vessels,

15 mice, P = 0.002).

The fraction of capillaries with stalled flow in both

models with excessive erythrocytosis, whether due to

mutant JAK2 (causing PV) or erythropoietin injection

(causing secondary polycythemia), increased abruptly, but

with significant variability, when hematocrit values

exceeded 55% (Fig. 2C). In the BMT ET and BMT

mixed MPN animals, the fraction of capillaries with

stalled flow did not show a dependence on hematocrit

value (Fig. 2C). No animal groups showed a clear

B

C

0 s

0.3 s

0.6 s

0.9 s

Flowing Stalled
A

25 µm

40 50 60 70 80 90
0

10

20

30

40

50

60

Hematocrit (%)

wt

BMT ET

Epo−inj

BMT PVBMT wt

**
***

0

20

40

60

C
ap

ill
ar

ie
s 

w
ith

 s
ta

lle
d 

bl
oo

d

flo
w

 (
%

 o
f t

ot
al

 c
ap

ill
ar

ie
s)

BMT PVEpo-injBMT ETwt BMT wt

C
ap

ill
ar

ie
s 

w
ith

 s
ta

lle
d 

bl
oo

d 
flo

w

(%
 o

f t
ot

al
 c

ap
ill

ar
ie

s)

Mixed MPN

*

Mixed MPN

Fig. 2. Elevated capillary stalls in mouse models of ET, PV, mixed MPN and secondary erythrocytosis. (A) Sequential 2PEF images that dem-

onstrate flowing (left panels) and stalled (right panels) capillaries in the cerebral cortex (images captured every 0.3 s for a total of 1.2 s of obser-

vation). Texas Red-dextran was intravenously injected to label blood plasma (bright), leaving the cellular components unlabeled (dark). (B) Box

plots of the fraction of capillaries with stalled blood flow in wt, BMT wt, BMT mixed MPN, BMT ET, Epo-inj and BMT PV animals. (C)

Fraction of capillaries with stalled blood flow as a function of hematocrit value for all animal groups. *P = 0.03; **P = 0.002; ***P = 0.0001.
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dependence of the fraction of capillaries with stalled flow

on leukocyte (Figure S1A) or platelet counts (Figure

S1B), although these data were more limited.

RBCs and platelet aggregates contributed to microvascular

stalls in PV and ET

To identify the cellular basis for these stalled capillaries,

we developed a strategy to distinguish between several

potential causes: (i) stationary RBCs (unlabeled objects

with no other cell types present); (ii) platelet aggregates

(punctate, clumped objects labeled by Rhodamine 6G);

(iii) leukocyte plugs (cell-shaped objects labeled by Rhoda-

mine 6G); or (iv) empty vessels (filled with blood plasma

but no blood cells) (Fig. 3A, Video S1). All groups had

statistically distinct distributions of causes of capillary

stalls (P < 0.001, chi-square test). In the BMT ET group,

platelet aggregates dominated and were responsible for

50% of all stalls, while stalls with only stationary RBCs

were associated with 65%, 50% and 48% of the stalls in

Epo-inj, BMT PV mice and BMT mixed MPN groups,

respectively (Fig. 3B). Interestingly, the distribution of

causes of capillary stalls was also significantly different

between BMT PV mice and Epo-injected animals, with

leukocyte plugs and platelet aggregates playing a larger

role in the BMT PV mice (P ≤ 0.0004).

Capillary stalls were persistent

In some animals, we monitored each stalled capillary with

a leukocyte plug, platelet aggregates, stationary RBCs or

empty of cells over about 2 h and performed a ‘survival

analysis’ on stalled microvessels. Flow was reestablished

most quickly in the BMT ET group (median stall persis-

tence time of 30 min; 208 stalls, three mice), followed by

the Epo-inj group (64 min; 999 stalls, eight mice), the

BMT PV group (105 min; 856 stalls, 10 mice) and the

BMT mixed MPN group (138 min; 430 stalls, 11 mice)

(Fig. 3C). In the BMT ET group, nearly half of the stalls

caused by platelet aggregates reestablished blood flow

within the first 10 min (Figure S2B), which is reflected in

the overall shorter stall persistence time (Fig. 3C). After

approximately 2 h, 14 � 3%, 28 � 2%, 23 � 2% and

79 � 1% (mean � SEM) of stalled capillaries in BMT

ET, Epo-inj, BMT PV and BMT mixed MPN groups

remained stalled, respectively. In some cases, we observed

a capillary stall breaking and flow being reestablished.

Figure 4 shows an example from a PV mouse, where

three RBCs were stationary over the first 1.5 s of imag-

ing, then abruptly began to flow at about 20 lm s�1.

Quantification of average RBC flow speed, vessel diameter

and capillary density

In arterioles, venules and capillaries that remained flow-

ing, neither flow speed (Fig. 5A) nor vessel diameter

(Fig. 5B) was remarkably different between groups

(Fig. 5C). The BMT PV mice, however, had nine of the

11 capillaries with flow speed below 200 lm s�1 as well
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Fig. 3. Classes and persistence of microvascular stalls in ET, PV,

mixed MPN and secondary erythrocytosis mouse models. (A) Four

classes of microvascular stalls are distinguished: (i) stationary RBCs;

(ii) platelet aggregates; (iii) leukocyte plugs; or (iv) empty plasma-

filled vessels with no blood cells. Texas Red-dextran labeled blood

plasma (red), Rhodamine 6G labeled leukocytes and platelets (green).

Leukocyte plugs and platelet aggregates had distinct morphologies

that could be differentiated from one another. To verify this, Hoechst

33342 dye was used to label nuclei of leukocytes (blue) in some ani-

mals. RBCs were unlabeled and appeared dark against the labeled

blood plasma in each vessel. See also Video 1. (B) Classification of

the cause of capillary stalls as a fraction of the total number of stalled

capillaries for each mouse model. (C) Survival plot of capillary stalls

that remain in place as function of time for each mouse model.
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as the four slowest arterioles that were measured across

all animal groups, suggesting reduced flow even in vessels

that were not stalled in BMT PV mice. Lastly, we manu-

ally counted the number of capillary segments in the

imaged volume to estimate vascular density. We observed

a large variability among animals within each group but

no significant difference between groups (Figure S3).

Discussion

We studied cortical blood flow in mouse models of PV,

ET, mixed MPN and secondary erythrocytosis and found

a dramatic increase in the fraction of capillaries with

stalled blood flow, as compared with control mice. As a

control, we compared the results of wt and BMT wt ani-

mals and did not find gamma irradiation and bone mar-

row transplantation to have an impact on the outcome.

While large vessel thrombosis does occur in humans with

PV and ET (e.g. deep vein thrombosis [26], myocardial

infarction and stroke [27]), we did not observe flow block-

ages in brain surface arterioles or venules that were larger

than approximately 7-lm diameter. Consistent with our

finding of stalled capillary flow in MPN mouse models,

microvascular flow problems are frequently observed in

humans. For example, a study of 103 JAK2V617F-positive

MPN patients reported that 12 had arterial thrombosis,

seven had venous thrombosis and 11 had microvascular

thrombosis, the latter accounting for half of all throm-

botic complications that occurred prior to diagnosis with

MPN [28]. Amongst 140 consecutive MPN patients, 22/

80 with ET and 20/60 with PV had microcirculatory

symptoms, a higher incidence than large vessel arterial

and/or venous thrombosis [29].

Hematocrit value was found to be a strong predictor of

the fraction of capillary segments with stalled flow in the

BMT PV and Epo-inj animal groups in our study, but

with significant variability in the fraction of capillaries

with stalled flow at any given hematocrit. This finding

may provide a scientific basis for the recently published

findings of a clinical trial in PV patients showing that

phlebotomy and/or hydroxyurea treatment targeted to

reduce the hematocrit value to < 45% was associated with

significantly lower rates of cardiovascular death and

major thrombosis, as compared with patients treated for

a higher hematocrit target value of 45–50% [30].

Our observation that RBC stalls in PV animals typi-

cally resolved by an abrupt clearance of the stationary

RBCs, within 0.3 s or one image frame, followed by rapid

RBC flow in the capillary segment, strongly suggests an

adhesive mechanism. In recent work, RBCs from PV

patients were found to have increased adhesion to

endothelial cells as compared with controls [31,32].

Up-regulation and phosphorylation of the Lutheran/basal

cell-adhesion molecule (Lu/BCAM) in circulating RBCs,

which binds to endothelial cell laminin, was found to be

the primary cause of this increased adhesion. The expres-

sion of Lu/BCAM in mature RBCs in wild-type mice has

been found to be weak [33], although there have been few

studies of the expression or activity of Lu/BCAM or

other adhesion receptors on RBCs in murine disease

models. In humans, JAK2V617F activity leads to up-regu-

lation and phosphorylation of Lu/BCAM in RBCs

[31,32], and this may also occur in mice. In a mouse

model of hereditary spherocytosis, murine RBCs were
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Fig. 4. Example of initially stationary RBCs breaking free, leading

to reestablished blood flow, in a PV mouse. (A) High magnification,

z-projected 2PEF image of a stalled cortical capillary. Texas Red-

dextran, Rhodamine 6G and Hoechst 33342 were all used as labels,

so the three dark objects within the vascular lumen were stationary

RBCs (labeled a, b and c). (B) Sequential 2PEF images (every 0.3 s)

showing stalled flow in the capillary segment until after 1.5 s of

observation, when it began to flow. (C) Plot of the position of RBCs

a, b and c relative to the end of the vascular segment over time.

Once the capillary began to flow, the flow speed was about

20 lm s�1.
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observed to adhere to human laminin, suggesting that

adhesion receptors can, indeed, be activated in murine

RBCs in disease models [34].

Other factors may also play a role in the microcircula-

tory dysfunction we observed in our primary and second-

ary erythrocytosis models. High hematocrit values
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drawing of linescan acquisition to track RBC positions over time and obtain centerline RBC flow velocity in individual blood vessels. (B) Axi-

ally projected (z-direction) image of a single microvessel and its intensity profile along the drawn line to determine vessel diameter. (C) Scatter

plots of blood flow speed vs. vessel diameter for arterioles (red), capillaries (green) and venules (blue) for all animal groups.
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increase blood viscosity, increasing vascular resistance

and slowing flow. The cell-free layer that normally exists

next to the vessel wall is also diminished due to margina-

tion of all blood cells. This phenomenon increases the

likelihood and duration of interactions of cells with the

endothelium, enhancing the probability of adhesion that

could lead to a microvessel stall [35]. High hematocrit val-

ues, and hence, high viscosity, also generate abnormally

high shear stress on the vessel wall that may facilitate

endothelial dysfunction and activation of leukocytes and

platelets [35–37]. In support of this, both leukocyte and

platelet activation have been observed in patients with PV

[38,39]. Together, such cellular activation would facilitate

increased adhesion of leukocytes and platelets in the

microvasculature [40]. Indeed, in the transgenic PV and

Epo-injected animals, the compositions of stalled capillar-

ies associated with RBCs, leukocytes, platelets and empty

vessels were different. While the majority of stalled capil-

laries contained only stationary RBCs in both groups,

leukocyte plugs and platelet aggregates were more com-

mon in the PV mice as compared with the Epo-injected

animals, suggesting that leukocyte and platelet adhesion

plays a larger role in the PV model as compared with the

secondary erythrocytosis model.

The factors that influence the risk of vascular occlusion

in ET remain unclear from previous studies. Hematocrit

did not directly influence the fraction of capillaries with

stalled flow, indicating a different mechanism for blood

flow arrests as compared with PV. Although half of the

stalled capillaries were caused by platelet aggregates in the

ET group, neither platelet nor leukocyte counts were good

predictors of the fraction of capillaries that were stalled in

ET mouse models (or any of our mouse models). While

platelet counts were elevated in all ET mice as compared

with other groups, the fraction of capillaries stalled did not

obviously increase with platelet number estimates (from

blood smears) or with quantitative platelet counts (in the

animals where they were available). The relationship

between thrombocytosis, leukocytosis and vascular occlu-

sive events in humans is similarly confounding. Both white

count and platelet count have been found to be inconsistent

predictors of the risk of large vessel thrombosis in MPN

patients [37,41–43]. Leukocytosis was found to increase

thrombotic risks in MPN patients in some studies

[37,44,45]. On the other hand, one study found leukocytosis

to have no impact on the incidence of thrombotic events

[46]. In addition, although the World Health Organization

does not include thrombocytosis as a risk factor for throm-

botic events, its presence in ET patients is still considered to

be a risk factor by some clinicians [43]. Therefore, further

investigation is required to understand the roles of leukocy-

tosis and thrombocytosis in microvascular disturbance.

We found the majority of capillary stalls in the

JAK2V617F ET model to be caused by short-lived platelet

aggregates, suggesting that platelet activation (rather than

simple platelet numbers) may play a role in causing the

stalls. In support of this idea, the percentage of platelets

with high levels of P-selectin is increased in ET patients

with a history of thrombosis compared with those with-

out [47]. ET patients are also more likely to have an

increase in soluble E-selectin, suggesting endothelial acti-

vation, and increased circulating microparticles, which

amplify thrombogenesis [48,49]. Furthermore, prothrom-

bin fragments, thrombomodulin and von Willebrand fac-

tor have been found to be elevated in both PV and ET

[50], suggesting a prothrombotic environment. Leukocyte

activation has also been observed and can result in an

increase in circulating platelet-leukocyte complexes, which

may also contribute to thrombosis [51,52]. Our results

support the clinical observations that a prothrombotic

flow environment is present in ET that could greatly

affect the microcirculation. Our findings of fast flow rees-

tablishment in stalls associated with platelet aggregates in

ET mice may indicate somewhat weaker platelet adher-

ence as compared with those found in macroscopic clots.

The notion that a primary endothelial cell defect may

be a major cause of the microvascular stalls in the

JAK2V617F bone marrow transplanted animals cannot be

excluded by this study. It is certainly plausible because

hematopoietic stem cell-derived endothelial progenitors

may harbor the same abnormalities that occur in blood

cells and might be, therefore, functionally abnormal as an

antithrombotic surface [53].

Although the capillary stalls we have observed are not

permanent, they persist for more than half an hour, on

average, and thus may be analogous to very small

strokes. In addition, having a large fraction of capillaries

stalled, even when which vessels are stalled is constantly

changing, causes chronic brain hypoperfusion that could

further increase the prevalence of thrombotic [54] and

neurological complications. Cortical microinfarcts and

global hypoperfusion are recognized as common causes

of cognitive decline and dementia in patients. The pres-

ence of silent brain infarcts alone, regardless of etiology,

has been found to more than double the risk of develop-

ing dementia in a large-scale study involving over 1000

participants [6]. In addition to memory deficits, individu-

als with such small strokes showed a broad spectrum of

cognitive and behavioral changes, including attentional

and executive impairments as well as depression

[7,8,55,56]. The microcirculatory problems we have

observed in MPN mouse models could cause similar neu-

rological dysfunction in PV and ET patients. In support

of this, mouse models of excessive erythropoiesis pro-

duced by overexpression of Epo (comparable to the

effect of our Epo-inj mouse model of secondary polycy-

themia) showed degeneration in multiple tissue types,

including the brain [57]. In addition, case studies of

patients with ET and PV report neurological symptoms

such as depression [9], mixed movement disorder [10],

amnesia, headache and dysphagia. In a retrospective

study, PV patients with an elevated hematocrit that
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presented with transient blindness episodes showed

reduced blood flow in the retina as compared with con-

trols [58]. After phlebotomy to lower the hematocrit

value to a normal range, retinal blood flow improved

(but was still below controls) and transient blindness epi-

sodes were eliminated in almost all patients. Finally, in a

prospective study of ET patients, neurological symptoms

including blurry vision, headache, tinnitus and dizziness

were reported [12]. Therapies that decrease capillary

stalling could play an important role in reducing micro-

vascular thrombotic and vasomotor complications of the

MPNs, including not only neurological disorders but

also others such as erythromelalgia, which is caused by

capillary occlusions in the extremities.

The longstanding uncertainties about the basic mecha-

nisms of microcirculatory dysfunction in the MPNs have

led to inadequate attention to potential neurological

impacts, despite evidence of neurological disease and of

microcirculatory problems in other parts of the body in

MPN patients. Our introduction of an in vivo animal model

that permits direct visualization and measurement of blood

flow disruptions in the cortical microvasculature in real

time enables identification of the cellular mechanisms

underlying microcirculatory dysfunction. We used

advanced in vivo imaging techniques to directly demonstrate

impaired cerebral blood flow in mouse models of PV, ET,

mixed MPN and secondary polycythemia for the first time,

and found that it is caused not necessarily by problems in

larger arterioles or venules, but rather by plugging of indi-

vidual capillary segments. In ET models, platelet aggregates

caused the majority of the capillary stalls, suggesting plate-

let activation plays a role. In PV models, adhered RBCs

caused the majority of the capillary stalls. Our studies pro-

vide novel insights into the hemodynamic and cellular

mechanisms of cerebral microcirculatory disturbances in

ET and PV. This approach could open the door to the

rational evaluation of therapeutic targets that may alleviate

microvascular complications observed in MPNs.
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