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PLATELETS AND THROMBOPOIESIS

Severe thrombocytopenia is sufficient for fetal and neonatal
intracerebral hemorrhage to occur
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"The Walter and Eliza Hall Institute of Medical Research, Melbourne, VIC, Australia; and 2Department of Medical Biology, University of Melbourne, Melbourne,
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Intracerebral hemorrhage (ICH) has a devastating impact on the neonatal population.
Whether thrombocytopenia is sufficient to cause ICH in neonates is still being debated. In
this study, we comprehensively investigated the consequences of severe thrombocytopenia
on the integrity of the cerebral vasculature by using 2 orthogonal approaches: by studying
embryogenesis in the Nfe2~/~ mouse line and by using biologics (anti-GP1Ba antibodies) to
induce severe thrombocytopenia at defined times during development. By using a mouse
model, we acquired data demonstrating that platelets are required throughout fetal devel-
opment and into neonatal life for maintaining the integrity of the cerebral vasculature to pre-

® Platelets are required
throughout
embryogenesis and into
neonatal life to prevent
intracerebral
hemorrhage.

® Timing of the onset of
thrombocytopenia
determines the location
of intracerebral bleeds.

vent hemorrhage and that the location of cerebral hemorrhage is dependent on when
thrombocytopenia occurs during development. Importantly, this study demonstrates that

fetal and neonatal thrombocytopenia-associated ICH occurs within regions of the brain

which, in humans, could lead to neurologic damage.

Introduction

Platelets are anucleate blood cells derived from the megakaryo-
cyte lineage. The most basic function of platelets is to elicit a
rapid clotting response, most dramatically after trauma, but
also as a homeostatic mechanism. Regarding the developmen-
tal role of platelets, severe thrombocytopenia (dangerously low
numbers of circulating platelets) is most commonly caused by
fetal and neonatal alloimmune thrombocytopenia (FNAIT). In
FNAIT, transfer of maternal anti-platelet antibodies to the off-
spring results in rapid platelet destruction with consequences
ranging from minor skin bleeds to major bleeding events in
the brain, most commonly intracerebral hemorrhage (ICH).'
Treatment of FNAIT includes antenatal intravenous immuno-
globulin (Ig) to suppress platelet destruction and postnatal
platelet transfusion. In patients who do not have FNAIT, it has
been reported that there is a poor correlation between severity
of thrombocytopenia and risk of hemorrhage.? When taken with
the observation that platelet transfusions given to neonates with
thrombocytopenia did not decrease the incidence of ICH,%> the
role of platelets in preventing ICH in humans is unclear.

To investigate the developmental consequences of thrombocyto-
penia, many genetic disruption mouse models have been used in
combination with a megakaryocyte-specific (platelet factor 4 [Pf4])
cre transgene to induce megakaryocyte and platelet death or to
condlitionally inactivate molecular regulators of platelet function.
Both approaches have shown that disruption of platelets results
in reproducible and sustained bleeding in the body of the embryo,
particularly causing bleeding in the skin, blood-filled lymphatic
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vessels, and edema.*? In these models (which include deletion
of Mcl1, Clec1b, Nbeal2, Unc13d, and ltga2b), ICH is detectable
at embryonic day 12.5 (E12.5), but it seems to resolve as develop-
ment proceeds. This suggests at least some involvement of plate-
lets in preserving the integrity of the early fetal cerebral
vasculature.

Observations from studying the Nfe2™/~ mouse line argue against
a clear developmental requirement for platelets. NF-E2 is a tran-
scriptional master regulator of platelet biogenesis; in its absence,
megakaryocytes are produced throughout development but
platelet production is blocked.'®"? On the basis of publicly avail-
able gene expression data sets, Nfe2 is broadly expressed in the
hematopoietic lineages but is not appreciably expressed within
the endothelium (supplemental Figures 1 and 2, available on
the Blood Web site); thus, it is expected that the phenotype of
Nfe2™/~ mice derives from defects in the hematopoietic system.
Nfe2™'~ neonates are born with <10% of normal platelet num-
bers at the expected Mendelian frequency but die within a few
days as a result of systemic bleeding (including profound ICH).""
The observation that intralymphatic or ICH did not occur in utero™”
led to the conclusion that platelets are dispensable during
embryogenesis. Interestingly, it was observed that Nfe2 ™~
pups delivered by caesarean section did not have significant
bleeding. This indicates that platelets are not required to preserve
vascular integrity but are required to survive the trauma of birth.

Studies using a mouse model of FNAIT suggested that anti-
platelet antibodies such as anti-B3 integrin can directly target
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the cerebral vasculature, and that it is the direct destruction of the
cerebral vasculature rather than thrombocytopenia that causes
fetal and neonatal ICH." Of note, ICH was not observed when
anti-GP1Ba immunization was used to induce fetal and neonatal
thrombocytopenia.’® Therefore, the question of whether throm-
bocytopenia is sufficient to drive neonatal ICH remains unre-
solved, but it is of high clinical relevance.

To understand whether thrombocytopenia is sufficient for ICH to
occur, we have investigated 2 orthogonal mouse models of devel-
opmental thrombocytopenia: (1) the Nfe2 '~ mouse line, which
provides a genetic model of constitutive severe thrombocytope-
nia, and (2) anti-GP1Ba antibody (which specifically targets plate-
lets without binding to the endothelium) to induce acute
thrombocytopenia at specific developmental stages. By compre-
hensively investigating development of the cerebral vasculature in
these thrombocytopenic contexts we have demonstrated that
although platelets are not required to establish the cerebral vascu-
lature, platelets are critical throughout prenatal and neonatal
development to preserve its integrity. Of particular interest, we
demonstrate that bleeding within regions of the brain that are
of clinical importance in humans (the ganglionic eminence, cere-
bral cortex, and cerebellum) follows a striking pattern that is driven
by the developmental timing of thrombocytopenia. These find-
ings establish that thrombocytopenia is sufficient to drive ICH.

Methods

Mice

Nfe2*'~ mice were maintained on a C57BL/6 background or a
C57BL/6 and FVB/NJ mixed background (backcrossed for 2 gen-
erations). Mice treated with antibodies were on either a C57BL/6
ora 129/Sv background. Experimental procedures were approved
by the Walter and Eliza Hall Institute Animal Ethics Committee.
Developmental stages were determined morphologically by
Theiler's criteria. Timed matings were set up overnight, and the
momning of a positive plug was designated EO.5. Embryos were
collected between E10.5 and E18.5. When required, tail tips
were collected in polymerase chain reaction tail buffer (Sigma)
for genotyping. All experiments included comparative littermate
wild-type controls or comparative controls from litters generated
from an Nfe2*/~ intercross collected on the same experimental
day.

Analysis of circulating fetal platelets

Peripheral blood was collected as previously described'®'* from
individual embryos in EDTA 7% fetal calf serum in calcium and
magnesium-free Dulbecco’s phosphate-buffered saline. Samples
were stained with antibodies (anti-CD41, anti-CD45, and anti-
TER119) at room temperature. Flow cytometry was performed
by using a BD LSR Fortessa system. Platelets were defined as
CD45TER119°CD41" cells with a low forward scatter and side
scatter profile. Data were analyzed using FlowJo software (TreeS-
tar). Severe thrombocytopenia was defined as platelet numbers
below 10% of the comparative control number (shown by a
dashed line in relevant figure panels). This threshold was derived
from the maximum percentage of circulating platelets observed in
Nfe2™~ fetuses,'®"? which we considered to be the benchmark
for severe thrombocytopenia.
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Sample preparation and imaging

Whole embryos or dissected tissues were fixed with 4% parafor-
maldehyde overnight at 4°C. Generally, primary antibody incuba-
tions were performed overnight at 4°C, and secondary antibody
incubations were performed for 6 hours at room temperature or
overnight at 4°C. For analysis of fetal skin, samples were dis-
sected, fixed, stained, and then flat mounted onto slides. For
preparation of thick sections, fixed samples were embedded in
3% low-melting-temperature agarose and were oriented for coro-
nal sectioning; 150- to 250-pum sections were generated using
a Leica VT1000 S vibratome. Samples were stained with
various combinations of anti-CD41-fluorescein isothiocyanate
(MWReg30), anti-CD31-phycoerythrin (MEC13.3), anti-Ter119-
allophycocyanin, anti-NG2 (purified), and goat anti-rabbit-Alexa-
647. For confocal microscopy, tiled z-stack images were captured
using a Zeiss LSM780 inverted confocal microscope. For light
sheet microscopy, fixed samples were stained with directly conju-
gated antibodies for 3 days, washed, and then embedded in 3%
ultra clean agarose. Mounted samples were cleared using the
clear, unobstructed brain/body imaging cocktails and computa-
tional analysis (CUBIC) clearing method' and were imaged on
the Zeiss Z Light Sheet microscope. Data were processed and ana-
lyzed using Imaris (Bitplane) or Fiji (National Institutes of Health)
software.

Hemorrhage scoring criteria

After assessment of gross morphology, hemorrhage in the head
was identified as abnormal pooling of blood around the cerebral
neural tissue or deep within the neural epithelium; hemorrhage in
the body was identified as the abnormal collection of blood in the
skin or the presumptive lymphatic system. From confocal imaging
data, hemorrhage was identified by the presence of Ter119™" ery-
throid cells that were not contained within CD31" cerebral vessels
or by the presence of Ter119" erythroid cells within the LYVE1™"
lymphatic vasculature.

Induction of thrombocytopenia in utero

As previously described,’®"” 5 pg/g of body weight of anti-
GP1Ba antibody (Emfret clone R300) or IgG control antibody
(Emfret clone R301) was intraperitoneally injected into pregnant
female mice. Embryos were collected at 6 to 48 hours posttreat-
ment. Cerebral bleeds were scored from thick vibratome sections.
Postnatal day O (PO) to P1 pups were injected with 5 pg/g anti-
GP1Ba antibody or IgG control in a 15-pL volume into the super-
ficial temporal facial vein by using a Hamilton fine needle and
syringe. Pups were collected at 6 or 48 hours after injection, and
cerebral bleeds were scored.

Statistical analysis

Prism 9 (GraphPad) was used for data analysis and graph produc-
tion. Data are represented as mean * standard deviation (SD),
and analyzed using the Student t test (2-way, unpaired). One-
way analysis of variance (ANOVA; using Tukey's P-value adjust-
ment) was used for multiple comparisons. Contingency table anal-
ysis was performed using the 2-tailed x test for the comparison of
bleed frequencies. The number of independent experimental
mice was designated by “n.” The value P < .05 shown in either
the figure or the figure legend indicates statistically significant
differences.
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Results

Cerebral hemorrhage in Nfe2~/~ neonates arises
in utero

Nfe2™/~ mice are severely thrombocytopenic throughout
embryogenesis, as such, they are a useful model for under-
standing whether thrombocytopenia results in in utero ICH.
To this end, we performed a comprehensive analysis of prenatal
Nfe2™’~ mice. Consistent with previous descriptions,’ PO to P1
Nfe2™'~ pups exhibited signs of bleeding in the skin and within
internal organs (Figure 1A; supplemental Figure 3). Examination
of brains from Nfe2™’~ mice confirmed the presence of hemor-
rhage (Figure 1B). When fetuses were collected at E18.5 (24

hours before birth), we made the surprising finding that all
embryos examined had large bleeds in the head and the
body (Figure 1C-E). Brains dissected at E18.5 showed obvious
cerebral and intraventricular bleeds (Figure 1D). Further histo-
logic studies showed that all ICH-associated types of bleeds
were present, including cerebral, periventricular, and intraven-
tricular hemorrhage (Figure 1F-G). Niss| staining of the brain tis-
sue revealed the structural changes caused by the presence of
large bleeds (Figure 1H). This phenotype had previously been
attributed to the trauma of birth,"" but we found that it occurred
in utero. This finding led us to ask, How early in development
does ICH occur in a thrombocytopenic context?
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E18.5 Nfe2+/+ 0% (0/6) PO Nfe2+/+ 0% (0/7)
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Figure 1. Hemorrhage in Nfe2™/~ mice occurs in utero. (A) P1 Nfe2™* and Nfe2™’~ pups born by natural delivery. Yellow arrows point to representative head and body
bleeds seen in the Nfe2 ™/~ mice (Nfe2"/*, n = 8; Nfe2™’~, n = 13). Scale bars, 1 mm. (B) PO Nfe2*’" and Nfe2 /" dissected brains. Yellow arrows point to bleeds in both
frontal lobes. Scale bars, 1 mm. (C) E18.5 Nfe2"’* and Nfe2 ™/~ mice delivered by caesarean section. Yellow arrows point to bleeds. Scale bars, 1 mm. (D) E18.5 Nfe2*/* and
Nfe2™’~ dissected brains. Yellow arrows point to frontal and ventricle bleeds in the Nfe2™/~ pups. Scale bars, 1 mm. (Ei-ii) Tables comparing the percentage of bleeds
between E18.5 Nfe2™* pups (Nfe2*/* n = 10, Nfe2™/~ n = 10) and PO Nfe2™'~ pups (Nfe2™* n = 8, Nfe2™/~ n = 13). (F-G) Histologic analysis demonstrates multiple
bleed types present in the E18.5 Nfe2 '~ dissected brains, but not in the Nfe2™’* brain. Representative bleeds are shown in the cerebral cortex along with periventricular
and intraventricular bleeds. Scale bars, 500 um (F); 100 um (G). (H) Nissl staining of E18.5 Nfe2™~ (n = 3) coronal brain section and the corresponding region in the Nfe2™*

brain (n = 3). Scale bar, 500 um (inset, 200 pm).

THROMBOCYTOPENIA DRIVES IN UTERO HEMORRHAGE
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Figure 2. Cerebral hemorrhage in Nfe2~/~ mice occurs as early as E11.5 and persists through development. (A) Representative images of Nfe2™/~ and age-matched
Nfe2*/* control embryos at E11.5 (Nfe2*/* n = 16; Nfe2 ™/~ n = 25), E12.5 (Nfe2*/* n = 13; Nfe2 '~ n = 18), E13.5 (Nfe2"/* n = 16; Nfe2 ™/~ n = 14), and E14.5 (Nfe2"/* n
= 14; Nfe2™’~ n = 14). Scale bars, 1 mm. (B-C) Scored bleeding phenotypes in the Nfe2*/* and Nfe2™/~ embryo body (B) or head (C) from E10.5 to E14.5. (D) Bleeding into
the lymphatic sacs and lymphatic vessels is seen at E14.5 in the Nfe2™/~ but not in the Nfe2*/* mice. Immunofluorescence staining of E14.5 Nfe2*/* skin showing that
erythrocytes (TER119, white) are restricted to the blood vessels (PECAMT, red), whereas erythrocytes are readily detected within dilated lymphatic vessels (LYVE1, green)
in Nfe2™/~ mice. Embryo scale bars, 2 mm. Skin confocal scale bars, 100 pm. (E-F). Frequency of bleed types at E14.5 (Nfe2"/* n = 14, Nfe2 /" n = 12) (E) and E18.5 in
Nfe2™* (n = 10) and Nfe2 ™/~ embryos (n = 10) (F). Scale bars for whole embryos, 1 mm; scale bars for skin, 150 um. Contingency table analysis was performed using the 2-
tailed x? test for the comparison of bleed frequencies (B-C). *P < .05; ****P < .0001. ns, not significant.

Sensitivity to in utero ICH occurs concurrently with
cerebral vascularization

The first platelets appear in the peripheral blood between E9.5
and E10.5."%""8 Thus, any developmental process that requires
platelets has the potential to be affected from mid-gestation.
We collected litters of mice between E10.5 and E14.5 and com-
pared the gross appearance of wild-type and Nfe2™/" littermates.
At E10.5, wild-type and Nfe2™/~ embryos were indistinguishable
(supplemental Figure 4). Focal frontal lobe hemorrhage was
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observed in Nfe2'~ mice from E11.5, and the penetrance of
ICH increased as development proceeded (Figure 2A-C).
Although hemorrhage was observed in a portion of wild-type
mice between E11.5 and E13.5, by E12.5 the presence of ICH
and body bleeds was a distinguishing feature of the Nfe2 ™/~
genotype (Figure 2B-C). We observed degrees of severity in
ICH among Nfe2™’~ mice, which ranged from focal hemorrhage
(Figure 2A) to more severe and widespread hemorrhage (supple-
mental Figure 5).
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Blood-filled lymphatics is a component of the
Nfe2~'~ phenotype

As discussed above, a concern often raised with the proposed role
of platelets in maintaining the separation of blood and lymphatic
vascular systems during embryogenesis is the absence of an in
utero Nfe2™'~ bleeding phenotype. We noted, as has been
observed in other models of fetal megakaryocyte and platelet per-
turbation, that blood was first observed in the vessels of jugular
lymphatic sacs of Nfe2™/~ fetuses from E12.5. By E14.5, wide-
spread blood-filled lymphatic vessels were observed (Figure
2D). In addition to ICH and blood-filled lymphatic vessels, some
evidence of edema was observed at E14.5 (Figure 2E). By
E18.5, the incidence of severe lymphatic bleeding and edema
had increased (Figure 2F). These findings corroborate the impor-
tance of platelets for the prevention of blood-filled lymphatic ves-
sels and the onset of severe edema.

ICH is initiated within the ganglionic eminence and
then develops to involve the cortex and ventricles
To understand the spatial axis of in utero ICH, we performed
large-scale 3D confocal imaging by using thick coronal sections
of brains collected from E11.5 to E18.5 wild-type and Nfe2 /'~
fetuses and made the intriguing discovery that the location of
ICH evolved as embryogenesis proceeded. Between E11.5 and
E12.5, hemorrhage was restricted to the ganglionic eminence.
This was detected at E11.5 as micro bleeds that developed into
large, fully penetrant bleeds by E12.5 (Figure 3A-B). From E13.5
onward, the pattern of hemorrhage included the medial and lat-
eral ganglionic eminence and began to include the cortex (Figure
3C-E). Focal hemorrhage within the ganglionic eminence or cortex
was not detected within E11.5 to E14.5 wild-type mice. Light
sheet microscopy was used to generate full-volume images of
wild-type and Nfe2’~ E16.5 brains. From these data, we
observed that the spatial pattern of hemorrhage continued to
evolve over developmental time, with the inclusion of intraventric-
ular hemorrhage at E16.5 (Figure 3F).

Thrombocytopenia does not impair the
establishment of the cerebral vasculature

The ICH observed in ClecTb™~ embryos is caused by defective
vasculature patterning (tortuous cerebral vascular appearance)
associated with diminished pericyte coverage of the cerebral vas-
culature and possible impaired pericyte-endothelial attachment.®
We next asked whether the cerebral hemorrhage in Nfe2”~ mice
involved similar broad changes to vascular structure.

Between E10.5 and E13.5, cerebral vessel ingression occurs from
the perineural vascular plexus into the neural epithelium in a ven-
tral-to-dorsal direction.'”?® We observed that Nfe2™’~ vessels
seemed to sprout in a wild-type-like pattern between E11.5 and
E13.5 (Figure 4A). Tip cells guide the growth of blood vessel
sprouts from preexisting vasculature, and in the developing brain,
periventricular vessels extend filipodia toward the ventricle in the
ganglionic eminence region.?" Thus, another indicator of normal

vessel development is the number of filipodia that extend from
tip cells and the direction of growth. We found that similar to
wild-type controls, the filipodia of Nfe2™’~ tip cells in the lateral
ganglionic eminence were directed toward the lateral ventricular
surface (Figure 4Bi). Quantification of filipodia numbers further
confirmed that Nfe2™/~ embryos were undergoing normal cere-
bral vascular development (Figure 4Bii).

We next investigated the pericyte coverage of the vasculature in
the Nfe2™/~ ganglionic eminence. Pericytes are an essential com-
ponent for the maintenance of cerebral vascular integrity, and
severe ICH occurs if pericyte-endothelial interaction is dis-
rupted.>#2 In humans, it has been suggested that paucity in peri-
cyte coverage in the ganglionic eminence could sensitize the
region to hemorrhage.??* We found that pericyte coverage of
the vasculature in the E11.5 ganglionic eminence (Figure 4C)
and the E14.5 cerebral cortex was comparable between wild-
type and Nfe2 ™'~ fetuses (Figure 4D). Furthermore, pericytes
were readily observed to be tightly associated with the Nfe2™/~
cerebral vasculature (Figure 4C). These data indicate that
thrombocytopenia-associated hemorrhage does not result from
broad changes to cerebral vasculature growth, patterning, or peri-
cyte coverage.

In utero induction of thrombocytopenia
recapitulates the Nfe2~/~ bleeding phenotype
Anti-GP1Ba antibodies specifically target platelets'® and have
been shown to induce severe fetal thrombocytopenia when
injected into pregnant adult mice."”” We adopted this in utero
induction method to independently test the model that thrombo-
cytopenia is sufficient to drive ICH and to gain insight into the tem-
poral requirement for platelets.

To this end, we injected 5 pg/g body weight of anti-GP 1B« or IgG
control antibody into pregnant mice between E10.5 and E17.5
(Figure 6A). Six hours after administration of anti-GP1Ba was
enough time to induce severe fetal thrombocytopenia (between
0.2% and 16% of control platelet numbers; Figure 6B; supplemen-
tal Table 1). Assessment of the gross appearance of treated litters
revealed the presence of Nfe2 ™'~ -like bleeding features at each
of the induced stages, including signs of hemorrhage in the skin
and signs of ICH (Figure 6C). At 48 hours posttreatment, thrombo-
cytopenia persisted at 0.2% to 8% of control platelet numbers
(Figure 6D; supplemental Table 1), with hemorrhage becoming
markedly more severe at all of the developmental stages tested
as characterized by multiple sites of hemorrhage in the skin (Figure
6E).

Induction of thrombocytopenia at discrete

development stages drives a spatial pattern of ICH
We performed a detailed assessment of the spatial distribution of
ICH using thick coronal sections of treated brains. We discovered
that when thrombocytopenia was induced between E10.5 and
E12.5, the most frequent site of hemorrhage was within the

Figure 3. ICH first occurs in the ganglionic eminence and progresses to ventricle and cortical involvement. (A-D) Representative confocal images from thick sections of
Nfe2™* (n =3 per stage) and Nfe2™~ (n =3 per stage) brains at (A) E11.5, (B) E12.5, (C) E13.5, and (D) E14.5. Sites of ICH are indicated by yellow arrows. TER119 (red),
erythrocytes; PECAM1 (white), cerebral vasculature. Scale bars for E11.5 to E13.5, 150 pum; inset, 50 wm; scale bars for E14.5, 200 pm; inset, 50 wm . (E) Summary of hem-
orrhage types between E11.5 and E12.5 (n = 5) and between E13.5 and E14.5 (n = 8) scored from vibratome cut coronal brain sections. LGE, lateral ganglionic eminence,
MGE, medial ganglionic eminence. (F) Light sheet microscopy showing spatial location of hemorrhage in the E16.5 Nfe2 ™/~ embryos, including multiple cerebral bleeds and
large ventricle hemorrhage (n = 2). No bleeds can be seen in the E16.5 Nfe2*'* brain control (n = 2).
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Figure 4. Cerebral vasculature development and pericyte recruitment is not disrupted in Nfe2~/~ mice. (A) Coronal brain sections stained with PECAM-1 from E11.5 to
E13.5 embryos reveal the stages of blood vessel development in Nfe2*/* and Nfe2 ™/~ mice (n = 3 embryos per genotype per stage; scale bars, 100 wm). (B) Identification (i)
and quantification (i) and of tip cell filipodia in the ganglion eminence of Nfe2™* and Nfe2 ™/~ mice (n = 3 per genotype). Horizontal bar = mean; error = SD (ii). Scale bars,
50 pm). Data are represented as mean * SD, and analyzed using Student t test (2-way, unpaired). (C) Pericyte (NG2, white) coverage of the E11.5 cerebral vasculature
(PECAM-1, blue) in the head (scale bars, 100 wm) (i) and the ganglionic eminence (scale bars, 50 um) (n = 3 per genotype) (ii). Inset, optical section of a pericyte in close
association with a vessel. (D) Pericyte (NG2, white) coverage of the E14.5 cerebral vasculature (PECAM-1, blue) in the head (scale bars, 100 wm) (i) and ganglionic eminence
(scale bars, 50 wm) (i) (h = 3 per genotype).
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ganglionic eminence, but when it was induced between E14.5
and E17.5, the location of ICH shifted toward a cortical bias (Fig-
ure 7A-B). Analysis of mice 6 hours after treatment revealed that
the hemorrhagic lesion occurred rapidly after the induction of
thrombocytopenia (Figure 7C-D).

To understand whether sensitivity to thrombocytopenia persists
beyond gestation, we treated P1 neonates with anti-GP1Ba or
IgG control antibody via the superficial temporal vein (Figure
8Ai). As observed with in utero treatment, delivery of anti-
GP1Ba resulted in the rapid induction of severe thrombocytope-
nia (Figure 8Aii-iv). Consistent with the postnatal Nfe2™~ pheno-
type, multiple sites of hemorrhage in the skin were observed
(Figure 8B), and all mice exhibited ICH by 48 hours posttreatment
(Figure 8C-E). These data indicate that the trauma of natural deliv-
ery is not necessary to explain postnatal hemorrhage but that
thrombocytopenia alone is sufficient for this to occur. Further-
more, scoring the location of ICH in the thrombocytopenic
E16.5 to P1 brain revealed that hemorrhage within the cerebellum

892 & blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10

is a late developmental sensitivity (Figure 8C-E). These data con-
firmed that thrombocytopenia was sufficient to drive ICH and
revealed that the spectrum of ICH observed was driven by a tem-
poral axis (Figure 8F) (ie, the location of ICH is dependent on both
the absence of platelets and when the absence occurs).

Discussion

Understanding whether platelets have a direct role in preventing
ICH is critical because diagnosing and treating thrombocytopenia
in prenatal and neonatal individuals is possible, thus preventing
thrombocytopenia-associated ICH and ICH-associated morbid-
ities such as cerebral palsy. Uncertainty regarding the role of pla-
telets in ICH derives from the following observations: (1) previous
investigations of the Nfe2™/~ mouse line suggesting that absence
of platelets during embryogenesis did not lead to in utero dam-
age,"" and (2) the observation that ICH caused by anti-33 integrin
antibodies is not driven by thrombocytopenia but by directly tar-
geting the cerebral vasculature.
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From our detailed investigation of prenatal and neonatal Nfe2 ™/~
mice, we discovered that the neonatal bleeding phenotype arose
during development rather than after natural delivery. In addition
to the prenatal onset of ICH, we observed a high frequency of
blood-filled lymphatic vessels in Nfe2 ™/~ fetuses. These data
establish the requirement of platelets for preventing ICH and
also reconcile the disparate findings of the original description
of the Nfe2™'~ mouse line'" with the phenotype of other
platelet-specific mutant mouse lines.*?2%2¢

To test the temporal requirement for platelets during embryogen-
esis and into early neonatal life, we induced thrombocytopenia at
precise developmental stages. We found that the conceptus
becomes sensitive to thrombocytopenia between E10.5 and
E12.5, concomitant with the emergence of the fetal platelet
mass.'%"*"® Furthermore, all of the developmental stages exhib-
ited sensitivity to thrombocytopenia. This indicates that platelets
are required during the fetal and neonatal periods to prevent
bleeding; loss of platelets drives ICH at this time. Although it is
unknown how early in human development platelets emerge,
the first megakaryocytes appear at week 5 of gestation.?” Because
we have shown that, within 2 days of platelet emergence,'*'® pre-
vention of ICH is dependent on platelets in mice, it is possible that
severe thrombocytopenia during early human life could cause sig-
nificant ICH. This suggests that the timing of treatment of poten-
tial FNAIT-affected pregnancies should be further evaluated.

Of note, because the severity of thrombocytopenia achieved in
both of the mouse models we investigated was likely to be
more severe than that suffered by patients enrolled in previous
clinical trials,>? it is possible that platelet transfusions in these trials
seemed to be ineffective because the recipient platelet counts
were above the threshold required to prevent spontaneous
bleeding.

That thrombocytopenia-associated ICH in Nfe2™'~ mice did
not present with obvious signs of abnormal vascular patterning
or pericyte coverage, and that the induction of thrombocytope-
nia with anti-GP1Ba resulted in ICH without the opportunity to
impede general vascular development suggest that the role of
platelets is to preserve the integrity of the cerebral vasculature
at ICH hotspots. Although it is self-evident that once ICH is ini-
tiated, the inability to produce blood clots would result in con-
tinued hemorrhage, it is unclear why the absence of platelets
would cause ICH. One possible explanation is that small sites
of hemorrhage appear as blood-filled vessels remodel. This
occurs during the remodeling of the mesenteric vasculature.?®
Because we observed hemorrhage in the brains of wild-type
embryos (Figure 2C), this might also be a feature of normal
cerebral vascular development. Accordingly, the role of plate-
lets might be to prevent innocuous microbleeds from develop-
ing into instances of pathological ICH. We speculate that the
onset of FNAIT and the timing of cerebral vessel development
may influence the location and severity of ICH.

CLEC-2-podoplanin signaling is crucial for maintaining the separa-
tion of lymphatic and blood vascular systems.>”® This axis oper-
ates through the reciprocal expression of CLEC-2 (encoded by
Clec1b) on platelets and the podoplanin (encoded by Pdpn)
expressed by the lymphatic (but not blood) vascular endothe-
lium.>’ Because cerebral vascular endothelium does not express
podoplanin, it has been proposed that CLEC-2-podoplanin sig-
naling operates in the developing brain via interaction between
circulating platelets and the podoplanin-expressing neuroepithe-
lium.® Although physical interaction between circulating megakar-
yocytes and the neuroepithelium has been recently described in
the E10.5 embryo,” we did not observe platelets interacting
within the neuroepithelium; thus, it is unclear whether opportunity
for such an interaction exists during normal fetal development.
Furthermore, the key features of the Clec1b™'~phenotype (tortu-
ous vascular patterning and disrupted pericyte coverage and
interaction of the cerebral vasculature) were not observed in
either the Nfe2™/~ or anti-GP1Ba models of thrombocytopenia,
and ICH in Pdpn™’~ mice is reported to be restricted to the
E10.5 to E12.5 developmental stages.?’ This indicates that the
underlying mechanism(s) of Cleclb ' -associated ICH and
thrombocytopenia-associated ICH are distinct, in which case the
molecular mechanism(s) by which platelets preserve cerebral vas-
cular integrity remain unknown. Of note, although GpTba ™'~
mice are viable, they exhibit a bleeding phenotype in the
adult mouse®; therefore, the ICH observed after treatment with
anti-GP1Ba antibody could be a result of both perturbed
GP1Ba signaling and platelet clearance. Accordingly, it is
possible that ICH would be less severe with other anti-platelet
antibodies.

Regarding the differences between our study and previous
reports, it is possible that the ICH we observed after anti-GP1Ba
treatment differs from a previous report'® because of the degree
of thrombocytopenia achieved. Although fetal platelet counts
were not established in the study by Yougbare et al,’® assessment
of the reported neonatal platelet counts suggests that their immu-
nization approach might not have achieved the severity of throm-
bocytopenia required to compromise hemostasis.*' We found
that transfer of the Nfe2™'~ allele to FVB/NJ mice (supplemental
Figure 6) and the induction of thrombocytopenia on a 129/Sv
background (supplemental Figure 7) with anti-GP1Ba treatment
results in severe thrombocytopenia and ICH. It is unclear why
our results differ from those in previous reports of the Nfe2™/~
prenatal phenotype,’'3? but the differences are not caused by a
hypersensitivity of C57BL/6 embryos to thrombocytopenia. We
found that dissection of brains from the late fetal stages (E16.5
onward) was essential for identifying ICH in Nfe2™’~ mice, so
unless this was performed in previous studies, the prenatal ICH
phenotype in Nfe2’~ mice could previously have been
overlooked.

It is unclear what structural abnormalities in the mouse brain could
result from fetal and neonatal ICH. With the caveat of the known

Figure 6. Identification of a spatial pattern of ICH. (A) Representative images of E10.5 to E17.5 heads and brains 48 hours after treatment with anti-GP1Ba or 1gG
(scale bars, 1 mm). (B) Frequency of hemorrhage in the ganglionic eminence (GE) and the cortex of treated E10.5 to E17.5 mice after 48 hours (E10.5: IgG n = 16,
GP1Ba n = 8; E12.5:1gG n = 12, GP1Ba n = 17; E14.5: 19G n = 17, GP1Ba n = 16; E16.5: IgG n = 18, GP1Ba n = 14; E17.5: IgG n = 17, GP1Ba n = 14). Total number
of mice with ICH is provided in parentheses. (C) Frequency of hemorrhage in the GE and the cortex of treated E10.5 to E17.5 mice after 6 hours (E10.5: IgG n = 8, GP1Ba
n=28E1251gGn=9 GP1Ban = 8;E14.5:19Gn =7,GP1Ban = 8; E16.5:1gG n = 7, GP1Ba n = 14; E17.5: IgG n = 6, GP1Ba n = 11). Total number of mice with ICH is
provided in parentheses. (D) Representative images of hemorrhage in E14.5 (IgG n = 6, GP1Ba n = 7) and E17.5 (IgG n = 4, GP1Ba n = 6) embryos 6 hours posttreatment

(scale bars, T mm). Yellow arrows indicate sites of hemorrhage.

894 & blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10

FARLEY et al

20z aunr g0 uo 3sanb Aq 4pd'1 | 1.01.00Z0ZPIGPO0|q/Z28668 1/588/01/8€ L/4Pd-BloilE/pOo|qAaU suoledlgndyse;/:dny woly papeojumoq



V-l (i) P1 neonate

104 4

108

oy

6 hrs post injection (P1) (iii) P1+ 6 hrs (iv) P1 + 48 hrs
10° 1 IgG | 19°1  anti-GP1Ba. 157 BT
10 4 Eal Eal
L 21042 210 - ;1E
R 10° | s |® >
12% 0.06% £ |[*= £
Py S 54 = 54 ¢
0 o 0 A iae 3 3
T T T T T T T T T T 5 ______ S ______
-10%0 10% 10* 10° -10%0 10% 10* 10° (e 0 —T-

P1

IgG control

E Injection/analysis regime:
M E16.5+ 48 hrs
m E17.5+ 24 hrs
™ P1+24-72hrs

+ 48 hrs

anti-GP1Bo

< 100 -
3
S 80 A
=
g 60
= F
S - .
g 401 _ Ganglionic eminence Cortex Cerebellum
> 2 =
S 90 et
s g g
oo - £35

19G Anti-GP1Bo =5

(a4
10.5 12.5 14.5 16.5 18.5 0o 1 2

Embryonic day Post-natal day

Figure 7. Induction of thrombocytopenia in neonates results in cerebellar hemorrhage. (A) () Image highlighting the facial vein of a P1 mouse used to deliver anti-
GP1ba and IgG control antibodies. (i) Representative flow cytometry plots of P1 peripheral blood stained with markers of erythrocytes (TER119) and platelets (CD41).
(iii) Quantification of circulating platelets at 6 hours (IgG n = 8, GP1Ba n = 8) and 48 hours (IgG n = 4, GP1Ba n = 4) posttreatment. (B) Representative image of a
P1 neonate 48 hours after treatment with anti-GP1ba (n = 7 embryos). Yellow arrows indicate sites of hemorrhage. (C) (i-iii) Representative images of brains é hours
(IgG n = 8, GP1Ba n = 8) and 48 hours (IgG n = 4, GP1Ba n = 4) posttreatment. Yellow arrows indicate sites of cortical hemorrhage; the blue arrow highlights cerebellar
hemorrhage (scale bars, 1 mm). (D) Coronal sections of cerebellum 48 hours posttreatment (bars, 1 mm). (E) Frequency of cerebellar hemorrhage in mice treated at
E16.5 (IgG n = 10, GP1Ba n = 16), E17.5 (IgG n = 10, GP1Ba n = 12), or P1 (IgG n = 4, GP1Ba n = 7). (F) Summary of changes in ICH location during embryogenesis.
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differences in platelet biology between mice and humans
(reviewed in Rasmussen and Ahlen®3), given the observation
that ICH within the human ganglionic eminence significantly
reduced the proportion of cycling cells,®® it is possible that
thrombocytopenia-driven ICH with the ganglionic eminence
could affect normal brain development. Of interest, cerebral
palsy is associated with structural lesions in the brain (white mat-
ter damage of immaturity and cortical and subcortical dam-
age),® and cerebellar hemorrhage is associated with multiple
neuropathies including cerebral palsy.?**° Because severe

THROMBOCYTOPENIA DRIVES IN UTERO HEMORRHAGE

thrombocytopenia induced at any stage of mouse fetal and neo-
natal development was sufficient to drive ICH within regions of
the brain that in humans give rise to significant neuropathies, fur-
ther studies to understand how in utero thrombocytopenia and
ICH correlate with neurologic outcome in the human population
are critical.
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