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Maturation of Platelet Function During Murine Fetal
Development In Vivo

Andreas Margraf,* Claudia Nussbaum,* Ina Rohwedder, Sarah Klapproth,
Angela R.M. Kurz, Annamaria Florian, Volker Wiebking, Joachim Pircher, Monika Pruenster,
Roland Immler, Steffen Dietzel, Ludmila Kremer, Friedemann Kiefer, Markus Moser,
Andreas W. Flemmer, Elizabeth Quackenbush, Ulrich H. von Andrian, Markus Sperandio

Objective—Platelet function has been intensively studied in the adult organism. However, little is known about the function
and hemostatic capacity of platelets in the developing fetus as suitable in vivo models are lacking.

Approach and Results—To examine fetal platelet function in vivo, we generated a fetal thrombosis model and investigated
light/dye-induced thrombus formation by intravital microscopy throughout gestation. We observed that significantly less
and unstable thrombi were formed at embryonic day (E) 13.5 compared with E17.5. Flow cytometry revealed significantly
lower platelet counts in E13.5 versus E17.5 fetuses versus adult controls. In addition, fetal platelets demonstrated changed
activation responses of surface adhesion molecules and reduced P-selectin content and mobilization. Interestingly, we
also measured reduced levels of the integrin-activating proteins Kindlin-3, Talin-1, and Rap1 during fetal development.
Consistently, fetal platelets demonstrated diminished spreading capacity compared with adults. Transfusion of adult
platelets into the fetal circulation led to rapid platelet aggregate formation even in young fetuses. Yet, retrospective
data analysis of a neonatal cohort demonstrated no correlation of platelet transfusion with closure of a persistent ductus
arteriosus, a process reported to be platelet dependent.

Conclusions—Taken together, we demonstrate an ontogenetic regulation of platelet function in vivo with physiologically low
platelet numbers and hyporeactivity early during fetal development shedding new light on hemostatic function during fetal life.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2017;37:1076-
1086. DOI: 10.1161/ATVBAHA.116.308464.)
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latelets control primary hemostasis by constantly scan-

ning the vasculature for vessel injuries. At sites of vascular
lesions, components of the subendothelial matrix are recognized
by various platelet receptors, which initiate intracellular signal-
ing events leading to numerous platelet responses such as shape
change, degranulation, and activation of platelet integrins.'”

Although platelet function has been extensively studied in
the adult mammalian organism, little is known about platelet
function in the developing fetus. In vitro studies reported hypo-
reactive platelets in human newborns when stimulated with
physiological agonists.*> However, similar responses were
observed in platelets from newborns and adults once stimu-
lated with agonists bypassing the platelet-activating surface
receptors (calcium ionophore/phorbol esters). Interestingly,
platelet activity and platelet counts were found to correlate

with gestational age.®® At the same time, when comparing
platelets from human neonates and adults, an age-related lack
of conformational change of the integrin GPIIb/IIla (CD41/
CD61, a.,, f3,) was revealed."

In strong contrast, shorter bleeding times and enhanced
ristocetin-induced agglutination were observed in term infants
compared with adults," which was explained by higher levels
and enhanced activity of plasmatic von Willebrand factor along
with an increased hematocrit. In addition, a predominance of
unusually large von Willebrand Factor multimers was reported
in term neonates, which most likely results from decreased
activity of von Willebrand Factor—cleaving protease.'?

Taken together, these studies provide evidence for sig-
nificant differences of the hemostatic system in neonates
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Nonstandard Abbreviations and Acronyms

HSPDA hemodynamically significant patent ductus arteriosus
PDA patent ductus arteriosus

compared with adults and suggest an ontogenetic regulation
of platelet function during fetal life.

To date, in vivo studies investigating platelet function
and thrombus formation in the developing mouse fetus are
lacking, likely because of the difficult access to the fetal cir-
culation for microscopic studies and the challenging experi-
mental conditions related to the small fetal size in mice.

Therefore, it was our aim to generate an intravital fetal
thrombosis model in the mouse and study the dynamic pro-
cesses of platelet adhesion and thrombus formation through-
out fetal development in vivo. Using this model, we found low
to absent thrombus formation in yolk sac microvessels and
reduced thrombus stability at early developmental stages com-
pared with near-term fetuses. Concomitantly, we observed low
platelet numbers, diminished activation responses of platelet
surface receptors, and reduced expression of platelet integrin-
adaptor molecules in fetuses compared with adults, suggesting
an ontogenetically controlled development of platelet function
during fetal life.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Model of In Vivo Thrombus

Formation in the Murine Fetus

Using intravital epifluorescence and multiphoton micros-
copy, we set up a new phototoxic injury—induced thrombosis
model in the living mouse fetus. This required microin-
jection of FITC (fluorescein isothiocyanate)-dextran into
fetal yolk sac vessels leading to a local light/dye-induced
microvascular injury (Movie I in the online-only Data
Supplement).” Throughout the whole in vivo experiment,
the fetus remained inside the yolk sac and attached to the
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placenta (Figure 1A through 1C). Using multiphoton laser-
scanning microscopy, we also visualized the different vas-
cular layers consisting of extraembryonic vessels of the yolk
sac and intraembryonic vessels (Movie II in the online-only
Data Supplement).

Impaired Thrombus Formation

During Fetal Development

We first assessed platelet adhesion to the endothelium (onset).
The percentage of vessels showing an onset of thrombus for-
mation was significantly reduced in young fetuses (E13.5)
compared with later developmental stages (E14.5-16.5;
E17.5) with a mean onset rate of 17.7+9.5% (mean+SEM)
compared with 65.6+8.5% and 75.0+16.4%, respectively
(Figure 2A). In addition, initiation of thrombus formation
was significantly delayed in young fetuses (Figure 2B),
and primary vessel occlusion occurred only in 67% of
E13.5 fetuses, whereas in older fetuses (E17.5), all vessels
demonstrated a first occlusion (Figure 2C). Furthermore,
thrombus growth and first vessel occlusion occurred signifi-
cantly slower in E13.5 fetuses compared with older fetuses
(Figure 2D).

Next, we addressed thrombus stability and found that re-
establishment of flow in primarily occluded vessels (reflow
phenomenon) appeared more frequently in younger com-
pared with older fetuses (Movie III in the online-only Data
Supplement). Intriguingly, E13.5 fetuses were not able to
mount a first stable vessel occluding thrombus as reflow
occurred in all of the primarily occluded vessels. In contrast,
in E17.5 fetuses, reflow was only seen in 33.3% of primar-
ily occluded vessels (Figure 2E). Moreover, time until reflow
occurred was shorter in E13.5 compared with E14.5 to 16.5
and E17.5 fetuses (Figure 2F). Finally, we investigated final
vessel occlusion defined as permanent occlusion without any
further reflow phenomenon throughout 60 minutes of observa-
tion. E13.5 fetuses exhibited a significantly lower rate of final
vessel occlusion compared with E17.5 fetuses (Figure 2G).
In addition, time until final vessel occlusion was delayed in
E13.5 fetuses compared with older fetuses (Figure 2H).

Microvascular and hemodynamic parameters for the in
vivo experiments are provided in Table 1.

S-N Bsesie

Figure 1. Model of in vivo thrombus formation in the murine fetus. A, To gain access to the yolk sac vasculature for microscopic studies,

the fetus within the yolk sac is exteriorized from the uterus and placed in a modified Petri dish. The fetus remains attached to the placenta
and thus the maternal circulation while protected inside the yolk sac (line=1 cm). B, Manually pulled and grinded microcapillaries are used to
inject 10% fluorescein isothiocyanate (FITC)-dextran into fetal yolk sac vessels for later light/dye-induced thrombus formation (line=1 mm).
C, Fluorescence microscopy of yolk sac vessels after injection of FITC-dextran (arrows show beginning thrombus formation, line=20 pum).
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Figure 2. In vivo parameters of fetal platelet function and thrombus formation. Platelet adhesion, determined as onset of thrombus forma-
tion in E13.5 and older fetuses (A and B; n>8 vessels per group). Rate of occurrence of first total vessel-occluding thrombi in fetal groups
and time until first occlusion (C and D; n>7 vessels). Re-establishment of flow and time until reflow in fetuses that exhibited a primary
vessel occlusion (E and F; n>2). Rate of final vessel-occluding thrombus formation without further reflow in the fetal groups and time until
final vessel occlusion (G and H; n>7). *P<0.05 and **P<0.01. Data are presented as mean+SEM.

Significantly Diminished Platelet Counts and
Altered Platelet Morphology in the Fetus

To determine reasons for reduced thrombus formation during
fetal life, we analyzed platelet counts using flow cytometry.
Fetal platelet counts were significantly reduced through-
out development compared with adult values with lowest
counts in the youngest fetuses (Figure 3A). Next, we studied
platelet morphology using an Idexx hematology analyzer.
Platelet distribution width, mean platelet volume, and plate-
let large cell ratio were found to be increased at early devel-
opmental (E13.5) compared with later time points (E17.5)
and adult levels (Figure 3B through 3D), demonstrating

that the existing low-numbered fetal platelets are signifi-
cantly larger than adult control platelets. In addition, fetal
erythrocyte counts were also found to depend on gestational
age with significantly lower counts in E13.5 fetuses com-
pared with adult controls (E13.5: 74+18x10%uL; E17.5:
239+30%10%uL; adult: 632+112x10%uL; P<0.001, data not
shown).

Adhesion Molecule Expression on Platelets

During Murine Fetal Development

Thrombus formation during primary hemostasis can be influ-
enced not only by platelet numbers but also by expression of
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Table 1. Microvascular and Hemodynamic Parameters of
Intravital Microscopy Experiments

Mother Centerline
Animals, | Fetuses, @ \Vessels, = Diameter, Velocity,
n n n um um/s
E13.5 9 11 17 32+2 710+170
E14.5-16.5 12 14 32 311 780+90
E17.5 4 4 8 33+3 1740740

Analysis of microvascular parameters showed no significant difference in
vessel diameter and centerline velocity between the different groups.

adhesion molecules on platelets. Flow cytometric analysis of
unstimulated platelets displayed lower surface levels of GPIb
B and o (CD42c and b) in fetuses compared with adult mice
(Figure 4A; Figures II through IV in the online-only Data
Supplement). As expected,'* we observed a decrease in GPIb
surface expression after stimulation with thrombin (0.1 U/mL)
in all groups. However, the decrease was more pronounced in
fetal platelets leading to significantly lower stimulated lev-
els of GPIb in fetal compared with adult platelets (Figure
4B; Figure II in the online-only Data Supplement). Next, we
examined surface expression of GPIIb (CD41) on unstimu-
lated platelets and found higher baseline values in young
(E13.5) fetuses compared with adult controls (Figure 4C;
Figures II through IV in the online-only Data Supplement).
However, analysis of thrombin-stimulated platelets revealed
that the shift toward a high-affinity conformation of GPIIb/
[Ila (CD41/CD61) was significantly diminished in fetal
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platelets compared with adults, indicated as MFI-ratio rela-
tive to unstimulated baseline levels (Figure 4D; Figure II in
the online-only Data Supplement). To exclude the possibil-
ity that the low response of fetal platelets toward thrombin
is because of reduced thrombin receptor expression, Western
blot analysis of platelet lysates was performed for protease-
activated receptor 3 and 4 (PAR3 and PAR4). We found com-
parable PAR3 expression in E13.5, E17.5 fetuses and adult
controls (Figure 4E, left), and even higher PAR4 levels in
E13.5 fetuses compared with older fetuses and adults (Figure
4E, right). In addition, we repeated flow cytometric activa-
tion assays using ADP (10 umol/L) as physiological weak
agonist and calcium ionophore A23187 (3 umol/L) as non-
physiological agonist bypassing G-protein—coupled surface
receptors. Although ADP elicited a mild activational upregu-
lation of high-affinity GPIIb/IIIa in adult platelets, no such
response was seen in fetal platelets. By contrast, after stimu-
lation with calcium ionophore, we observed a clear increase
in high-affinity GPIIb/IIla even in platelets from E13.5
fetuses; however, levels were still significantly lower than
that in adult controls (Figures III and IV in the online-only
Data Supplement).

To better understand the reduced reactivity of fetal plate-
lets, we next addressed integrin adaptor molecules Talin-1
and Kindlin-3 as well as small GTPase Rapl, which are
essential for induction of the high-affinity conformation.*!>16
We found significantly lower levels of Kindlin-3, Talin-1, and
Rapl in fetal platelets (Figure 4F), which most likely con-
tribute to impaired GPIIb/IIla activation on platelets during
fetal life.
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Figure 3. Platelet counts during fetal development. Flow cytometry was performed to investigate platelet counts in fetuses compared
with adults (A; n>5). In addition, platelet distribution width (PDW; B), mean platelet volume (MPV; C) and platelet large cell ratio (P-LRC; D)
were determined using an Idexx hematology analyzer (n>9). *P<0.05 and **P<0.01. Data are presented as mean+SEM.
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Figure 4. Expression levels of platelet surface receptors during fetal development. Flow cytometry was used to investigate platelet sur-
face receptor expression on fetal and adult platelets. A, Basal and (B) thrombin-stimulated expression (relative to respective basal values)
of GPIb § (CD42c). C, Baseline expression of GPIIb (CD41) and (D) change in expression of high-affinity GPIIb/llla (CD41/CD61) after
thrombin stimulation (relative to respective basal values). Western blot analysis of platelet lysates for (E) levels of thrombin receptor prote-
ase-activated receptor (PAR)-3 and PAR4 and (F) integrin adaptor molecules Kindlin-3, Talin-1, and small GTPase Rap1 in fetal and adult
platelets (n>3 blots). *P<0.05, **P<0.01, ***P<0.001. Data are presented as mean+SEM.

Reduced Total P-Selectin

Expression in Fetal Platelets

Thrombin-induced upregulation of P-selectin (CD62P) sur-
face expression is prominent on adult platelets and used as
a platelet activation marker.'” Flow cytometry revealed that
P-selectin surface expression on unstimulated platelets was

low without significant difference between fetal and adult
platelets (Figure 5A; Figures III and IV in the online-only
Data Supplement). Intriguingly, upregulation of P-selectin
surface expression following stimulation with thrombin and
calcium ionophore was almost completely absent in fetal
platelets (Figure 5B; Figure III and IV in the online-only Data
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Figure 5. P-selectin levels of fetal platelets. Flow cytometry
was used to measure P-selectin surface levels on unstimulated
and thrombin-stimulated platelets. Representative flow cytom-
etry measurements of E14.5 (left) and adult platelets (right)

are shown (A). Upregulation of P-selectin surface levels after
thrombin stimulation (relative to basal values) in fetal platelets
compared with adults (B; n=3). In addition, total P-selectin con-
tent of platelet lysates was measured by Western blot in fetuses
compared with adults (C; n>4). Images are representative for
indicated n-number of blots. *P<0.05 and **P<0.01 (n>3). Data
are presented as mean+SEM.

Supplement). However, with advancing gestational age, a pro-
gressive increase in P-selectin upregulation could be observed.
Yet, all fetal values still remained significantly below adult
values (Figure 5B).

To investigate whether low P-selectin surface levels
upon stimulation were because of decreased degranulation
or diminished platelet P-selectin content, Western blot anal-
ysis of platelet lysates was performed. Our results revealed
severely reduced total platelet P-selectin levels during fetal
life with lowest content in the youngest fetuses (Figure 5C).

Reduced Spreading Capacity of Fetal Platelets

To analyze whether the observed differences in the levels
of integrin-activating proteins and high-affinity GPIIb/IIIa
surface expression on fetal platelets have functional con-
sequences, we investigated platelet spreading on fibrino-
gen. Again, platelets from E13.5 fetuses were found to be
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Figure 6. Platelet spreading on fibrinogen. Isolated platelets
from E13.5 fetuses (n=5) and adult mice (n=5) were stimulated
with 0.1 U/mL thrombin, and spreading of platelets in p-slides
coated with 1 mg/mL fibrinogen was recorded over 10 min. A,
Change in platelet area relative to baseline (t0). B, Change in
platelet perimeter relative to baseline (t0). C, Change in platelet
circularity. A value of 1 indicates perfect circularity. *P<0.05,
**P<0.01, **P<0.001, and ***P<0.0001. Data are presented as
mean+SEM.
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significantly larger at baseline compared with adult platelets
(11.7+0.6 versus 6.2+0.3 pm’ [mean+SEM], respectively;
P<0.001). Therefore, changes in platelet area and perimeter
were calculated as ratio relative to baseline. In line with the
activation assays, platelets from E13.5 fetuses displayed a sig-
nificantly reduced capability to spread on fibrinogen-coated
surface after stimulation with thrombin compared with adult
platelets (Figure 6A and 6B). Interestingly, spreading mor-
phology between adult and fetal platelets also differed sig-
nificantly. Although adult platelets showed normal stages
of spreading including spindle-like forms and extrusion of
long filopodia (decrease in circularity) followed by expan-
sion of lamellipodia leading to the fully spread fried egg form
(increase in circularity),'® the majority of E13.5 platelets only
formed short filopodia and spread in a circular fashion by pri-
mary expansion of lamellipodia (Figure 6C; Figure V in the
online-only Data Supplement).

Transfusion of Adult Platelets Into E14.5 Fetuses
Leads to Platelet Aggregate Formation But Does
Not Promote Adhesion of Fetal Leukocytes

On the basis of our findings of a functional and numeric
defect in the fetal platelet population, we wanted to assess
how adult platelets behave in the fetal yolk sac circulation
and whether they are able to form thrombi in E14.5 fetuses,
indicating that reduced platelet interaction and thrombus for-
mation are because of a platelet-intrinsic maturation defect.
To this end, labeled platelets from adult donor animals were
injected into yolk sac vessels of E14.5 fetuses (200000 plate-
lets/fetus). Rapid spontaneous platelet adhesion at multiple
sites of the yolk sac vasculature could be noted together with
platelet aggregate formation (Movie IV in the online-only

Data Supplement). Interestingly, the forming thrombi exhib-
ited a tendency to release emboli into the fetal circulation.
By contrast, transfusion of age-matched E14.5 platelets into
E14.5 fetuses (200000 platelets/fetus) lead to platelet aggre-
gate formation in only 33.3% of experiments compared with
100% after transfusion of adult platelets (n=3 per group). To
exclude that the propensity of adult platelets to form sponta-
neous aggregates in the fetal circulation is merely because of
platelet activation by the isolation and staining procedure, we
investigated behavior of transfused adult platelets in mouse
cremaster muscle vessels. In this setting, despite increasing
the amount of transfused platelets to 40 million (= 3% to 5%
of total platelet count), which equals roughly the concentra-
tion of platelets transfused into the fetal circulation, we did
not observe any spontaneous platelet aggregation or thrombus
formation (data not shown).

Apart from their role in primary hemostasis, platelets have
been shown to be important regulators in inflammation and to
facilitate leukocyte recruitment.'”?’ As we have recently dem-
onstrated that fetal leukocytes at early developmental stages
(<E15) are not able to adhere to the yolk sac vasculature
in a model of traumatic inflammation,?' we were interested
whether transfusion of adult platelets is able to promote adhe-
sion of fetal leukocytes.

For this purpose, isolated rhodamine 6G-labeled adult
platelets were transfused into LysM-EGFP (enhanced green
fluorescent protein) E14.5 fetuses displaying fluorescent neu-
trophils. Interestingly, despite rapid platelet adhesion, we
did not observe interactions between adult platelets and fetal
EGFP* cells and saw no incorporation of EGFP* leukocytes
into the forming thrombus (Movies V and VI in the online-
only Data Supplement).

Table 2. Clinical Parameters of Premature Infants With HSPDA and Indomethacin Therapy With or Without

Platelet Transfusion

No Platelet Transfusion
Platelet Transfusion Thrombocytopenia Normal Platelets PValue

No. of patients, n 8 17 172
Gestational age, wk, range 25 (22-27) 26 (23-30) 26 (23-32) NS
Birth weight, g, range 598 (440-940) 780 (320-1450) 822 (370-1480) 0.048
SGA, n (%) 2 (25) 4 (24) 9 (5) 0.004
Platelet count, G/L, SD 89.9+27.5* 101+22.6* 276.5+99.3 <0.0001
Hematocrit, %, SD 30«5t 39+7 36+6 0.011
Surgical ligation, n (%) 6 (75)"t 3(17.6) 57 (33.1) 0.017
Death, n (%) 1(12.5) 3(17.6) 4(2.3) 0.004
Maternal diagnoses

HELLP syndrome, % 0 12 4 NS

Preeclampsia, % 13 6 4 NS

Placental insufficiency, % 38* 6 6 0.005

Amnioninfection, % 25 12 16 NS

Platelet counts and hematocrit were obtained at the time PDA treatment was started. HSPDA indicates hemodynamically significant patent

*Significance vs infants with normal platelet counts.

tSignificance vs nontransfused thrombocytopenic infants.

ductus arteriosus; HELLP, hemolysis, elevated liver enzymes, and low platelets; PDA, patent ductus arteriosus; and SGA, small for gestational age.
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Transfusion of Adult Platelets Into
Thrombocytopenic Premature Infants

Does Not Promote Pharmacological

Closure of a Patent Ductus Arteriosus

It has been demonstrated that postnatal closure of a patent
ductus arteriosus in term infants is associated with the forma-
tion of a stable thrombus and subsequent clot consolidation.??
Preterm infants, however, frequently experience hemody-
namically significant patent ductus arteriosus (HSPDA), and
medical or surgical patent ductus arteriosus (PDA) closure is
eventually needed to prevent organ failure or progressive heart
failure.

On the basis of our finding of excessive in vivo aggre-
gate formation after transfusion of adult platelets into
fetuses, we became interested whether platelet transfusion
impacts HSPDA closure in thrombocytopenic premature
infants. To this end, we performed a retrospective analysis
of 718 children born <1500 g and <32 weeks of gestation
at the tertiary neonatal intensive care unit at the University
Children’s Hospital Munich (Table 2). A total of 197 infants
(27.4%) developed a HSPDA requiring medical treatment
with indomethacin and subsequent surgical ligation, if phar-
macological treatment failed. Of those, 25 neonates (12.7%)
exhibited thrombocytopenia (platelet count <150 G/L) and 8
infants (32% of thrombocytopenic infants) received at least
one platelet transfusion at the time of HSPDA treatment.
When focusing on the need for surgical closure of HSPDA
and previous platelet transfusion, we found that surgical clo-
sure rate was significantly higher in infants transfused with
adult platelets compared with nontransfused thrombocyto-
penic infants and infants with normal platelet counts (75%
versus 17.6% and 33.1%, respectively; P=0.017; Table 2),
suggesting that platelet transfusion does not demonstrate
a beneficial effect on pharmacological closure of a hemo-
dynamically relevant PDA in thrombocytopenic premature
neonates. Finally, we analyzed mortality in our neonatal
cohort and found a higher mortality in thrombocytopenic
premature infants compared with infants with normal plate-
let counts. However, this was independent of platelet trans-
fusions (Table 2).

Discussion
In the present study, we investigated in vivo thrombus forma-
tion at different developmental stages of the mouse fetus using
a novel light/dye-induced fetal thrombosis model featuring an
intact fetomaternal placental unit. Although light/dye-induced
injury results in platelet adhesion and thrombus formation in
cremaster muscle venules of adult mice within a few min-
utes,® we observed significantly decreased and delayed rates
of functional thrombus formation in the developing fetus and
a dependency on fetal maturation. Thus, our findings reveal an
ontogenetic regulation of platelet function, impacting in vivo
clot formation. This is in accordance with previous studies
showing that bleeding time in human premature infants <33
weeks of gestation is about twice that of mature neonates.>
Intriguingly, not only the clot-forming capacity seemed to
depend on gestational age but also clot stability as evidenced
by the reflow phenomenon. In this context, a recent study
looking at clot formation in human neonates using rotational
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thromboelastometry found that clot firmness correlated with
gestational age and was significantly reduced in premature
newborns.?

To uncover reasons for reduced fetal in vivo thrombus
formation, we investigated platelet counts and found strongly
reduced platelet numbers in murine fetuses compared with
adults and a correlation with gestational age. A multicenter
study in >47000 neonates reported lower platelet counts for
premature infants <32 weeks of gestation compared with older
ones.? In addition, as in murine fetuses, the platelet distribu-
tion width was found to be increased in preterm compared
with term neonates.”’ Whether the changes in platelet indices
are merely a result of the reduced platelet count® or possi-
bly represent a mechanism to compensate for altered platelet
function® deserves further investigation. In vivo experiments
using antibodies to reduce murine platelet counts to numbers
in the range we observed in the fetuses show that, depending
on the model, counts as low as 25 G/L are sufficient to pro-
mote thrombus formation.* Thus, the reduced platelet count is
likely to contribute to defective thrombus formation especially
in the E13.5 fetuses but cannot fully explain our findings.

Our further in vitro analyses revealed altered integrin
expression and a hyporeactive phenotype of fetal platelets.
Different mechanisms have been discussed regarding the
nature of platelet hyporeactivity in premature and mature
infants, including impairment of calcium mobilization and
altered intracellular signaling.>3' Our results support the
concept that hyporesponsiveness of fetal platelets is mul-
tifaceted including altered signal transduction of surface
receptors (which can be bypassed using calcium ionophore)
but also an altered intracellular machinery necessary for
integrin activation. In line with this notion, we were able to
demonstrate that expression of Talin-1, Kindlin-3, and Rapl,
which have been shown to be essential for inside-out medi-
ated integrin activation and platelet function,*!>!'® were sig-
nificantly reduced in fetal platelets. It is plausible that these
findings directly relate to the reduced capacity of fetal plate-
lets to spread on fibrinogen and to stabilize forming thrombi
in vivo, as both processes critically depend on GPIIb/IIIa
integrin—mediated signaling (outside-in) upon substrate liga-
tion.* The altered spreading morphology of fetal platelets
with reduced filopodia formation is of interest with respect
to thrombus stability, as filopodia enable binding to fibrin
strands and other platelets to form a 3-dimensional throm-
bus. In Wistar Furth rats, which display hereditary mac-
rothrombocytopenia, a similar spreading pattern has been
described and linked to the higher thrombus fragility found
in these animals.'®

Besides altered integrin expression and activation, we
also found decreased P-selectin upregulation on fetal plate-
lets. This is in accordance with recent findings in human
neonates,”* and likely related to the strongly reduced total
P-selectin content we discovered in murine fetal platelets.
P-selectin has been demonstrated to be instrumental in pro-
moting platelet-leukocyte interactions.’>*> Remarkably,
in the fetal yolk sac, fetal leukocytes did not interact with
fully mature transfused adult platelets (with presumably
normal P-selectin expression). This might be because of
reduced levels of PSGL-1, the major P-selectin ligand on
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fetal leukocytes, as demonstrated earlier.?'*¢ Although our
findings elicit an important role of modulated platelet func-
tion and numbers, other factors are also likely to influence
hemostasis during fetal development.’’” These include a
lower erythrocyte count found in young fetuses, changes in
the level and activity of plasmatic coagulation factors, and
altered endothelial cell function. In addition, the release of
second wave agonists such as ADP and thromboxane A2 has
also been shown to be reduced in platelets from premature
human neonates.* Because of the limited amount of blood,
and the low platelet numbers in the murine fetus, it is at pres-
ent not possible to perform reliable measurements of blood
coagulation parameters and agonist release from murine
fetal platelets.

The reduced capacity to form a stable clot, particularly
during early fetal life, might be a protective factor against
vascular thrombotic injury with its detrimental consequences
for normal development. Studies in mice deficient in the tran-
scription factor NF-E2 demonstrated a maturation arrest of
megakaryocytes with loss of platelets. Yet, NF-E2—deficient
embryos developed to term without major impairment, sug-
gesting that strongly reduced platelet function and number
do not necessarily impact fetal development in utero.* These
results seem to conflict with studies demonstrating an essen-
tial role of platelets in lymph vessel development by interac-
tion of platelet C-type lectin-like receptor with podoplanin on
lymphatic endothelial cells.* However, the authors argue that
for normal lymph vessel development, the presence of few
platelets, which can still be found in NF-E2—deficient mice,
is sufficient.

It is tempting to speculate that the maturation of fetal
platelets during gestation reflects developmental differences
in gene expression and function of hematopoietic stem cells
as hematopoiesis moves from the yolk sac and aorta-gonad-
mesonephros region to the fetal liver and finally the bone
marrow. Megakaryopoiesis is differentially regulated dur-
ing primitive (c-myb independent) and definitive hemato-
poiesis (c-myb dependent) with primitive megakaryocyte
progenitors likely giving rise to the first megakaryocytes
present in the yolk sac and large highly nucleated platelets
found in the embryonic circulation by E10.5. Around that
time, hematopoiesis moves to the fetal liver and by E12.5,
the liver becomes the main hematopoietic niche for stem
cell expansion and differentiation.*'** It is conceivable that
early platelets derived from primitive progenitors exhibit
distinct functional characteristics as compared with platelets
from definitive progenitors. In E13.5 fetuses, both types of
platelets likely are present concurrently, whereas the number
of early primitive platelets should decrease with advancing
gestation.

The ontogenetic regulation of platelet function becomes
problematic in the setting of premature birth, where the
fetus is suddenly exposed to the threats of extrauterine life.
Indeed, one of the major complications in preterm infants
is intraventricular hemorrhage and its incidence is inversely
correlated with gestational age.** Thus, the otherwise physi-
ological platelet hyporeactivity found in premature infants
may, together with other factors, such as an immature vascular
system and changing blood flow properties, contribute to the

development of intraventricular hemorrhage. Furthermore, in
a mouse study of PDA, it was suggested that platelets contrib-
ute to the closure of the ductus arteriosus following birth, and
thrombocytopenia was proven to be a predictor for PDA in
preterm infants.?

Based on our observation of platelet aggregate formation
in fetuses following transfusion of adult platelets, we per-
formed a retrospective data analysis investigating the impact
of adult platelet transfusion on pharmacological PDA closure
and mortality. Unexpectedly, we found that administration of
adult platelets had no beneficial effects on PDA closure in
thrombocytopenic premature infants treated with indometha-
cin. However, factors such as ductal size, treatment timing,
differences in hematocrit and possibly coagulation param-
eters, and accompanying comorbidities may confound these
results. Therefore, these findings need to be interpreted with
caution and investigated by larger prospective studies. This
is undermined by the existing conflicting clinical data on the
role of platelets and ductal closure.?>* Interestingly, when
looking for underlying maternal conditions affecting neona-
tal platelet counts, we observed a significantly higher rate
of placental insufficiency in mothers from neonates requir-
ing transfusion than in the other groups. Even though this
observation does not allow concluding on a causal relation-
ship because of the retrospective approach and the limited
number of patients, we think that it is still noteworthy and
deserves further evaluation. Finally, we observed similar
overall mortality in transfused versus nontransfused throm-
bocytopenic premature infants. However, the decision for
platelet transfusion should be considered carefully in view
of possible adverse effects after transfusion of inadequately
active platelets in neonates.* In this context, Ferrer-Marin
et al*’ could elegantly show that adult platelets transfused
into fetal blood in vitro exhibit an increased aggregatory and
hemostatic performance compared with neonatal platelets
pointing toward the existence of a developmental mismatch
in platelet transfusion. In line with this notion, we observed
rapid and spontaneous clot formation after transfusion of
adult platelets into the fetal circulation, whereas transfusion
of age-matched platelets did not result in thrombus forma-
tion. Furthermore, adult platelets transfused into the adult
circulation did not exhibit any propensity to form sponta-
neous aggregates. These observations support the concept
that the fetal plasma exerts some prothrombotic activity
(eg, through increased levels and presence of ultralarge von
Willebrand Factor),'"'? possibly to compensate for reduced
platelet numbers and function.

In summary, using a novel murine fetal thrombosis
model, we demonstrate a developmental regulation of plate-
let function and thrombus formation. This involves platelet
numbers and key molecules of platelet integrin signaling and
surface receptors relevant for platelet adhesion and aggrega-
tion. Furthermore, we show that transfusion of adult platelets
can override reduced clot-forming capacity in young fetuses.
These findings do not only provide new valuable insights
into the regulation of primary hemostasis during fetal life
but also demand future clinical studies to further evaluate the
benefits and risks of adult platelet transfusion in premature
infants.



T20Z ‘8 Yo N uo Aq Bio'sfeuno feye//:dny wouy pspeojumoq

Margraf et al

Acknowledgments

We thank Johannes Altstitter, Kristina Heinig, Nadine Schmidt,
Susanne Bierschenk, Katharina Wachal, and Dennis Schock for help
with animal care and technical support.

Sources of Funding

This study was supported by Deutsche Forschungsgemeinschaft
SFB914 (Project B1 to M. Sperandio and A1 to M. Moser), associated
Integrated Research Training Group of the SFB 914 (A. Margraf),
scholarship program Forderung Forschung und Lehre FoFoLe (A.
Margraf, C. Nussbaum, M. Sperandio), the student research scholar-
ship grant of LMU (Lehre @LMU; A. Margraf), and the SFB 656 (F.
Kiefer).

Disclosures

None.

. Clemetson KIJ. Platelets and primary haemostasis.

References

Thromb Res.
2012;129:220-224. doi: 10.1016/j.thromres.2011.11.036.

. Reed GL, Fitzgerald ML, Polgir J. Molecular mechanisms of plate-

let exocytosis: insights into the “secrete” life of thrombocytes. Blood.
2000;96:3334-3342.

. Moser M, Nieswandt B, Ussar S, Pozgajova M, Fissler R. Kindlin-3

is essential for integrin activation and platelet aggregation. Nat Med.
2008;14:325-330. doi: 10.1038/nm1722.

. Sola-Visner M. Platelets in the neonatal period: developmental differences

in platelet production, function, and hemostasis and the potential impact of
therapies. Hematology Am Soc Hematol Educ Program. 2012;2012:506—
511. doi: 10.1182/asheducation-2012.1.506.

. Israels SJ, Cheang T, Roberston C, McMillan-Ward EM, McNicol A.

Impaired signal transduction in neonatal platelets. Pediatr Res. 1999;45(5
pt 1):687-691. doi: 10.1203/00006450-199905010-00014.

. Levy-Shraga Y, Maayan-Metzger A, Lubetsky A, Shenkman B, Kuint J,

Martinowitz U, Kenet G. Platelet function of newborns as tested by cone
and plate(let) analyzer correlates with gestational age. Acta Haematol.
2006;115:152-156. doi: 10.1159/000090928.

. Sitaru AG, Holzhauer S, Speer CP, Singer D, Obergfell A, Walter U,

Grossmann R. Neonatal platelets from cord blood and peripheral blood.
Platelets. 2005;16:203-210. doi: 10.1080/09537100400016862.

. Patrick CH, Lazarchick J, Stubbs T, Pittard WB. Mean platelet volume and

platelet distribution width in the neonate. Am J Pediatr Hematol Oncol.
1987:9:130-132.

. Bednarek FJ, Bean S, Barnard MR, Frelinger AL, Michelson AD. The plate-

let hyporeactivity of extremely low birth weight neonates is age-depen-
dent. Thromb Res. 2009;124:42-45. doi: 10.1016/j.thromres.2008.10.004.

. Rajasekhar D, Barnard MR, Bednarek FJ, Michelson AD. Platelet

hyporeactivity in very low birth weight neonates. Thromb Haemost.
1997;77:1002-1007.

. Israels SJ, Rand ML, Michelson AD. Neonatal platelet function. Semin

Thromb Hemost. 2003;29:363-372. doi: 10.1055/s-2003-42587.

. Weinstein MJ, Blanchard R, Moake JL, Vosburgh E, Moise K. Fetal and

neonatal von Willebrand factor (vWF) is unusually large and similar to
the VWF in patients with thrombotic thrombocytopenic purpura. Br J
Haematol. 1989;72:68-72.

. Rumbaut RE, Slaff DW, Burns AR. Microvascular thrombosis models in

venules and arterioles in vivo. Microcirculation. 2005;12:259-274. doi:
10.1080/10739680590925664.

. Kovacsovics TJ, Hartwig JH. Thrombin-induced GPIb-IX centralization

on the platelet surface requires actin assembly and myosin II activation.
Blood. 1996:87:618-629.

. Nieswandt B, Moser M, Pleines I, Varga-Szabo D, Monkley S, Critchley

D, Fissler R. Loss of talinl in platelets abrogates integrin activation, plate-
let aggregation, and thrombus formation in vitro and in vivo. J Exp Med.
2007;204:3113-3118. doi: 10.1084/jem.20071827.

. Chrzanowska-Wodnicka M, Smyth SS, Schoenwaelder SM, Fischer TH,

White GC 2nd. Rap1b is required for normal platelet function and hemo-
stasis in mice. J Clin Invest. 2005;115:680-687. doi: 10.1172/JC122973.

. Stenberg PE, McEver RP, Shuman MA, Jacques YV, Bainton DF. A

platelet alpha-granule membrane protein (GMP-140) is expressed on the
plasma membrane after activation. J Cell Biol. 1985;101:880-886.

Platelet Function in the Mouse Fetus In Vivo

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

1085

Stenberg PE, Barrie RJ, Pestina TI, Steward SA, Arnold JT, Murti AK,
Hutson NK, Jackson CW. Prolonged bleeding time with defective platelet
filopodia formation in the Wistar Furth rat. Blood. 1998;91:1599-1608.
Jenne CN, Kubes P. Platelets in inflammation and infection. Platelets.
2015;26:286-292. doi: 10.3109/09537104.2015.1010441.

Ed Rainger G, Chimen M, Harrison MJ, Yates CM, Harrison P, Watson
SP, Lordkipanidze M, Nash GB. The role of platelets in the recruitment of
leukocytes during vascular disease. Platelets. 2015;26:507-520.
Sperandio M, Quackenbush EJ, Sushkova N, et al. Ontogenetic regu-
lation of leukocyte recruitment in mouse yolk sac vessels. Blood.
2013;121:e118-e128. doi: 10.1182/blood-2012-07-447144.

Echtler K, Stark K, Lorenz M, et al. Platelets contribute to postnatal
occlusion of the ductus arteriosus. Nat Med. 2010;16:75-82. doi: 10.1038/
nm.2060.

Rumbaut RE, Randhawa JK, Smith CW, Burns AR. Mouse cremaster
venules are predisposed to light/dye-induced thrombosis independent
of wall shear rate, CD18, ICAM-1, or P-selectin. Microcirculation.
2004;11:239-247. doi: 10.1080/10739680490425949.

Del Vecchio A, Latini G, Henry E, Christensen RD. Template bleed-
ing times of 240 neonates born at 24 to 41 weeks gestation. J Perinatol.
2008;28:427-431. doi: 10.1038/jp.2008.10.

Strauss T, Levy-Shraga Y, Ravid B, Schushan-Eisen I, Maayan-Metzger A,
Kuint J, Kenet G. Clot formation of neonates tested by thromboelastogra-
phy correlates with gestational age. Thromb Haemost. 2010;103:344-350.
doi: 10.1160/TH09-05-0282.

Wiedmeier SE, Henry E, Sola-Visner MC, Christensen RD. Platelet refer-
ence ranges for neonates, defined using data from over 47,000 patients
in a multihospital healthcare system. J Perinatol. 2009;29:130-136. doi:
10.1038/jp.2008.141.

Wasiluk A, Osada J, Dabrowska M, Szczepanski M, Jasinska E. Does
prematurity affect platelet indices? Adv Med Sci. 2009;54:253-255. doi:
10.2478/v10039-009-0034-3.

Jackson SR, Carter JM. Platelet volume: laboratory measurement and
clinical application. Blood Rev. 1993;7:104-113.

Thompson CB, Jakubowski JA, Quinn PG, Deykin D, Valeri CR.
Platelet size as a determinant of platelet function. J Lab Clin Med.
1983;101:205-213.

Morowski M, Vogtle T, Kraft P, Kleinschnitz C, Stoll G, Nieswandt B.
Only severe thrombocytopenia results in bleeding and defective throm-
bus formation in mice. Blood. 2013;121:4938-4947. doi: 10.1182/
blood-2012-10-461459.

Gelman B, Setty BN, Chen D, Amin-Hanjani S, Stuart MJ. Impaired
mobilization of intracellular calcium in neonatal platelets. Pediatr Res.
1996;39(4 pt 1):692-696. doi: 10.1203/00006450-199604000-00022.
Shattil SJ. Signaling through platelet integrin alpha IIb beta 3: inside-out,
outside-in, and sideways. Thromb Haemost. 1999;82:318-325.

Hartwig JH, Bokoch GM, Carpenter CL, Janmey PA, Taylor LA, Toker
A, Stossel TP. Thrombin receptor ligation and activated Rac uncap actin
filament barbed ends through phosphoinositide synthesis in permeabilized
human platelets. Cell. 1995;82:643-653.

. Wasiluk A, Mantur M, Szczepaniski M, Kemona H, Baran E, Kemona-

Chetnik I. The effect of gestational age on platelet surface expres-
sion of CD62P in preterm newborns. Platelets. 2008;19:236-238. doi:
10.1080/09537100701882046.

Schulz C, Schifer A, Stolla M, Kerstan S, Lorenz M, von Briihl ML,
Schiemann M, Bauersachs J, Gloe T, Busch DH, Gawaz M, Massberg
S. Chemokine fractalkine mediates leukocyte recruitment to inflamma-
tory endothelial cells in flowing whole blood: a critical role for P-selectin
expressed on activated platelets. Circulation. 2007;116:764-773. doi:
10.1161/CIRCULATIONAHA.107.695189.

Nussbaum C, Gloning A, Pruenster M, Frommhold D, Bierschenk S,
Genzel-Boroviczény O, von Andrian UH, Quackenbush E, Sperandio M.
Neutrophil and endothelial adhesive function during human fetal ontog-
eny. J Leukoc Biol. 2013;93:175-184. doi: 10.1189/j1b.0912468.

Pearce WJ, Khorram O. Maturation and differentiation of the fetal
vasculature. Clin Obstet Gynecol. 2013;56:537-548. doi: 10.1097/
GRF.0b013e31829e5bc9.

Israels SJ, Odaibo FS, Robertson C, McMillan EM, McNicol A.
Deficient thromboxane synthesis and response in platelets from prema-
ture infants. Pediatr Res. 1997;41:218-223. doi: 10.1203/00006450-
199704001-01315.

Palumbo JS, Zogg M, Talmage KE, Degen JL, Weiler H, Isermann BH.
Role of fibrinogen- and platelet-mediated hemostasis in mouse embryo-
genesis and reproduction. J Thromb Haemost. 2004;2:1368-1379. doi:
10.1111/5.1538-7836.2004.00788.x.



T20Z ‘8 Yo N uo Aq Bio'sfeuno feye//:dny wouy pspeojumoq

1086

40

41.

42.

43.

44.

Arterioscler Thromb Vasc Biol June 2017

. Bertozzi CC, Schmaier AA, Mericko P, et al. Platelets regulate lym-
phatic vascular development through CLEC-2-SLP-76 signaling. Blood.
2010;116:661-670. doi: 10.1182/blood-2010-02-270876.

Tober J, McGrath KE, Palis J. Primitive erythropoiesis and megakaryo-
poiesis in the yolk sac are independent of c-myb. Blood. 2008;111:2636—
2639. doi: 10.1182/blood-2007-11-124685.

Mikkola HK, Orkin SH. The journey of developing hematopoietic stem
cells. Development. 2006;133:3733-3744. doi: 10.1242/dev.02568.
Kuperman AA, Brenner B, Kenet G. Intraventricular hemorrhage in
preterm infants and coagulation—ambivalent perspectives? Thromb Res.
2013;131 Suppl 1:535-S38. doi: 10.1016/S0049-3848(13)70018-5.
Mitra S, Chan AK, Paes BA; Thrombosis and Hemostasis in Newborns
(THIN) Group. The association of platelets with failed patent ductus
arteriosus closure after a primary course of indomethacin or ibuprofen:

45.

46.

47.

a systematic review and meta-analysis. J Matern Fetal Neonatal Med.
2017;30:127-133. doi: 10.3109/14767058.2016.1163684.

Murphy DP, Lee HC, Payton KS, Powers RJ. Platelet count and associ-
ated morbidities in VLBW infants with pharmacologically treated patent
ductus arteriosus. J Matern Fetal Neonatal Med. 2016;29:2045-2048. doi:
10.3109/14767058.2015.1076785.

Ferrer-Marin F, Stanworth S, Josephson C, Sola-Visner M. Distinct dif-
ferences in platelet production and function between neonates and adults:
implications for platelet transfusion practice. Transfusion. 2013;53:2814—
2821; quiz 2813. doi: 10.1111/trf.12343.

Ferrer-Marin F, Chavda C, Lampa M, Michelson AD, Frelinger AL
3rd, Sola-Visner M. Effects of in vitro adult platelet transfusions on
neonatal hemostasis. J Thromb Haemost. 2011;9:1020-1028. doi:
10.1111/5.1538-7836.2011.04233 .x.

Highlights
¢ A novel murine fetal thrombosis model is introduced to study platelet function in vivo at different time points during fetal life.
e |n vivo platelet adhesion, aggregation, and thrombus stability are ontogenetically regulated and severely reduced in mid-gestation murine

fetuses.

e Besides reduced platelet counts, diminished activational responses and reduced integrin adaptor molecule levels contribute to the reduced

fetal thrombus formation.






