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In brief

The blood-brain barrier (BBB) restricts
movement of solutes across brain blood
vessels, and understanding BBB
formation will help drug delivery and
treatment of neurodegenerative disease,
where it often fails. Here, O’Brown et al.
identify a secreted signal, Spockl, that is
expressed in neurons and that induces
BBB properties in surrounding brain
vasculature.
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SUMMARY

The blood-brain barrier (BBB) is a unique set of properties of the brain vasculature which severely restrict its
permeability to proteins and small molecules. Classic chick-quail chimera studies have shown that these
properties are not intrinsic to the brain vasculature but rather are induced by surrounding neural tissue.
Here, we identify Spock1 as a candidate neuronal signal for regulating BBB permeability in zebrafish and
mice. Mosaic genetic analysis shows that neuronally expressed Spock1 is cell non-autonomously required
for a functional BBB. Leakage in spock? mutants is associated with altered extracellular matrix (ECM),
increased endothelial transcytosis, and altered pericyte-endothelial interactions. Furthermore, a single
dose of recombinant SPOCK1 partially restores BBB function in spock mutants by quenching gelatinase ac-
tivity and restoring vascular expression of BBB genes including mcamb. These analyses support a model in
which neuronally secreted Spock1 initiates BBB properties by altering the ECM, thereby regulating pericyte-

endothelial interactions and downstream vascular gene expression.

INTRODUCTION

The blood-brain barrier (BBB) maintains a tightly controlled
homeostatic environment in the brain that is required for
proper neural function. BBB breakdown has been implicated
in multiple neurodegenerative diseases including Alzheimer’s,
Parkinson’s, and Huntington’s diseases.’ Conversely, the BBB
also serves as an obstacle for effective drug delivery to the
brain. Therefore, there is great interest in generating a better
understanding of how to therapeutically regulate its perme-
ability, both to restore BBB function in neurodegeneration
and to transiently open it for improved chemotherapeutic ac-
cess for brain tumors. The BBB is a specialized property of
the brain vasculature, which is composed of a thin, continuous
layer of non-fenestrated endothelial cells with uniquely restric-
tive properties. Brain endothelial cells create the barrier via
two primary cellular mechanisms: (1) specialized tight junction
complexes that block the transit of small water-soluble mole-
cules between cells and (2) reduced levels of vesicular traf-
ficking or transcytosis to restrict transit through endothelial
cells.? At a molecular level, functional barrier endothelial cells
are differentiated from peripheral endothelial cells by high
expression of the tight junction molecule Claudin-5° and the
fatty acid transporter Mfsd2a,"® and an absence of the
fenestra and vesicle-associated protein PLVAP.® Expression
of substrate-specific influx and efflux transporters such as
Glut1” and Pgp,® which dynamically regulate the intake of

necessary nutrients and the removal of metabolic waste prod-
ucts,” further enhances the selectivity of the BBB.

The restrictive properties of the BBB are not intrinsic to brain
endothelial cells but are induced and maintained by signals in
the brain microenvironment during embryonic development.'®
When avascularized quail neural tissue was transplanted into
embryonic chicken gut cavities, the blood vessels ingressing
from the non-barrier gut tissue obtained functional BBB proper-
ties, specifically both tight junctions and reduced levels of vesi-
cles, resulting in trypan blue tracer confinement within the blood
vessels.'® Conversely, when avascularized quail somite tissue
was transplanted into embryonic chick brain, the blood vessels
ingressing from the neural tissue lost functional BBB properties,
leaking tracer into the quail graft due to increased endothelial
transcytosis and loss of tight junction function. These data
show that signals from the neural microenvironment to the
vasculature control barrier function. Furthermore, these micro-
environmental signals are also required to actively maintain bar-
rier properties throughout life.” =14

Mural cells called pericytes share the endothelial basement
membrane and co-migrate with endothelial cells during neovas-
cularization of the developing brain. This close interaction be-
tween pericytes and endothelial cells is required for both the initi-
ation and continued maintenance of barrier properties.’"”
Astrocytes, glial cells found exclusively in the central nervous
system (CNS), completely ensheath the vasculature with
their endfeet in a polarized fashion.'® Astrocytes arise late in
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embryonic development, after neurogenesis is complete, with
the vast majority of gliogenesis occurring postnatally in rodents.
Mammalian astrocytes are potent inducers of barrier properties
in vitro and in vivo and are required for BBB maintenance.'® %9
While the necessity of these two cell types has been known for
decades, canonical Wnt signaling arising from both neuronal
and astrocytic sources is the only microenvironmental signal
known to induce and maintain BBB function.'>?°" However,
in addition to its role in regulating barrier properties, Wnt
signaling also plays an important role in tip cell specification
and angiogenesis in the developing brain.?'** Furthermore,
mouse endothelial cells are Wnt responsive as early as embry-
onic day (E) 9.5,°" preceding the acquisition of functional barrier
properties,? suggesting that other signaling may be acting in
conjunction with or in addition to Wnt signaling for the induction
of BBB properties.

To further examine the molecular determinants of BBB devel-
opment, we turned to the optically transparent zebrafish sys-
tem, which allows for imaging of the intact BBB in toto
throughout zebrafish development. Zebrafish brain endothelial
cells express many of the same molecular markers as mamma-
lian brain endothelial cells, including Glut1, Cldn5, ZO-1, and
Mfsd2a.>#?**2 We previously characterized the molecular
and subcellular mechanisms of functional BBB development
in zebrafish and determined that the zebrafish BBB becomes
functionally mature by 5 days post fertilization (dpf) due to
the suppression of transcytosis rather than through the acqui-
sition of tight junction function, which was observed as early
as 3 dpf.?® During these studies, we serendipitously discovered
a recessive viable mutant with profound forebrain and midbrain
barrier leakage, which we identify here to be the neuronally pro-
duced and secreted proteoglycan Spockl. Using an array of
perturbations and imaging techniques, we uncover the range
of Spock1 signaling to the vasculature and identify that mech-
anistically, Spock1 signaling acts through control of the peri-
cyte-endothelial extracellular matrix (ECM) to control endothe-
lial transcytosis.

RESULTS

Identification and mapping of a spontaneous leaky
mutant to spock1

We found a spontaneous recessive mutant that leaks both an
injected 1 kDa Alexa Fluor (AF) 405 NHS ester dye and a trans-
genic 80-kDa serum vitamin D binding protein (DBP)-EGFP*°
into the forebrain and midbrain as early as 3 dpf with no
improvement in BBB function throughout larval development
(Figures 1A-1E) or adulthood (Figure 1G). This increased BBB
permeability in homozygous mutants occurs in the absence
of hemorrhage or vascular patterning defects (Figure S1),
apparent changes in Wnt signaling (Figure S1), or any reduction
in viability or fertility. Time-lapse imaging of injected 10-kDa
Dextran revealed a steady accumulation of Dextran in the brain
parenchyma of leaky mutants over the course of 1 h (Figure S2).
The rate of Dextran accumulation in the brain closely resem-
bled the dynamics of Dextran leakage we previously reported
in mfsd2aa mutants,”® which specifically display an increase
in endothelial caveolae-mediated transcytosis without altered
tight junction function.
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To identify the mutation responsible for this leakage pheno-
type, we performed linkage mapping on 5 dpf mutant and
wild type siblings using bulk segregant RNA-seq®® and identi-
fied a single peak at chr14:2205271-3513919 (GRCz11;
Figures 1H and S3). Of the 14 genes within the linkage region
(Figure S38), 8 were expressed at 5 dpf. Two of these genes
were differentially expressed between mutant and wild type,
csflra, and gstp2 (Table S1), and one had several mutations
that segregated with the leakage phenotype, spock?. To test
whether loss of any of these genes conferred the increased
BBB permeability, we assessed tracer leakage in mosaic crisp-
ants (zebrafish larvae injected at the 1-cell stage with Cas9 pro-
tein and gene-specific sgRNAs) at 5 dpf and observed no BBB
defects in 42 gstp2 or 35 csflra crispants. However, when we
assessed BBB function in spock? crispants, we observed a
strong leaky phenotype in 26% of larvae (26/100 injected fish;
Figure S3) and moderate leakage in 53% (53/100 injected
fish; Figure S3) as well as a few that displayed BBB leakage
restricted to one midbrain hemisphere (4/100 injected fish; Fig-
ure S3). Leakage in spock1 crispants corresponded with a loss
of spock1 expression (Figure S3). Spock1 encodes a secreted
protein of unclear function named for its conserved protein do-
mains: SPARC (Osteonectin), Cwcv and kazal-like domains
proteoglycan 1 protein (also known as Testican-1). Spock1
has three predicted domains: (1) a kazal-type serine protease
inhibitor, (2) an extracellular SPARC calcium-binding region,
and (3) a thyroglobulin type-1 repeat region, in addition to being
decorated by both chondroitin sulfate (CS) and heparan sulfate
(HS) glycosaminoglycan (GAG) chains (Figure 11).>**° Further
sequencing of spock? confirmed a few point mutations in the
SPARC calcium-binding domain in the leaky fish (Figure 1l),
including a T241A missense mutation and two silent mutations
at Q249 and G250, hereafter referred to as spock?m47/hm41
mutants.

To validate that loss of Spock1 function causes the leakage
phenotype in the spontaneous mutants, we generated a stable
null allele designated spock1"™# using CRISPR mutagenesis
with two sgRNAs to completely delete the 5 UTR and start
codon of spock? (Figure 1l). As expected, based on the
550-bp genomic deletion, spock17™43/im43 fish do not transcribe
spock1 unlike the original spontaneous spock?™m#7/im41 my-
tants, which maintain normal spock1 transcription (Figure S4).
Functional tracer leakage assays using 10-kDa Dextran revealed
the same increased BBB permeability specifically in the fore-
brain and the midbrain observed in the spontaneous
spock1"™m41/hm41 mtants (Figures 1J-1L). This increased BBB
permeability was accompanied with increased expression of
the pathological marker of leaky endothelial cells plvapb:EGFP>'
compared with the negligible levels observed in wild type sib-
lings with a functional BBB (Figures 1M-10). Lastly, we crossed
both lines to test for genetic complementation and observed the
leaky phenotype in spock1™™4/"™m43 compound heterozygotes
(Figures 1P-1S), further indicating that the initial spontaneous
mutant acts via loss of Spock1 function.

Neuronal Spock1 signals to the vasculature within a
short range

Given the necessity of Spock1 in determining BBB function,
we next wanted to assess where spockl was expressed
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Figure 1. Spock1 induces BBB functional development

(A-E) Fluorescent tracer leakage assays in larval zebrafish reveal BBB leakage in the forebrain and midbrain of both injected 1-kDa Alexa Fluor 405 NHS Ester
(turquoise) and 80 kDa DBP-EGFP (green) of hm41 homozygous larvae (C) compared with wild type controls (B) throughout larval development, as quantified in
(D) and (E).

(F and G) Sagittal sections of adult brains show that the mutant leakage persists into adulthood (G).

(H) Linkage mapping of the hm41 mutant phenotype reveals tight linkage to spock? on chromosome 14.

(1) Spock1"™#" has several point mutations (T241A and several silent mutations) in the SPARC domain. Spock1"™# has a deletion of the 5’ UTR and start codon.
(J-O) Dextran leakage assays show spock1"™43/hm43 mytants (K) have increased BBB leakage (L). spock1"™#3/"m43 mytants also have increased expression of the
leaky vessel marker plvapb (N and O).

(P-S) Compound spock1"™#¥/hm41 heterozygotes also display increased NHS Ester (Q) and Dextran (S) leakage compared with spock1™™#"* heterozygote
siblings, which confine both injected tracers at 5 dpf (P and R). Scale bars represent 50 um (C, N, and S) and 200 um (G). n =10 (D and E) and 14 (L and O), with
each point representing an individual fish. ***p < 0.0001 by two-way ANOVA (D and E) and by t test (L and O).

during BBB development. Using CRISPR, we generated a sta- CNS, including the brain, retina, and spinal cord (Figures 2A,
ble spock1 knock in mCherry reporter (TgKl(spock1:mCher- 2B, and S5). We validated spock? expression in the brain by
ry)"™#4) which revealed expression throughout the developing whole-mount HCR fluorescent in situ hybridization (FISH)
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Figure 2. Neuronal Spock1 regulates endothelial cells within a 10-20 um range

(A and B) Sagittal (A) and dorsal (B) maximum intensity projections (MIPs) of the TgKl(spock1:mCherry) (magenta) knockin reveals expression of spock?
throughout the CNS, including the retina, brain, and spinal cord with all cells in the fish labeled by Tg(actb2:memCitrine) (green).

(C—F) Whole-mount HCR in situ hybridization for spock1 (C) confirms signal throughout the 5 dpf brain, in elavi3+ (D) neurons and absent from kdrl+ vasculature
(E). Insets are zoomed in 10-um thick MIPs from the midbrain region to further resolve the absence of spock1 signal in the vasculature (outlined in white).

(G) Schematic of transplantation experiments. Cells from donor embryos labeled with 10-kDa dextran (red) at the single-cell stage are transplanted into unlabeled
host embryos at sphere stage. Leakage of the injected 1-kDa AF 405 NHS Ester (turquoise) into the midbrain parenchyma is then measured in relationship to the
distance (d) from the blood vessel to the nearest donor cell in the 5 dpf chimeric larvae.

(H-J) Representative dorsal 20-um thick MIP confocal image of a chimeric larva with transplanted wild type donor cells (red) into a wild type host (H, WT — WT),
spock1™™#1/hm41 donor cells into a spock1™™#7/"™41 mutant host (I, hm41 — hm41), and wild type donor cells into a spock?™™4"/"™47 mutant host (J, WT — hm41).
(K) Quantification of mean NHS leakage in WT — WT (black line, n=11) and hm41 — hm41 (magenta line, n = 8) reveals no change in tracer leakage in relationship
to the nearest donor cell, with wild type fish confining the tracer and mutant fish leaking the tracer. However, WT — hm41 (turquoise line, n = 11) transplants reveal
a full rescue of the leakage in the mutant background when the transplanted cell is within 10 um of a blood vessel and no effect if the donor cell is further than
20 um from the vessel.

(L-M) Zoomed in images of WT — hm41 transplants. The white arrows point to instances of local rescue of tracer (turquoise) leakage when the wild-type donor
cellis close but not directly contacting the mutant vasculature (magenta). The yellow arrowhead marks wild-type donor cells that fall outside the range of Spock1
signaling. Scale bars represent 50 um (D and K) and 10 um (G and N). *p = 0.0495, ***p = 0.0001, ****p < 0.0001 by two-way ANOVA compared with WT — WT

transplants.

and saw that it colocalized with the neuronal marker elavi3 and
never the vascular Tg(kdrl:mCherry) signal (Figures 2C-2F and
S5), similar to its predominantly neural expression in the devel-
oping mouse CNS.*® This neuronal expression was confirmed
further in live double transgenic TgKl(spock1:mCherry) and
Tg(huc:GcAMPS6s) animals (Figure S5).°° To determine
whether spock1 is expressed by a particular subtype of
neuron, we co-stained for spock? and the glutamatergic
marker slc17a6b and the GABAergic marker gad1b (Figure S5).
These analyses revealed that while not every elavi3+ neuron
expresses spockl, spockl expression was not restricted to
either neuronal subtype. However, spock? expression did
appear to be excluded from Tg(neurog1:egfp) neurons, indi-
cating that spock1 is primarily expressed by post-mitotic neu-
rons (Figure S5). Prior single-cell RNA sequencing (scRNA-
seq) data®” and our own also showed expression of spock?
primarily in neurons and never in vascular endothelial cells
(Figure S6). Taken together, these data indicate that we have

4 Developmental Cell 58, 1-14, September 11, 2023

identified a neuronal signal, Spock1, that plays a role in estab-
lishing endothelial BBB properties during development without
altering vascular patterning.

To determine the range of the Spock1 signal, we performed
cell transplantation experiments to make genetically mosaic ze-
brafish embryos and assessed tracer leakage in relationship to
the closest transplanted cells at 5 dpf (Figure 2G). When we
transplanted labeled wild type cells into wild type host embryos,
we observed a negligible level of tracer accumulation in the
brain parenchyma regardless of the proximity of the nearest
donor cell (Figures 2H and 2K). In contrast, when we trans-
planted spock?"™#1/im41 mutant cells into mutant host em-
bryos, we observed high levels of tracer accumulation in the pa-
renchyma regardless of the proximity of the nearest donor cell
(Figures 21 and 2K). Strikingly, when we transplanted wild type
cells into spock1 mutant hosts, we observed a complete rescue
of the mutant leakage if the wild type donor cell was within
10 um of a blood vessel, and no rescue if the donor cell was



(2023), https://doi.org/10.1016/j.devcel.2023.06.005

Please cite this article in press as: O’Brown et al., The secreted neuronal signal Spock1 promotes blood-brain barrier development, Developmental Cell

Developmental Cell

¢? CellPress

fec}

XXXX
[m)

¥
1o ¥

[e)}

»

SEM)

+

(

Large Vesicle Density/um? I Small Vesicle Density/pm?2 (@)

SpOC-k 1+ spock]hm#i/hméi
*%
3 O
s m
K2 °
= )
1 i@
u
spock1++ spoCk]-hMﬂ/hmu
: K 60 AXX*
®
€
< 40
v
=
=3 @
£ 20
=
@
spock1+/+ Spocklhmu/hmu

Figure 3. Spock1 mutant leakage arises through increased endothelial vesicles
(A and B) The neurovascular unit remains intact in spock1"™4/"m41 mytants (B) with a continuous single layer of endothelial cells (pseudocolored magenta)
enclosing the lumen (pseudocolored orange) and in close contact with pericytes (pseudocolored green).

(C-H) The majority of tight junctions (white arrowheads) are functionally restrictive in the spock1"™#’ mutant endothelial cells (88%). Mutant endothelial cells
displayed a significant increase in vesicular density, including both small flask shaped vesicles (yellow stars, G) and larger vesicles greater than 200 nm in
diameter (outlined by a white dashed line in F, H).

(I-K) While pericyte coverage is unaltered in spock1"™#" mutants, the pericyte-endothelial cell interactions are altered in the mutants, with several instances of
direct pericyte-endothelial cell contact (white arrows) and overall diminished average basement membrane (BM) thickness between the two vascular cells (K).
Scale bars represent 1 um (B) and 200 nm (J). n = 4 fish, each demarcated by a unique color, with 10 vessels analyzed per fish and shown as individual points. “*p =

0.0029 (H), ****p < 0.0001 by nested t test (G and K).

more than 20 pm away (Figures 2J-2M), indicating that Spock1
can functionally signal at a distance of 10-20 um. Importantly,
wild type cells could rescue leakage in mutant hosts when
they differentiate as neurons but not endothelial cells
(Figure 2M).

Mutant leakage arises from increased transcytosis and
altered pericyte-endothelial interactions

To assess the subcellular mechanism of increased BBB
permeability in spock1"™47/hm41 mutants, we injected elec-
tron-dense NHS-gold nanoparticles (5 nm) into circulation, fol-
lowed by transmission electron microscopy (TEM) imaging in 7
dpf spock1 mutant and wild type siblings. These TEM leakage
assays revealed no alterations in the cellular composition of
the neurovascular unit (NVU) in spock1 mutants, with endothe-
lial cells and pericytes sharing a basement membrane that is
surrounded by glia and neurons (Figures 3A and 3B). A modest
impairment in tight junction function was observed in spock1
mutants (52/59 functional tight junctions; Figure 3D) compared
with wild type siblings (57/57; Figure 3C). However, spock1

mutants had a significant increase in both small (<100 nm
diameter) non-clathrin coated vesicles (Figures 3D and 3G)
and large (>200 nm diameter) vesicles (Figures 3F and 3H)
suggesting that the leakage results primarily from an increase
in vesicular trafficking across endothelial cells. In addition to
the increase in total large vesicular abundance in spock? mu-
tants, we also observed several of these large vesicles fused
to the abluminal membrane in multiple larvae with a few exam-
ples of the gold nanoparticles visibly spilling into the endothe-
lial basement membrane (Figure 3F). Although pericyte
coverage of the endothelium was unaltered (Figure S1),
spock1 mutants displayed overall thinner pericyte-endothelial
basement membranes with several pericytes having long
stretches of apparently direct contact on endothelial cells
(Figures 31-3K), corresponding with observations by live
confocal microscopy (Figure S1). These data suggest that
loss of Spock1 function alters the critical pericyte extracellular
interactions with endothelial cells, resulting in loss of BBB
properties as observed in pericyte-deficient mice and
zebrafish,617:38:39
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Figure 4. The extracellular matrix is misregu-
lated in spock1 mutants

(A=C) In vivo gelatin zymography in wild type (A) and
spock1"™41/hm4T mutants (B) reveals significantly
increased gelatinase activity in the mutant midbrain
compared with wild-type siblings (C).

= (D-I) Immunofluorescence staining for vascular
extracellular matrix proteins collagen IV (yellow, D—
F) and fibronectin (green, G-l) that are required for
vascular integrity reveal significantly reduced levels
of all basement membrane proteins assayed within

FR¥X

in the kdrl:mCherry labeled vasculature (magenta),
quantified in (F) and (l). n =21 (C) and 15 (F and |) fish
analyzed for each genotype and depicted as indi-
vidual points.

Scale bars represent 50 um (B) and 10 um (H). **p =
0.0014, ***p < 0.0001 by unpaired t test.
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but at significantly diminished levels in the

spock1"m41/hm41 mutants (Figures 4D-4l).

*% These data suggest that Spock1 helps
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.é_ deposition of necessary vascular base-
8. ¢ — ment membrane proteins.

T T
spock1*+  spock 1hméimii

Spock1 plays a conserved role in
inducing barrier function in

Tg(kdrl:mCherry)

One of the proposed roles of SpockT is to regulate matrix met-
alloproteinase (MMP) activation, specifically gelatinases MMP-2
and MMP-9.%%40-%3 To assess whether spock1™™#"/"m41 muytants
had altered gelatinase activity that corresponded to observed
changes in vascular cell interactions, we performed in vivo
gelatin zymography by intracranial injections of highly quenched
fluorescein isothiocyanate (FITC)-gelatin. Proteolytic cleavage of
FITC-gelatin by either MMP-2 or -9 releases bright FITC peptides
resulting in a non-reversible increase in fluorescence. This in-
crease in fluorescence upon digestion is proportional to the pro-
teolytic activity of the MMPs, allowing for the detection of gelat-
inase activity in vivo.***® Using this assay, we were able to see
that in wild type 5 dpf fish, the majority of the signal strongly ap-
pears in the cerebral spinal fluid (CSF) and more subtly in many
pericytes (Figure 4A). While spock1"™#"/"m41 mutants also dis-
played strong gelatinase activity in the CSF, this was accompa-
nied by a regional increase in gelatinase activity specifically in
the forebrain and midbrain (Figures 4B and 4C), the same regions
that were also prone to tracer accumulation (Figure 1). As MMPs
are known to cleave many ECM substrates, we wondered which
vascular ECM components were altered with the increased ge-
latinase activity in the spock1"™47/im41 mutants. To investigate
this, we performed immunofluorescence staining for ECM pro-
teins with known roles in the vascular basement membrane,
fibronectin (Figures 4D-4F) and collagen IV (Figures 4G-4l).
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mammals

To determine whether Spock1 plays a
conserved role in determining vertebrate
BBB properties, we assessed BBB func-
tion in Spock?™'~ mice*® on E15.5,%° a stage when the cortex
BBB is fully functional® (Figure 5A). While wild type siblings
confined both 550-Da Sulfo-NHS-Biotin (Figure 5B) and
10-kDa dextran (Figure 5D) within the brain vasculature,
Spock1™'~ mice leaked both tracers into the cortex parenchyma
(Figures 5C-5G). This increased BBB permeability was also
associated with increased expression of PLVAP (Figures 5H-
5L), as seen in the zebrafish mutants (Figure 1N). These data indi-
cate that Spock1 plays a conserved role in inducing barrier prop-
erties during embryonic development. However, when we
repeated these leakage assays in adult mice, we observed full
recovery in BBB function in Spock? ™'~ mice (Figure S7). This
contrasts with adult zebrafish spock1"™#"/"m41 muytants, which
have a defective BBB (Figure 1G), indicating species-specific
differences in the adult BBB.

T T
spockl'/* Spock,hmﬂ/hmlﬂ

Vascular cells are the only altered cell types in spock1
mutant brains

To determine how Spock1, a neuronally produced and
secreted proteoglycan, signals to and regulates brain endo-
thelial cell BBB properties, we turned to scRNA-seq of
dissected 5 dpf spock1™™#""™41 mutant and wild type brains,
allowing us to globally assess cell type specific molecular
changes occurring in the mutant brains. With Leiden clus-
tering of the scRNA-seq data, we defined cell clusters
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Figure 5. Spock1 plays a conserved role in

inducing barrier function during embryonic
* development in mice

(A) Schematic of functional tracer leakage assays in

embryonic day 15.5 (E15.5) mice.
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NHS-Biotin (B) and 10 kDa dextran (D) within the

.DD vasculature, as previously reported. However,

mE Spock1™'~ mice leak both NHS-Biotin (C) and
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Spock1™/~ embryos (p = 0.0191, F and p = 0.0048,
G by nested t test).

(H-L) Zoomed in view of 10-kDa dextran (green)
injected embryos immunostained for the leaky
vessel marker PLVAP (magenta) in wild type (H and
J) reveals that the increased BBB permeability in
Spock1~~ mice is accompanied by an increase in
PLVAP expression in the vasculature (I and K).
Quantification of PLVAP expression within the
vasculature (L) reveals a significant increase in
PLVAP expression in the Spock? ™~ embryos (p =
0.0016 by nested t test). n = 4 embryos for each
genotype, marked by unique colors, with 5 sections
analyzed per embryo and shown as individual

*%

PLVAP

(+ SEM)
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0 expression of the melanoma cell adhe-
= sion molecule mcamb (also known as
| CD146) in both endothelial cells and peri-
cytes (Figures 6B and 6C), as well as a
- decrease in pericyte expression of the
L forkhead transcription factor foxc1b (Fig-

ure 6C). This decreased expression of

PLVAP 10 kDa Dextran &

containing neuronal, glial, and vascular cell types (Figure S6).
We performed differential gene expression (DGE) analysis
for each cluster and did not observe any changes in
the neuronal or glial populations but did observe significant
changes in cluster 13 (Table S2). When we subclustered clus-
ter 13, we were able to resolve endothelial cells, pericytes and
vascular smooth muscle cells (vSMCs) in addition to other
cells in the brain, like the meninges, or contaminating pharyn-
geal arch remnants (Figure 6A). Due to the low vascular
cell numbers present in the scRNA-seq data, we prioritized
candidate genes that could potentially be involved in spock1
signaling to the vasculature for subsequent validation by
their fold-change in gene expression rather than statistical
significance. These analyses suggested molecular changes
in the mutant endothelial cells indicative of a leaky phenotype,
with increased expression of plvapb, which we already
observed in both the mutant fish (Figures 1N-10) and embry-
onic knockout mice (Figures 5H-5L), and decreased expres-
sion of the tight junction protein cldn5b (Figure 6B;
Table S3). Interestingly, spock? mutants had decreased

Spoc'k Tk

mcamb in the vasculature was validated
by HCR FISH, with significantly reduced
expression in mutant midbrain endothe-
lial cells and pericytes but normal levels in hindbrain vascular
cells, which maintain BBB function in spock1™™#"/hm41 my-
tants (Figures 6D-6G). CD146 has previously been shown to
be required for BBB integrity, as CD146 '~ mice exhibit
BBB breakdown due to decreased pericyte coverage and
downstream loss of endothelial expression of Cldn5.*" Peri-
cyte expression of foxc1b was also down-regulated in the
spock1"™#1/hm41 mutant midbrain (Figures 6H-6K). Pericyte-
specific loss of Foxc1 in mice also results in increased BBB
leakage and micro-hemorrhage.’® Taken together, these re-
sults suggest that loss of Spockl1 signaling alters pericyte
identity without altering coverage.

Spocl:k 17

Exogenous SPOCK1 restores barrier function

To test the ability of Spock1 to rescue the mutant leakage
phenotype, we injected recombinant human SPOCK1
(rSPOCK1) protein directly into the brain of spock1™m4?/hm41
mutant larvae at 5 dpf and assessed brain permeability at 6
dpf. While control animals injected with PBS maintained high
levels of brain permeability (Figure 7A), larvae that received at
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Figure 6. Spock1™™#1/hm41 mutant vascular cells have reduced expression of BBB regulators

(A) UMAP of Leiden cluster 13 following subclustering and annotated by cell type, with pericytes (purple) separating from vascular smooth muscle cells (vSMCs,
pink) and endothelial cells (green).

(B and C) Mean gene expression in wild type (WT, gray bars) and spock? mutant (hm41, black bars) endothelial cells (B) and pericytes (C). Error bars represent
SEM. Mutants appear to have lower levels of mcamb in both pericytes and endothelial cells and reduced foxc1b expression in pericytes.

(D-I) HCR FISH reveals strong expression of mcamb (turquoise) in wild-type vessels (magenta) and notch3+ pericytes (orange, D), both in the midbrain (F and G)
and hindbrain (H and I). Spock1 mutants have significantly reduced expression of mcamb in the midbrain (E-G), but normal levels in the hindbrain (H and I), where
no leakage is observed.

(J-M) HCR FISH reveals expression of foxc1b (turquoise) in wild-type notch3+ pericytes (orange, J), both in the midbrain (L) and hindbrain (M). Spock? mutants
have significantly reduced expression of foxc1b (K) in the midbrain (L) but not in the hindbrain (H).

Scale bar represents 10 um. ***p < 0.0001 by unpaired t test.
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Figure 7. Spock1 induces BBB properties by modulating the brain microenvironment, altering vascular cell biology non-autonomously
(A-C) A single intracranial injection of human rSPOCK1 into the brain at 5 dpf reduces mutant leakage of DBP-EGFP at 6 dpf about 50% (B) compared with

controls injected with PBS alone (A), quantified in (C).

(D-F) Similarly, injection of rSPOCK1 at 4 dpf reduces mutant leakage of 10 kDa dextran at 5 dpf (E), quantified in (F).

(G-I) The addition of rSPOCK1 reduces gelatinase activity in the mutant brain (H) compared with control injected mutants (G), quantified in (I).

(J-L) Vascular expression of mcamb in the midbrain is partially restored following rSPOCK1 intracranial injections (K), quantified in (L). Scale bars represent 50 um
(C, E, and F) and 10 pm (K). ***p < 0.0001 by two-way ANOVA compared with PBS injected control spock1"™#"/"m41 muytants in (C) and by t test in (I) and (L),

***p < 0.001 by t test in (F).

least 2.3 ng of rSPOCK1 per mg fish body weight showed a
50% reduction in brain permeability following a single dose
(Figures 7B and 7C). These results further confirm that
SPOCK1 is able to act cell non-autonomously to rescue the
mutant BBB leakage, as these injections were targeted broadly
to the neural tissue rather than the endothelial cells and demon-

strate functional conservation of Spockl from human to
zebrafish.

To determine whether this restoration of barrier function cor-
responds to Spock1’s regulation of MMP activity, we repeated
the intracranial injections of 11.5 ng rSPOCK1/mg of fish in
spock1"m41/hm41 iy tants at 4 dpf and assessed barrier function
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and gelatinase activity at 5 dpf. While 5 dpf control injected
spock1™m41/hm41 mutants continued to display high levels of
BBB permeability and gelatinase activity, rSPOCK1 reduced
mutant leakage of 10 kDa dextran about 50% (Figures 7E
and 7F), just as it did when we injected rSPOCK1 at 5 dpf
and assessed BBB function at 6 dpf (Figure 7C). This restora-
tion of BBB function was accompanied by a decrease in gelat-
inase activity (Figures 7H and 71). Finally, to determine whether
Spock1 lies upstream of vascular expression of the cell adhe-
sion molecule mcamb, we assessed mcamb expression in
the mutant midbrain vasculature at 5 dpf with or without the
addition of rSPOCK1. While spock1"™#/im41 mutants injected
with PBS displayed negligible levels of mcamb expression in
the midbrain (Figure 7J), mutants injected with rSPOCK1 had
a 50% increase in mcamb expression in the vasculature
(Figures 7K and 7L), with a noticeable increase in mcamb+ peri-
cytes. Interestingly this 50% increase in mcamb expression
directly correlates with the 50% reduction in leakage and gelat-
inase activity following rSPOCK1 injections (Figures 7F and 7I).

DISCUSSION

Together these data show that Spock1 is a secreted, neuro-
nally expressed extracellular signal that regulates BBB perme-
ability in zebrafish and mouse without altering vascular
patterning during development (Figures 1 and 5). Mechanisti-
cally, this work suggests a model whereby Spock1 regulates
the brain extracellular environment via its inhibition of gelati-
nase activity, thereby providing the appropriate chemical or
mechanical signals for vascular pericytes and endothelial cells
to communicate properly with one another. This critical peri-
cyte-endothelial interaction thereby prompts a BBB transcrip-
tional program, including increased expression of tight junction
(cldn5b) and cell adhesion (mcamb) molecules, decreased
expression of leaky endothelial genes (plvapb), and reduced
transcytosis. While these vascular gene expression changes
are reminiscent of those observed in Wnt mutants,”®*° we
did not observe any alterations in Wnt signaling in our spock1
mutants (Figure S1). Thus, loss of Spock1 function contributes
to increased BBB permeability by disruption of the complex
extracellular scaffold and cell-cell interactions required for brain
vasculature during development in a Wnt-independent manner.
Together this work reveals how a secreted signal from the brain
microenvironment can regulate the vasculature to give rise to
the special properties of the BBB and provides targets for its
therapeutic modulation.

Despite the expression of spock? throughout the CNS,
spock1 loss-of-function zebrafish mutants display regional
leakage in the forebrain and midbrain and a completely intact
hindbrain barrier. Spock1 is not alone in having region-specific
regulation of barrier properties despite pan-CNS expression. A
recent study demonstrated that the pericyte-produced ECM
molecule vitronectin is required for functional retinal and cere-
bellar barriers despite its expression by all CNS pericytes.*”
Even mutants in canonical Wnt signaling have varying levels
or regionalized angiogenic or barrier defects despite wide-
spread sources of Wnt signals and receptors throughout the
brain.?®?>°175% |nterestingly, the regions with the highest sus-
ceptibility to single gene mutations in canonical Wnt signaling
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are the retina and the cerebellum, while the cortex can maintain
a functional BBB even with mutations in several genes in the
Wnt pathway.?® These data suggest that different regions of
the brain are either molecularly or cellularly (or both) distinct,
perhaps in nuanced ways that are often masked by current
detection methods. For example, while the NVU of endothelial
cells and pericytes in close contact with astrocytic endfeet ap-
pears uniform throughout the brain by immunostaining and EM,
various scRNA-seq datasets have now shown that astrocytes
are highly regionally distinct at a molecular level®®® raising
the possibility that they may respond to different signals. Peri-
cytes in the brain, unlike in the rest of the body, arise from two
discrete origins, mesodermal and neural crest.’*° In zebrafish,
the two origins have discrete domains, with the hindbrain being
exclusively derived from mesodermal origins and the midbrain
and forebrain being predominantly of neural crest origin,*®
which interestingly matches the leakage boundaries in spock1
mutants.

Here, we demonstrate that Spock1 regulates brain endothelial
cell identity to initiate the barrier program during development,
both at molecular and subcellular resolution. However, this
does not preclude the fact that other brain barriers may be simi-
larly affected by loss of this signal. In addition to the BBB, the
neural tissue is also protected by the blood-CSF barrier, which
is created by the choroid plexus epithelial cells lining the brain
ventricles,®" and the arachnoid barrier, which is created by the
epithelial cells beneath the dura that completely enwrap the
brain.®® These various brain barriers mature on different devel-
opmental timelines, with the blood-CSF barrier becoming imper-
meable by 4 dpf,°® then the BBB by 5 dpf,”® and the arachnoid
barrier maturing after 9 dpf®? in zebrafish. While the focus of
our study has been the BBB, it is possible that these additional
brain barriers also play a role in the observed leakage of various
tracers into the brain in spock1 mutants. In fact, our scRNA-seq
data suggest that the meninges of spock1"™#"/"™41 mytants may
also be impaired with decreased expression of the tight junction
cldn11a (Table S3), which has recently been shown to be essen-
tial for arachnoid barrier functional development.®

The N-terminal region of Spock1 has previously been shown
to regulate MMP activity, specifically gelatinases MMP-2 and
-9.%C We show here that leaky spock?1™™#/"m41 mytants have
increased gelatinase activity in the midbrain occurring in the
same place as the observed decrease in endothelial-pericyte
basement membrane (Figures 4 and S1), suggesting that this
excessive MMP activity may be responsible for the breakdown
of the basement membrane. Although all the cells in the NVU
secrete MMP-2 and -9, pericytes have recently been shown
to produce MMP-9 in response to ischemia and TGF-B1 expo-
sure, leading to increased barrier breakdown and neuronal
damage.**%® For this reason, many have proposed gelatinases
as a therapeutic target for several neurological diseases that
are accompanied with barrier breakdown including stroke, mul-
tiple sclerosis, Alzheimer’'s disease, and cerebral hemor-
rhage.’*°5®® Given the ability of a single dose of rSPOCKT
to mitigate much of the leakage in the mutants and restore
proper vascular expression of BBB genes, we propose that
Spock1 may serve as a therapeutic target to reduce gelatinase
activity in these neurological diseases and help restore barrier
function.
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Limitations of the study

While we have thoroughly characterized where spock? mRNA
is expressed, we do not have an antibody that reliably labels
Spock1 protein expression in zebrafish. This prevented us
from following up further on identifying Spock1 binding part-
ners. Furthermore, we turned to scRNA-seq to identify the
mechanism of how Spock1 regulates BBB properties in an un-
biased fashion, and this revealed specific changes in vascular
cells and no other brain cell types. When we subclustered
this cluster, we were left with only a handful of endothelial cells
and pericytes and therefore focused on genes with large
changes in gene expression, like mcamb and foxc1b. However,
our list of differentially expressed genes in these vascular cells
is not necessarily exhaustive and could be further supple-
mented by sorting for cell types of interest. While there are
point mutations, including one missense mutation, in hm41 mu-
tants, it is not clear how these mutations abrogate Spock1
function.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse Anti-Fibronectin
Rabbit Anti-Collagen IV
Rat Anti-PLVAP

Abcam
Abcam
BD Biosciences

Cat# ab6328; RRID: AB_305428
Cat# ab6586; RRID: AB_305584
Cat# 553849; RRID: AB_395086

Chemicals, peptides, and recombinant proteins

FITC-Gelatin
recombinant human SPOCK1 protein
NHS-activated gold nanoparticles

Paraformaldehyde 20% Solution,
EM Grade

Sodium Cacodylate Buffer, 0.2M
Aqueous Glutaraldehyde EM Grade 50%

Dextran, Alexa Fluor 647; 10,000 MW,
Anionic, Fixable

Alexa Fluor 405 NHS Ester
(Succinimidyl Ester)

HCR v3.0 Amplifiers and Buffers

Agarose, low gelling temperature
EZ-Link NHS-Biotin

Dextran, Alexa Fluor 488; 10,000 MW,
Anionic, Fixable

Streptavidin, Alexa Fluor 405 Conjugate
N-Phenylthiourea (PTU)

Biovision

R&D Systems
Cytodiagnostics
VWR

VWR
Electron Microscopy Sciences
Thermo Fisher

Thermo Fisher
Molecular Instruments
Sigma

Thermo Fisher

Thermo Fisher

Thermo Fisher
Sigma

Cat# M1303

Cat# 2327-PI-050
Cat# CGN5K-5-1
Cat# 15703-S

Cat# 11653
Cat# 16320
Cat# D22914

Cat# A30000

https://www.molecularinstruments.com/
hcr-rnafish-products

A9414
20217
D22910

S32351
222909

Deposited data

bulk and single cell RNA-sequencing

We collected this data

https://www.ncbi.nIm.nih.gov/geo/query/
acc.cgi?acc=GSE230236

Experimental models: Organisms/strains

Zebrafish: AB wildtype strain

Zebrafish International Resource Centre

ZDB-GENO-960809-1

Zebrafish: spock1™™4! This study hm41

Zebrafish: spock1"™*3 This study hm43

Zebrafish: Tg(kdrl:HRAS-mCherry)s8%€T9 Chi et al.®® ZDB-ALT-081212-4
Zebrafish: Tg(/-fabp:DBP-EGFP)"500T9 Xie et al.>® ZDB-ALT-120118-1
Zebrafish: TgBAC(pdgfrb:EGFP)"°v22T9 Ando et al.”® ZDB-ALT-160609-1
Zebrafish:Tg(plvapb:EGFP)*3™9 Umans et al.*’' ZDB-ALT-170816-3
Zebrafish: Tg(actb2:mem-citrine- Xiong et al.”® ZDB-TGCONSTRCT-130114-2
citring)"™3°

Zebrafish: Tg(elavi3:GCaMP6s)313205T9 Kim et al.”’ ZDB-ALT-180502-2
Zebrafish: Tg(-3.1neurog1:GFP)$*279 Blader et al.”® ZDB-ALT-030904-2
Mouse: Spock1m1Htmn Roll et al.*® MGI:3665280
Zebrafish: TgKI(Spock1-mCherry)"™44 This study hm44
Oligonucleotides

See Table S4 N/A

Recombinant DNA

spock1-mCherry-KI This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SCANPY Wolf et al.”® https://github.com/scverse/scanpy

Fiji Schindelin et al.” https://imagej.net/software/fiji/

llastik Berg et al.”® https://www.ilastik.org/

SPRING Weinreb et al.”® https://kleintools.hms.harvard.edu/tools/
spring.html

RNAmapper Miller et al.** http://www.rnamapper.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Natasha
O’Brown (natasha.obrown@rutgers.edu)

Materials availability
Zebrafish lines and plasmids generated in this study will be shared by the lead contact upon request.

Data and code availability

Single-cell and bulk RNA-seq data have been deposited at GEO and are publicly available (GEO: GSE230236). All original code for
the single-cell analysis is available as interactive Jupyter notebooks here: https://doi.org/10.5281/zenodo.7955159. Interactive
exploration of the full single-cell data can be found here: https://kleintools.nms.harvard.edu/tools/springViewer_1_6_dev.html?
client_datasets/2021_OBrown/2021_OBrown. Exploration of the cluster 13 subcluster cells can be found here: https://kleintools.
hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/2021_OBrown_Vasculature/2021_OBrown_Vasculature. Mi-
croscopy data reported in this paper will be shared by the lead contact upon request. Any additional information required to reanalyze
the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish strains and maintenance

Zebrafish were maintained at 28.5°C following standard protocols.”” All zebrafish work was approved by the Harvard Medical Area
Standing Committee on Animals under protocol number IS00001263-3. Adult fish were maintained on a standard light-dark cycle
from 8 am to 11 pm and fed a mix of live artemia and tropical fish granules. Adult fish, age 3 months to 2 years, were crossed to pro-
duce embryos and larvae. For imaging live larvae, 0.003% phenylthiourea (PTU) was used beginning at 1 dpf to inhibit melanin pro-
duction. These studies used the AB wild-type strains and the transgenic reporter strains Tg(/-fabp:DBP-EGFP)"°°°T9 abbreviated as
Tg(l-fabp:DBP-EGFP),*° (Tg(kdrl:HRAS-mCherry)8°®T¢ abbreviated as Tg(kdr::mCherry),%° TgBAC(pdgfrb:EGFP)"°'?2T9 abbreviated
as TgBAC(pdgfrb:EGFP),*° Tg(plvapb:EGFP)*T9 abbreviated as Tg(plvapb:EGFP),>" Tg(actb2:mem-citrine-citrine)"™° abbreviated
as Tg(actb2:mem-Citrine),’® Tg2(elavi3:GCaMP6s)3132%5T9 apbreviated as Tg(elavi3:GCaMP6s),”" and Tg(-3.1neurog1:GFP)*°2™9
abbreviated as Tg(-3.1neurog1:GFP)’® in the text.

Spock1"4! mutants

Spock1"™4! mutants were maintained in the double transgenic Tg(/-fabp:DBP-EGFP; kdrl:mCherry) background. Heterozygous fish
were intercrossed for all leakage assays, with the exception of the time lapse microscopy experiments, where a heterozygous fish
was crossed to a homozygous mutant, and the cell transplantation experiments, where homozygous mutants were in-crossed. All
larvae were imaged prior to genotyping to identify wild type and mutant fish. The spock?"™#" mutant line was genotyped using
primers 1 and 2 (See Table S4) followed by a Haelll restriction digest, which does not digest the wild-type product (327 bp).
Spock1"% mutants

Spock1™™%3 mutants were generated and maintained in the double transgenic Tg(olvapb:EGFP; kdrl:mCherry) background using
CRISPR mutagenesis with two sgRNAs (spock1_1 and spock1_2, Table S4) to target the spock? 5’ UTR and start codon. Heterozy-
gous fish were intercrossed for all leakage assays. All larvae were imaged prior to genotyping to identify wild type and mutant fish. The
spock1™™4% mutant line was genotyped using primers 3 and 4 (Table S4) and KAPA HiFi Hotstart polymerase (Roche:KK2602) using a
58°C annealing temperature. The mutant PCR product of 364 bp was easily distinguishable by gel electrophoresis from the wild type
product at 935 bp.

e2 Developmental Cell 58, 1-14.e1-e6, September 11, 2023


mailto:natasha.obrown@rutgers.edu
https://doi.org/10.5281/zenodo.7955159
https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/2021_OBrown/2021_OBrown
https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/2021_OBrown/2021_OBrown
https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/2021_OBrown_Vasculature/2021_OBrown_Vasculature
https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?client_datasets/2021_OBrown_Vasculature/2021_OBrown_Vasculature
https://github.com/scverse/scanpy
https://imagej.net/software/fiji/
https://www.ilastik.org/
https://kleintools.hms.harvard.edu/tools/spring.html
https://kleintools.hms.harvard.edu/tools/spring.html
http://www.rnamapper.org/

Please cite this article in press as: O’Brown et al., The secreted neuronal signal Spock1 promotes blood-brain barrier development, Developmental Cell
(2023), https://doi.org/10.1016/j.devcel.2023.06.005

Developmental Cell ¢ CelPress

TgKI(Spock1-mCherry)"™#* knock-ins

TgKI(Spock1-mCherry)"™** knock-ins were generated and maintained in the AB background by injecting Cas9 mRNA (TriLink Bio-
technologies; 100 ng/ul), crRNA:tracrBNA duplexes to target the first exon of spock? (spock1_KI, Table S4) and the universal
gRNA site in the donor plasmid (UgRNA, Table S4) (IDT DNA Technologies; 25 uM), and a donor plasmid with 30 bp homology
arms to spock1 exon 1 (spock1-mCherry-KI; 25 ng/pl). FO injected larvae with mCherry expression were raised to adulthood and out-
crossed to find a founder with germ-line transmission as assessed by mCherry fluorescence. These F1 fish were then raised and out-
crossed to other transgenic cell-type reporter lines as heterozygotes for the assessment of spock? expression in vivo. Genomic inte-
gration in the correct locus was validated with PCR on genomic DNA using primers 5 and 6 (Table S4) followed by sequencing with
primer 5.

Mouse maintenance

Spock1”~ knockout mice*® were obtained from Ursula Hartmann’s lab and were backcrossed to and maintained on a C57BI/6 back-
ground. Mice were maintained on 12 light/12 dark cycle and given LabDiet 5053 and water ad libitum. Adult mice were housed with a
maximum of 5 mice per cage. Mice were genotyped with primers 7-9 (Table S4) using KAPA HiFi Hotstart polymerase
(Roche:KK2602). This PCR reaction produced a 185 bp wild type band and a 750 bp knockout band in heterozygous animals. All
animals were treated according to institutional and US National Institutes of Health (NIH) guidelines approved by the Institutional An-
imal Care and Use Committee (IACUC) at Harvard Medical School under protocol IS00000045-6.

METHOD DETAILS

Fluorescent zebrafish tracer injections and live imaging

Larvae were immobilized with tricaine and placed in an agarose injection mold with their hearts facing upwards. 2.3 nl of Alexa Fluor
405 NHS Ester (Thermo Fisher: A30000) or Alexa Fluor 647 10 kDa Dextran (Thermo Fisher: D22914) fluorescently conjugated tracers
(10 mg/ml) were injected into the cardiac sac using Nanoject Il (Drummond Scientific, Broomall, PA). Larvae were then mounted with
1.5% low gelling agarose (Sigma: A9414) in embryo water on 0.17 mm coverslips and imaged live within 2 h post injection on a Leica
SP8 laser scanning confocal microscope using the same acquisition settings with 1 um z-steps using a 25x water immersion objec-
tive with 0.75x magnification. Using these settings, we were able to image the entire brain of each fish. Pericyte and vascular double
transgenics were similarly imaged on the Leica SP8 for quantification of vascular defects. Additional images were taken on a Zeiss
LSM 980 with Airyscan 2 with 0.21 um z-steps using a 20x water immersion objective for increased cellular resolution, allowing us to
detect gaps between the two cell types in vivo.

Linkage mapping

Larvae from 2 separate crosses were screened for leakage of DBP-EGFP at 5 dpf and pooled into 3 groups of 5 to 6 leaky or wild type
heads. RNA was extracted from the pools using the RNeasy mini kit and ribo-depleted. RNA sequencing libraries were prepared us-
ing Wafergen Directional RNA-Seq kits and sequenced on NextSeq High-Output sequencers producing 75 bp paired end reads.
Reads were mapped to the GRCz11 genome using tophat and bowtie2. Linkage mapping was performed on the mapped reads using
RNAmapper>® with the following specifications: zygosity=25, coverage=1, linkedRatio=0.96, neighbors=10. Differential gene expres-
sion analysis was performed on these libraries using rsem.”®

CRISPR mutants

Gstp2 crispant fish were generated by injection of Cas9 protein and 3 guide RNAs (gstp2_1-3; Table S4) into 1-cell fertilized double
transgenic Tg(/-fabp:DBP-EGFP; kdrl:mCherry) embryos. Csflra crispant fish were generated similarly with 4 guide RNAs
(csfira_1-4; Table S4), as were spock1 crispants (spock1_3-6; Table S4). FO crispants were analyzed for leakage of the DBP-
EGFP tracer outside of the kdrl:mCherry labeled vasculature at 5 dpf.

Hybridization Chain Reaction (HCR) fluorescent in situ hybridization (FISH)

Slide

HCR RNA in situ hybridization (Molecular Instruments) experiments on 14 pum cryosections of fixed 5 dpf larvae were performed as
previously described.?®"® Briefly, sections were air dried and re-fixed in 4% paraformaldehyde (PFA) in PBS for 10 min at room tem-
perature. Following fixation, slides were washed in PBS and then permeabilized using 1 ng/ml Proteinase K (ThermoFisher) for 5 min,
followed by PBS washes and refixation. Tissues were further permeabilized by an ethanol dehydration series of 50%, 70% and two
rounds of 100% ethanol and air dried for 5 min. Dried slides were put into probe hybridization solution for at least 10 min at 37°C.
Subsequently, the probes for spock7and mcamb (Table S4, IDT DNA oPools) were added to the slides at a final concentration of
4 nM to hybridize overnight at 37°C. The next day, slides were washed with a series of wash buffer to 5x SSCT (5x SSC with
0.1% Tween 20). Excess liquid was then removed and samples were immersed in amplification buffer at room temperature for
30 min prior to hairpin amplification, which occurred overnight at room temperature. Slides were then washed in 5x SSCT, washed
in 5x SSC and mounted with Fluoromount-G (Electron Microscopy Sciences).
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Whole mount

Larvae were fixed in 4% PFA overnight and then stored in methanol at -20°C until staining was performed and within 6 months post
fixation. All staining was performed in PCR strip tubes. Larvae were rehydrated in a series of methanol/PBST (0.1% Tween) washes
and then permeabilized with 30 ng/ml Proteinase K for 45 min at room temperature. Larvae were then refixed in freshly made 4% PFA
for 20 min and treated with probe hybridization buffer at 37°C. Subsequently, the spock1, elavl3, mcamb, notch3, foxc1b, slc17a6b,
or gad1b probes (Table S4, IDT DNA oPools and Molecular Instruments) were added at a final concentration of 4 nM to hybridize 24—
72 hrocking at 37°C. The next day, larvae were washed with a series of wash buffer to 5x SSCT (5x SSC with 0.1% Tween 20). Excess
liquid was then removed and samples were immersed in amplification buffer at room temperature for 30 min prior to hairpin ampli-
fication, which occurred overnight rocking at room temperature at concentration of 15 pmol. Larvae were then washed and imaged in
5x SSCT.

Transplantation

Donor embryos were injected with 2.3 nl of 10 mg/ml Alexa Fluor 647 10 kDa Dextran (Thermo Fisher: D22914) at the 1-cell stage to
distinguish them from host cells. Following injection, embryos were incubated at 28.5°C until transplantation. Host and donor em-
bryos were dechorionated with 1 mg/ml Pronase (Roche:11459643001) at oblong stage and transferred to transplantation agarose
dishes in 1/3 Ringer’s buffer. Unfertilized or injured embryos were discarded. To generate clonal sources secreting wild type or
mutant Spock1, approximately 40-80 cells were transplanted from sphere stage dextran labeled donor embryos into sphere stage
wild type and mutant hosts (similar to previous studies).®° Embryos recovered overnight in 1/3 Ringer’s buffer and were subsequently
transferred to Danieau Buffer with PTU. Tracer injections were performed at 5 dpf, as described above, with 1 kDa Alexa Flour 405
NHS Ester.

Transmission electron microscopy (TEM)

Larvae (7 dpf) were anesthetized with tricaine and injected with 2.3 nl of 5 nm NHS-activated gold nanoparticles (Cytodiagnostics:
CGN5K-5-1, ~1.1'* particles/ml in PBS) just as for the fluorescent tracer injections. After 5 min of circulation, the larvae were initially
fixed by immersion in 4% paraformaldehyde (VWR:15713-S) /0.1M sodium cacodylate (VWR:11653). Following this initial fixation,
larvae were further fixed for 7 days in 2% glutaraldehyde (Electron Microscopy Sciences: 16320)/ 4% paraformaldehyde/ 0.1M so-
dium cacodylate at room temperature. Following fixation, larvae were washed overnight in 0.1M sodium cacodylate. Entire
larval heads were post-fixed in 1% osmium tetroxide and 1.5% potassium ferrocyanide, dehydrated, and embedded in epoxy resin.
Ultrathin sections of 80 nm were then cut from the block surface and collected on copper grids.

Intracranial rSPOCK1 injections

Larvae were anesthetized with tricaine and placed in an agarose injection mold with their heads facing upwards. 2.3 nl of recombinant
human SPOCK1 (rfSPOCK1; R&D Systems: 2327-PI-050) at a range of 0.001-10 mg/ml was injected directly into the midbrain using
Nanoject Il (Drummond Scientific, Broomall, PA). Following injections, larvae recovered in normal embryo water for 1 day. The effects
of rISPOCK1 were either assessed in live fish using functional tracer leakage assays and in vivo gelatin zymography or in fixed sam-
ples followed by slide HCR in situ hybridization, as described above.

In vivo gelatinase zymography

Larvae were anesthetized and intracranially injected as for tSPOCK1 with 2.3 nl of FITC-Gelatin (Biovision: M1303) at 5 mg/ml. After
1 h, larvae were also injected with 10 kDa Dextran in the cardiac sac to assess BBB function and then mounted with 1.5% low gelling
agarose (Sigma: A9414) in embryo water on 0.17 mm coverslips and imaged live within 2 h post injection on a Leica SP8 laser scan-
ning confocal microscope using the same acquisition settings with 1 um z-steps and a 25x water immersion objective.

Zebrafish immunofluorescence staining

Immunofluorescence staining was performed on 14 um thick cryosections of paraformaldehyde (4% in PBS) fixed 5 dpf wild type and
mutant larvae. Slides were air dried for at least 20 min at room temperature and then washed twice with PBS. Sections were then
blocked in 10% normal goat serum (NGS) in PBST (0.1% Tween) for 2 h at room temperature. Antibodies against Fibronectin (Abcam:
ab6328) and Collagen IV (Abcam: ab6586) were used at 1:200 in the same blocking solution and applied overnight at 4°C. Sections
were then washed in PBST several times followed by treatment with fluorescently-conjugated secondary antibodies (Jackson Immu-
noresearch) at 1:500 in the same blocking buffer at room temperature.

Mouse tracer injections and immunofluorescence staining

Heterozygous Spock1*~ mice were intercrossed and used for tracer leakage assays performed at embryonic day 15.5 (E15.5) as
previously described.” In brief, 5 pl of tracer cocktail (10 mg/ml EZ-Link NHS-Biotin (Thermo Fisher: 20217) and 5 mg/ml 10 kDa
Dextran Alexa Fluor 488 (Thermo Fisher: D22910)) was injected into the liver of each embryo and allowed to circulate for 5 min. Em-
bryonic heads were fixed by immersion in 4% paraformaldehyde overnight at 4°C and then frozen in TissueTek OCT (Sakura). 20 um
thick sections were then collected and immunostained with Streptavidin Alexa Fluor 405 (1:200; Thermo Fisher: S32351) and rat anti-
PLVAP (1:200; BD Biosciences:553849). All embryos were injected and fixed for processing blind before genotyping. Adult mice were
retroorbitally injected with 0.5 mg of EZ-Link NHS-Biotin per g of mouse body weight. The NHS-Biotin circulated for 30 min prior to

e4 Developmental Cell 58, 1-14.e1-e6, September 11, 2023



Please cite this article in press as: O’Brown et al., The secreted neuronal signal Spock1 promotes blood-brain barrier development, Developmental Cell
(2023), https://doi.org/10.1016/j.devcel.2023.06.005

Developmental Cell ¢ CelPress

brain dissections and fixation with 4% PFA. 30 um thick cryosections were then collected and immunostained with Streptavidin Alexa
Fluor 568 (1:200; Thermo Fisher: S32351) and goat anti-CD31 (1:100; R&D Systems: AF3628).

Single-cell RNA-sequencing

Larval zebrafish brains were dissected and split along the midbrain-hindbrain boundary in DMEM. Brains were dissociated using a
modified protocol.?’ Briefly, chemical dissociations were performed at 30.5°C using a mixture of 0.25% Trypsin-EDTA, Collagenase/
Dispase (8 mg/mL) and DNasel (20 ng/mL) for 15-20 min with gentle pipetting every few minutes and quenched with 10% fetal bovine
serum in DMEM. Samples were hashed using Multi-seq as previously described with slight modifications.®*> For each sample, 80
pmoles of lipid modified oligos (LMOs) were used to hash every 500k cells. The hashing reaction was quenched using 1% BSA in
PBS and barcoded samples were subsequently pooled and washed with 1% BSA. The pooled cell mixture was resuspended in
PBS + 0.1%BSA + 18% Optiprep at a final concentration of ~300k cells/mL prior to single-cell capture with inDrops. The Single-
cell Core (SCC) at Harvard Medical School captured single-cell transcriptomes and prepared NGS libraries as previously described®
with a target capture of 45k cells per experiment.

Gene expression and hashtag libraries were mixed (9:1 ratio) and sequenced on an lllumina Nova-seq 6000 with the NovaSeq S2
kit. Reads were mapped onto the Zebrafish GRCz11 Release 101 genome assembly using previously described methods.®* Hash-
tags were identified using custom code relying largely on SCANPY,”® and available on: https://doi.org/10.5281/zenodo.7955159.

Transcriptomes with greater than 350 UMIs were further filtered for viability by removing cells with >20% mitochondrial reads. Cell
demultiplexing was performed manually by applying thresholds to delineate single cells from background and multiple populations.
The resulting counts matrix was normalized to the mean UMlIs per cell in the dataset.

To visualize the data, we first mean-normalized the data and identified highly variable genes from the wild type AB and RNF data-
sets (minimum of 3 transcripts per cell, minimum of 3 cells expressing gene, minimum V-score percentile of 85%). We then Z-scored
counts for each gene and performed principal component analysis (PCA) with 50 components. Cells from the spock1 mutant libraries
were projected into the same principal component subspace. A k-nearest neighbor graph (k=10) was generated based on the
Euclidean distance in gene expression between cells within this subspace. The Leiden algorithm was used to cluster cells into sub-
groups.®® The neighborhood graph was embedded and visualized using UMAP and the data was explored interactively with
SPRING® to aid in cell cluster annotation.

Cells belonging to the liver, pharyngeal arches, skin, and muscle were removed prior to differential gene expression (DGE) analysis.
The filtered dataset was reanalyzed using the methods described above. The Wilcoxon rank-sum test was used to generate a list of
potential genes that are differentially regulated (fold change > 2) between genotypes across each Leiden cluster (Table S2). Genes
were only considered for DGE analysis if they were expressed in at least 5% of cells in a given cluster and had a minimum mean of 10
transcripts per cell. Cells belonging to the AB and RNF background were treated as a single wild type genotype for the analysis. The
vascular cluster (Leiden 13) was subclustered and similarly analyzed for DGE (Table S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Zebrafish permeability quantification

All quantification was performed on blinded image sets. For static images, parenchymal fluorescent tracer intensity was measured
using Fiji74 in the entire regional parenchyma outside of the vasculature in 60 pum thick maximum intensity projections (MIPs) of the
larval brains. These projections began on average 15 um below the mesencephalic vein to reduce the effects of potential leakage
diffusion from the surface vessels and had the vasculature masked and removed for average intensity quantification. These paren-
chymal tracer intensity values of the entire larval brains were then background subtracted and normalized to the tracer intensity within
the vasculature to account for differential amounts of circulating tracer between fish. The average midbrain parenchymal tracer in-
tensity for each individual fish was plotted as a single point for all tracer leakage assays. For time lapse imaging, Dextran intensity was
measured in six parenchymal regions of average intensity projections of the time lapse videos and averaged as a single value per fish
and similarly normalized to the average blood vessel luminal fluorescence intensity at each time point.

Vascular coverage
80 um thick MIPs of the entire larval brain were measured for vascular and pericyte coverage using Fiji’* as total masked vascular or
pericyte area divided by total brain area.

HCR quantification

To measure levels of mcamb expression in endothelial cells and pericytes, we made 20 pm thick MIPs from the whole mount larvae
and manually traced kdr/+ endothelial cells and notch3+ pericytes and measured average intensity within each cell type using Fiji on
blinded image sets. On average, 4 vessels and pericytes were measured for each region (midbrain and hindbrain) and averaged into a
single value for each individual fish. Similar measurements were performed for foxc1b expression in notch3+ pericytes. Quantifica-
tion of spock1 co-localization with neuronal markers (elavi3, slc17a6b, and gad1b) was performed on 2.5 um thick MIPs of the dorsal
midbrain. We first used llastik’® to segment individual cells in the brain based on the transgenic mem-Citrine signal. Taking this cell
mask, we then measured average spock1 and other neuronal gene levels per segmented cell using the Fiji Biolmaging and Optics
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Platform (BIOP) plugin. Additional images were taken on a Zeiss LSM 980 with Airyscan 2 with 0.21 um z-steps using either a 20x or a
40x water immersion objective to further enhance the resolution of the mcamb signal.

Transplantation quantification
Blinded image sets were analyzed using Fiji. We took each z-stack of an individual larval brain and generated 10 um thick MIPs to
span the entire brain, with an average of 10 MIPs analyzed per individual fish. Using these MIPs, we then measured average NHS
tracer intensity in an 8 pm wide rectangle between donor cells and the nearest blood vessel and normalized to average blood
vessel tracer intensity. We then binned tracer measurements by distance (D) to the nearest donor cell (0, 2, 4, 6, 8, 10, 12, 15, 20,
and 30+ um) and took the median tracer intensity value for each bin per individual fish. All analyzed fish had at least 1 donor cell
per each distance bin.

Statistics were calculated using 2way ANOVA comparing to WT —WT at every distance bin. Mean values per each bin were plotted
per genotype with standard error bars.

Gelatinase zymography
All quantification was performed on blinded 80 um thick MIPs of the entire larval brain. Average parenchymal FITC-Gelatin probe
intensity was measured using Fiji in the entire midbrain tectum and normalized to the average intensity in the ventricles, which
have high gelatinase activity, to account for fish to fish injection variation. Regions of obvious damage at the injection site were
excluded for quantification.

Zebrafish immunofluorescence

Images were collected with a Leica SP8 and the same settings were used across samples. Vessels were masked with the transgenic
kdrl:mCherry signal in MIPs of the entire 14 um thick z-stacks and used to quantify average fluorescence intensity of each ECM
component within the vasculature in Fiji. Background levels of fluorescence in the surrounding brain tissue were subtracted from
the average vessel intensity for each fish.

TEM quantification

Grids were imaged using a 1200EX electron microscope (JEOL) equipped with a 2k CCD digital camera (AMT) and quantified using
Fiji.”* Vesicular density values were calculated from the number of non-clathrin coated small vesicles less than 100 nm in diameter or
large vesicles greater than 200 nm in diameter per um? of endothelial area for each image collected. Average pericyte basement
membrane (BM) thickness was quantified by measuring the total BM area divided by the length of the pericyte-endothelial contact.
All images for analysis were collected at 12000x magnification. 10-15 vessels were quantified for each fish, with each color repre-
senting a different fish.

Mouse permeability and PLVAP quantification

Using a Leica SP8 with a 25x water immersion objective, we collected z-stacks spanning 20-30 um thick sections using the same
settings across samples. We collected 5 separate images for each sample. Quantification of tracer permeability into the brain paren-
chyma was performed on blinded MIPs using a previously reported Fiji permeability macro®® that measures the total area of thresh-
olded tracer signal and divides that by vascular area for each image. The same macro was used to quantify area of PLVAP+ vessels
and divided by total vessel area
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Figure S1. Spock mutants have normal vascular patterning and Wnt signaling,

related to Figure 1. (A-B) Dorsal maximum intensity projection of 5 dpf wild type (A) and mutant



(B) brains with endothelial cells marked by the kdrl:mCherry transgene (magenta) and pericytes
marked by the pdgfrb:EGFP transgene (green). (C-D) Zoomed in view of vessels reveals
diminished basement membrane between pericytes (green) and vessels (magenta) in mutants
(D) compared to wild type siblings (C). This is further highlighted in the higher magnification insets,
with a visible gap present in the wild type vessel (C) but not in the mutants (D). (E-F) Quantification
of total vascular coverage of the brain (kdrl:mCherry+ area/total brain area, E) and total pericyte
coverage of the vasculature (pdgfrb:EGFP+ area/kdrl:mCherry+ area, F), with each individual fish
marked by a single point. (G-H) HCR in situ hybridization reveals similar axin2 expression in wild
type (G) and mutant brains (H), suggesting that mutant brains have normal Wnt signaling. Scale
bars represent 50 um (B, H) and 10 ym (C). T-test comparison reveals no significant difference

between wild type and mutant fish for either vascular or pericyte coverage.
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Figure S2. Time lapse imaging reveals leakage dynamics in spock1"™"/"m4 mytants, related
to Figure 1. (A-B) Dorsal maximum intensity projection of a wild type (A) and spock1m4"/hm41
mutant (B) midbrain reveals steady accumulation of 10 kDa Dextran (yellow) outside of the
vasculature (magenta) over the course of one hour in spock? mutants. (C) Quantification of
Dextran accumulation in the midbrain parenchyma outside of the vasculature over time in wild

type fish (black line) and spock1"™""™4! mytants (magenta line). Scale bar represents 50 ym.
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Figure S3. Leaky phenotype maps to spock? gene on chr14:2205271-3513919, related to
Figure 1. (A) Manhattan plot of linkage on chromosome 14 with the average mutant alleles per
20 neighbors plotted in red. The region of highest linkage is highlighted in yellow. (B) Genome
browser view of the highest linked region to the leaky phenotype. Eight of the genes within this
region were expressed in the 5 dpf bulk RNAseq data: fgf18a, spock1, bicc2, csflra, ndstia,
slc35a4, gstp1 and gstp2. Two of these genes were differentially expressed in leaky mutants
compared to wild type (csffra and gstp2) and spock1 (marked in red) had several SNPs that
completely segregated in the leaky fish. (C) Mosaic spock1 crispants display increased leakage
of the transgenic DBP-EGFP tracer outside of the vasculature (outlined by white dashed lines).
(D-E) Dorsal view of whole mount HCR in situ for spock? (white) reveals expression throughout
the brain of uninjected controls (D) but not in spock1 crispants (E). (F-G) While controls confine
the DBP-EGFP tracer (green) within the blood vessels (magenta) in the brain (F), spock1
crispants display increased leakage into the brain parenchyma (G, outlined by white dashed line),

corresponding with the loss of spock? expression (E). Scale bars represent 50 pym.
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Figure S4. Expression of spock1 is unaltered in spock1"™#"/"m41 muytants and absent in
spock1"m#3hm43 muytants, related to Figure 1. (A-B) Spock? expression (yellow) is found
throughout the brain and spinal cord (outlined by a white dashed line) in wild type (A) and
spock1"™#mm4 mutant fish (B) at 5 dpf. Spock? expression never colocalizes with vascular
Tg(kdrl:mCherry) expression (magenta). Tissue autofluorescence is depicted in turquoise. (C-D)
Unlike spock1"™*#""m41 fish and wild type fish (C), spock1"™*m43 mutants, which completely lack
the 5 UTR and start codon of spock1, do not have any detectable spock? expression (yellow) in
the brain (D). Tissue autofluorescence is depicted in turquoise. The remaining signal in the yolk

and blood vessels is due to tissue autofluorescence. Scale bar represents 50 ym.
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Figure S5. Spock1 is expressed by a subset of post-mitotic neurons, related to Figure 2.
(A-C) Spock1 expression (A, magenta) is found in a subset of active elavi3+ postmitotic neurons
(B, green) throughout the 5 dpf brain (outlined by white dashed line). Iridophore pigment cells in
the eyes are autofluorescent in both channels, and not indicative of spock?1 expression. (D-F)
Spock1 (D, magenta) is not highly expressed by actively dividing neurog7+ neurons (E, green) in
the 5 dpf brain (outlined by white dashed line). (G-J) Workflow of segmentation and quantification
of spock1 co-expression with other neuronal genes. Using Tg(actb2:mem-Citrine) membrane-
labelled fish (G), we segmented individual cells in the brain (H), and then quantified expression
levels of spock1 (magenta) and other neuronal markers, like elavi3 (I-J, yellow) throughout the
entire midbrain. Boxed region in | marks region of brain used for zoom ins (M). (K-N) All spock1
(L) expressing cells were co-expressing the post-mitotic neural marker elavi3 (K-N). (O-R) Some
glutamatergic neurons (O), marked by s/c17a6b expression, express spock1 (P-R). (S-V) Some
GABAergic neurons (S), marked by gad7b expression, express spock1 (T-V). Scale bars
represent 50 um (F) and 20 pm (U).
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Figure S6. scRNA-seq captures all neurovascular cells in both mutant and wild type larvae,
related to Figure 6. (A-B) UMAP of the whole brain dataset shows overlap between wild type (A)
and spock1im41/hma1
mutant background. (C) UMAP with individual Leiden clusters annotated by color. (D) UMAP of

the total data set separated by annotated cell type, with the vast majority of sequenced cells being

mutant (B) cell type coverage, indicating that no cell type is absent in the

neuronal (blue). Our data does capture blood cells (red), microglia (magenta), oligodendrocytes
(aqua), radial glia (yellow), and other cells. (E-P) Gene expression plots for spock? (E), elavi3 (F)
marking postmitotic neurons, slc17a6b (G) for glutamatergic neurons, gad7b (H) for GABAergic
neurons, neurog1 (1) and dIb (J) for dividing neurons, sox70 (K) and olig2 (L) for oligodendrocytes,
slc1a2b (M) for radial glia, kdrl (N) for vascular endothelial cells, pdgfrb (O) for pericytes and

neurons, and mcamb (P) marking both endothelial cells and pericytes. These gene expression



plots reveal that spock? (E) is primarily expressed by postmitotic neurons and absent from the

vascular cells (N-P).



(A-B) Tracer

leakage assays in adult wild type (A) and Spock1”- knockout mice (B) reveals that both genotypes

confine the injected Sulfo-NHS-Biotin tracer (green) within the CD31+ vasculature (magenta),

indicating a functional BBB. Scale bar represents 50 ym.
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