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Abstract

Blood-CNS barrier disruption is a hallmark of numerous neurological disorders; yet, whether
barrier breakdown is sufficient to trigger neurodegenerative disease remains unresolved.
Therapeutic strategies to mitigate barrier hyperpermeability are also limited. Dominant missense
mutations of the cation channel transient receptor potential vanilloid 4 (TRPV4) cause forms

of hereditary motor neuron disease. To gain insights into the cellular basis of these disorders,

we generated knock-in mouse models of TRPV4 channelopathy by introducing two disease-
causing mutations (R269C, R232C) into the endogenous mouse 7rpv4 gene. TRPV4 mutant
mice exhibited weakness, early lethality, and regional motor neuron loss. Genetic deletion

of the mutant 7rpv4 allele from endothelial cells (but not neurons, glia, or muscle) rescued

these phenotypes. Symptomatic mutant mice exhibited focal disruptions of blood-spinal cord
barrier (BSCB) integrity, associated with a gain-of-function of mutant TRPV4 channel activity
in neural vascular endothelial cells (NVECSs) and alterations of NVEC tight junction structure.
Systemic administration of a TRPV4-specific antagonist abrogated channel-mediated BSCB
impairments and provided a marked phenotypic rescue of symptomatic mutant mice. Together,
our findings show that mutant TRPV4 channels can drive motor neuron degeneration in a non-cell
autonomous manner by precipitating focal breakdown of the BSCB. Further, these data highlight
the reversibility of TRPV4-mediated BSCB impairments and identify a potential therapeutic
strategy for patients with TRPV4 mutations.

INTRODUCTION:

Disruption of blood-CNS barriers has been implicated in the pathogenesis of chronic

and acute neurodegenerative disorders, including Alzheimer’s disease, amyotrophic lateral
sclerosis, multiple sclerosis, traumatic brain and spinal cord injury, stroke, and neuropathic
pain after nerve injury (1-4). As with other blood-CNS barriers, the blood-spinal cord
barrier (BSCB) tightly regulates the exchange of solutes between blood and nervous tissues,
a function critical for neuronal homeostasis. Neural vascular endothelial cells (NVECS)
represent a core element of the BSCB by forming specialized intercellular junctional
complexes, comprising tight and adherens junctions, that limit paracellular passage of
neurotoxic blood components into the spinal cord parenchyma. Nonetheless, the extent to
which BSCB impairment is sufficient, in and of itself, to drive neuropathology in disease
remains unknown. Furthermore, therapies to limit BSCB hyperpermeability are lacking.

Transient receptor potential vanilloid 4 (TRPV4) is currently the sole ion channel associated
with hereditary motor neuron disease. Autosomal dominant (or rarely recessive) missense
mutations of this channel cause forms of distal spinal muscular atrophy (ASMA) and
Charcot-Marie-Tooth disease type 2 (CMT2) (5-11). These disorders result in weakness

of neck, diaphragm, limb, and vocal cord muscles, innervated by spinal cord and brainstem
motor neurons. Although patients exhibit variability in age at onset (5, 9-12), phenotypic
manifestations, and clinical severity (5, 9-12), early-onset disease with early lethality is not
uncommon. Unfortunately, there is currently no treatment for these disorders and no mouse
models of TRPV4 channelopathy have yet been described that might enable preclinical
therapeutic assessments.
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TRPVA4 is a broadly expressed, calcium-permeable channel that functions as a homotetramer
at the plasma membrane, where it is activated by a variety of environmental and chemical
stimuli (13, 14). Structurally, each TRPV4 protomer comprises six transmembrane domains
and intracellular N- and C-termini. Motor neuron disease-causing mutations occur primarily
on the convex face of a prominent ankyrin repeat domain within the N-terminus (5, 14—

17). In heterologous expression systems, mutant TRPV4 channels exhibit elevated channel
activity (5, 6, 14, 16, 18), suggesting that TRPV4 antagonism may represent a therapeutic
strategy for patients with TRPV4 mutations. It remains unknown, however, whether mutant
TRPV4 channels also exhibit altered channel activity when expressed endogenously and
how this altered function precipitates motor neuron degeneration in vivo. The goal of

this study was to interrogate the cellular basis of TRPV4-mediated neurodegenerative
disease by generating and characterizing knock-in mouse models expressing human disease-
causing TRPV4 mutations. Here, we show that mutant TRPV4 mice exhibit focal BSCB
dysfunction, associated with a gain-of-function in TRPV4 channel activity in NVECs, that
drives the subsequent degeneration of motor neurons.

Mutant TRPV4 mice develop marked neurological phenotypes

We generated two mouse models of TRPV4 channelopathy by introducing the R269C or
R232C mutations into the endogenous mouse 7rpv4 gene (fig. S1). These two mutations
were selected as both cause dSMA and CMT?2 (5, 10-12, 19, 20), and are located at an
exposed arginine residue on the convex face of the TRPV4 ankyrin repeat domain, a feature
shared by the majority of neurological disease-causing mutations (14, 15) (fig. S1A). Our
characterization of these two lines revealed comparable phenotypes (outlined below) in
homozygous Trov4*269C ( Troy4R269CIR269CY and heterozygous Trpv4R232C ( Trpy4R232CI+)
knock-in mice, consistent with the stronger effect of the R232C mutation on channel activity
observed in heterologous expression studies (fig. S1, B and C). The 7rpv43269C [ine was
generated using a targeting vector in which 7rpv4 exons 4 and 5 were flanked by loxP sites
to enable Cre recombinase (Cre)-mediated gene deletion (fig. S1D), whereas the 7rpy4232C
mutation was introduced utilizing CRISPR/Cas9 gene editing (fig. S1E). As in heterologous
expression systems (5), introduction of disease-causing mutations did not alter TRPV4
transcript (fig. S1, F and G) and protein expression in vivo (fig. S1, Hand I).

Trpv4R269CIR269C mice were born at the expected Mendelian ratio (table S1) but exhibited
motor behavioral deficits with onset in the third postnatal week (Fig. 1, A and B, fig.

S2, A to C) and lethality by weaning age (Fig. 1C). Motor deficits manifested initially as
mild impairments in behavioral assays (defined here as Stage A; fig. S2A) but progressed
during the 24-36 hours preceding death to include forelimb-predominant paralysis (often
asymmetric), kyphosis, and difficulty maintaining upright head posture (defined here as
Stage B, Fig. 1A, fig. S2A, movie S1). In the hours preceding death, mutant animals lost
the ability to ambulate and then exhibited labored breathing (defined here as Stages C and
D, respectively; fig. S2A). Comparable motor behavioral and lethality phenotypes were
observed in 7rov4R232CI* mice (fig. S2, D and E, movie S2).
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Spinal motor neuron degeneration in TRPV4 mutant mice

Given the pronounced neck and forelimb motor behavioral deficits, we performed
histopathological assessments of the cervical spinal cord and associated musculature.
Examination of cervical spinal cord level 1 (C1) in symptomatic 7rpv4R269C/R269C mytant
mice at Stage Crevealed focal motor neuron loss (Fig. 1, D to F, fig. S3, A and B;

fig. S4) and proximal axon pathology (for example, swellings and fragmentation, Fig. 1G,
fig. S3, C and D). Assessment of additional cervical (C2, C3, C8) and lumbar (L4, L5)
spinal cord levels of Stage C mice revealed evidence of proximal axon pathology in C2

and C3, with no evidence of motor neuron loss at these levels (fig. S4). Consistent with
these findings, neuromuscular junction (NMJ) denervation was observed in neck muscles
innervated by motor neurons of the upper cervical spinal cord (Fig. 1, H and I, fig. S5, A
and C), but was absent from forelimb muscles innervated by motor neurons of the lower
cervical spinal cord (fig. S5, B and D). Assessment of symptomatic 77py4R269C/R269C

mice at Stage Brevealed limited pathology in the upper cervical spinal cord (Fig. 1, J

to L). Electrophysiological examination of Stage B mice utilizing an ex vivo spinal cord
preparation, however, revealed markedly diminished monosynaptic sensory-motor reflexes at
upper cervical spinal cord levels (Fig. 1M; fig. S6, A to C). Together, these data indicate that
motor behavioral deficits in mutant mice are associated with motor neuron dysfunction and
subsequent neurodegeneration.

Genetic deletion of the mutant allele from endothelial cells rescues TRPV4 mutant mice

To interrogate the cellular basis of the neurological phenotypes exhibited by 7rpy4R269C/
R269C mice, we adopted an unbiased approach of crossing the line to a series of 13
well-validated Cre mouse strains (table S2) to selectively delete the mutant allele in a cell
type-specific manner. These Cre strains were selected to cover the key cell types comprising
the neuromuscular unit (neurons, glia, muscle, and endothelial cells). Strikingly, marked
rescue of mutant mice from lethality was only observed following endothelial cell-specific
deletion of the mutant allele by crossing to two independent Cre-expressing mouse strains
(CahsCre, TieXe: Fig. 2, A and B, fig. S7, A to K, S8, A to D). As Cah5°"e and TieZXe
alleles also show expression in a subset of microglia (21), we examined the effects of
deletion of the mutant allele from microglia (and other myeloid cells) by crossing to the
LyzZC"® mouse strain, and observed no effect on survival (fig. S7H). In addition to improved
survival, endothelial cell-specific 7r7pv43269C deletion abrogated motor behavioral deficits in
both weanling (Fig. 2C; fig. S8A, S8, C and D) and adult mice (Fig. 2D; fig. S8B, movie
S3), as well as C1 motor neuron loss (Fig. 2E, fig. S8E) and proximal axon pathology

(fig. S8F). Biochemical examination confirmed knockdown of 7rpv4 expression in CNS
vessels isolated from 7rpy4R269C/R269C mice expressing Cah5C™ or TieZX™ (Fig. 2, F and
G). To confirm 7rpv4 expression in NVECs, we utilized a 7rpv4 reporter mouse line in
which Cre-ERT?2 is generated under the control of the endogenous 7rpv4 promoter and

can initiate, following tamoxifen administration, production of tdTomato from a ROSA26-
STOPM/_tdTomato allele (fig. S9, A and B). Expression of the tdTomato reporter was
observed in NVECs (CD31%, Tie2-GFP™) of the spinal cord and brain (Fig. 2, H to J;

fig. S9, C to 1), consistent with recent single-cell RNA-sequencing (sScRNA-seq) (22-27)
and electrophysiology (28) studies. Assessment of tdTomato expression in C1 spinal cord
revealed expression principally in NVECs (Fig. 2J) of small caliber vessels (fig. S9C), with

Sci Transl Med. Author manuscript; available in PMC 2024 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sullivan et al.

Page 5

enrichment in the grey matter and the ventral horn (fig. S9, D and E), the territory of the
sulcal artery (29). NVECs expressing the tdTomato reporter were also observed to occur in
higher numbers in C1 spinal cord than in lumbar (L4-5) regions (fig. S9F).

Mutant TRPV4 channels are overactive in NVECs

To characterize mutant TRPV4 channel activity in NVECs, we performed ratiometric
calcium imaging of primary NVECs isolated from the brain and spinal cord of 7rpv4R269C/
R269C mice and WT littermates (Fig. 3, A to E). Application of the TRPV4-specific

agonist GSK1016790A (GSK101) resulted in elevations in cytosolic free calcium in NVECs
from Trpv4R269C/IR269C mice that were of greater amplitude and shorter latency than

those observed in NVECs from WT littermates (Fig. 3, C to E). Differences in basal
cytosolic free calcium were not observed (fig. S1I0A). Comparable results were obtained
from NVECs cultured from 7rpv4R232CH* mice (fig. S10, B to E). Whole-cell patch clamp
electrophysiology further revealed increased current density in 77py4R269C/R269C N\VECs
compared to WT cells following GSK101 application (Fig. 3, F and G), with subsequent
perfusion of the TRPV4-specific antagonist GSK2193874 (GSK219) (30) confirming the
specificity of the responses to GSK101 (Fig. 3, F and G). To assess the effects of mutant
TRPV4 channel activity on NVEC barrier function, we assessed transendothelial electrical
resistance (TEER; a measure of barrier integrity) in confluent monolayers of cultured
NVECs. NVEC monolayers from 7rpy4R289C/IR269C and WT mice exhibited equivalent
TEER values at baseline (770v4VT, 59 + 14.55 Q cm?; Trov4R269C/IR269C 62 33 + 11.94

Q cm?; mean = SEM, unpaired two-sided £test, p=0.86; n=6 isolations/genotype), but
decreases in TEER following application of GSK101 (Fig. 3H). Comparison of WT and
mutant monolayers revealed that the mutant channel mediated a more rapid decline in
TEER at lower doses of GSK101 (50 nM, Fig. 3H), with no difference between genotypes
observed at higher doses (500 nM, Fig. 3H). Importantly, WT and mutant monolayers both
exhibited an equivalent recovery of barrier function when measured at 24 hrs post-GSK101
application (Fig. 31). Together, these data demonstrate that TRPV4 mutant channels exhibit
a gain-of-function in channel activity in NVECs, resulting in a more rapid decline in barrier
integrity following channel activation.

Mutant TRPV4 expression in endothelial cells causes focal BSCB breakdown

We next investigated whether symptomatic 7rpy4R269C/R269C mice exhibit impairments of
NVEC barrier function in vivo, and whether these may be linked to the motor behavioral
and histopathological phenotypes of mutant mice. Blood-CNS barrier integrity was assessed
utilizing three complementary approaches: i. intraperitoneal injection of EZ-Link Sulfo-
NHS-LC-Biotin (EZ-Biotin), a low molecular weight tracer (mw, 0.56 kDa) that does

not cross intact blood-CNS barriers (31), ii. immunohistochemical detection of the leak

of endogenous fibrinogen (mw, 340 kDa) into the CNS parenchyma from the systemic
circulation, and iii. immunohistochemical detection of extravascular leak of endogenous 1gG
(mw, 150 kDa). Symptomatic 77pv4R269C/R269C mice at Stage B exhibited marked, often
asymmetric, leakage of all three molecules, most prominently within the upper cervical
spinal cord (Fig. 4, A to E, fig. S11, S12) and brainstem (fig. S11B, S12). BSCB leakage
was reduced or absent at lower cervical and lumbar spinal cord levels (fig. S12) and

absent from cortex, hippocampus, and cerebellum (fig. S11B, S13, A to F). The regional
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distribution of leak across the CNS was confirmed in whole mount preparations from
symptomatic mutant mice injected with the tracer Evans blue (fig. S11A). Endothelial
barrier leak was not detected in mutant mice in the retina (Stage B-C, fig. S14, A to D) or
distal colon (Stage B-C; fig. S14, E to H), where TRPV4 has previously been demonstrated
to regulate barrier function (32, 33).

Importantly, impairments of BSCB integrity were not observed in presymptomatic mice
and were absent from mutant mice expressing Cah5™ or TieZ“™® (Fig. 4, A to E, G and
H, fig. S12), linking barrier breakdown to the motor behavioral and lethality phenotypes.
BSCB leak in the upper cervical spinal cord was most extensive within the ventral horn
(Fig. 4F; fig. S11C) adjacent to motor neuron somata (Fig. 4B; fig. S11D), a pattern also
observed in symptomatic 7rov43232C1* mice (fig. S11E). Assessments of the vasculature
of the C1 spinal cord ventral horn in presymptomatic 7rpy4R269C/R269C (postnatal day 15)
mice did not reveal abnormalities of vascular patterning (Fig. 4l, fig. S15, A to D) or
pericyte coverage (fig. S15, E to G). Consistent with mutant TRPV4 channels impairing
BSCB function, blood vessels at sites of EZ-Biotin extravasation in C1 spinal cord of
symptomatic 7rpv4R269C/R269C mjce (Stage B) exhibited focal loss of the tight junction
protein zonula occludens-1 (ZO-1, Fig. 5, A and B). In contrast, neighboring C1 spinal cord
blood vessels not demonstrating BSCB breakdown exhibited equivalent ZO-1 expression
to the C1 vasculature of 7rov4VT mice (Fig. 5, A and B). Ultrastructural examination of
symptomatic 7rpv4R269C/IR269C mjce (Stages B-C) also revealed discontinuities of NVEC
tight junction complexes in the upper cervical spinal cord ventral horn (Fig. 5, C and D),
comparable to those described previously in cortical NVECs in a mouse model of stroke
(34).

TRPV4 antagonist administration rescues symptomatic mutant mice

To determine whether the neurological phenotypes of 7rpv4R269C/IR269C mice were
reversible upon TRPV4 inhibition, we assessed the effects of systemic administration of
the TRPV4-specific antagonist GSK219. Previous work has shown that chronic dosing of
rodents with GSK219 at concentrations sufficient to maintain maximal TRPV4 inhibition
has no effect on mean arterial pressure, heart rate, plasma electrolytes, or creatine clearance
(30). We elected to initiate treatment once the mutant mice reached symptomatic phase
Stage B (P17-21, age range at treatment onset; P18.7 + 0.4, Trov4R269C/R269C 4 yehicle,
P18.8 + 0.2, Trov4R269C/IR269C + (5 mg/kg GSK219, P19.9 + 0.3, Trpy4R269C/IR269C 4

2 mg/kg GSK219, mean = SEM), a stage characterized by leakage of serum products,
motor behavioral deficits and motor neuronal dysfunction, but limited motor neuron soma
loss (Fig. 1; fig. S3). Symptomatic 7rpv4R269C/R269C mice (Stage B) treated systemically
with GSK219 (0.5-2 mg/kg; twice daily intraperitoneal injections) exhibited marked
improvements in both survival (Fig. 6A) and motor behavior (Fig. 6, B and C; movie

S4), with mice receiving the highest dose (2 mg/kg) showing near complete rescue. To
interrogate whether GSK219 administration had reversed BSCB breakdown, we assessed
GSK219-treated mutant mice at P50-60 (37.6 + 1.2 days of treatment, mean £ SEM) for
evidence of EZ-Biotin tracer leak within the nervous system. As in Cre-rescued mutant
mice, EZ-Biotin extravasation was not detected in the upper cervical spinal cord of GSK219-
treated mice (Fig. 6, D and E), demonstrating rescue of BSCB function. Assessments
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of ZO-1 immunoreactivity in the vasculature of the C1 spinal cord of 77py4R269C/R269C
mice treated for 10 days with GSK219 (2 mg/kg; twice daily intraperitoneal injections)

also revealed restoration of the expression of this key tight junction protein (Fig. 6F).

No improvements in survival, motor behavior, or BSCB function were detected in vehicle-
treated mutant mice (Fig. 6, A to E). Histopathological assessments of GSK219-treated mice
at P50-60 revealed no motor neuron loss nor proximal axon pathology in C1 spinal cord
(Fig. 6, G to I). Together, these data demonstrate that GSK219 treatment restored BSCB
integrity in symptomatic mutant mice, rescued survival and motor behavioral phenotypes,
and afforded strong protection against motor neuron loss and axonal pathology.

DISCUSSION

Here, we report an unanticipated role for mutant TRPV4 ion channels in NVECs that
impacts spinal motor neuron integrity in a non-cell autonomous manner through focal
disruption of the BSCB. These findings underscore the key role that NVECs can assume

in neurological disorders, including neurodegenerative disease, and identify TRPV4 as

an important regulator of BSCB permeability. 77pv4%269C/R269C mjce exhibited an age-
dependent barrier breach permitting the flux of blood constituents of a broad range of sizes
(at least 0.56-340 kDa) into select CNS regions, resulting in successive stages of neuronal
dysfunction and loss. Extravasated proteins included fibrinogen, a coagulation factor that
can initiate neurodegenerative processes (for example, dendritic spine loss) upon entry into
the CNS parenchyma (35, 36). The spontaneous, postnatal nature of the barrier deficits

is supported by the absence of barrier hyperpermeability prior to symptom onset, and

by the reversal of phenotypes following antagonist administration. To our knowledge, the
current findings represent the first example of a human genetic mutation causing acquired
blood-CNS barrier breakdown as the primary driver of neurodegenerative pathology. In
contrast, other monogenic neurological diseases caused by mutations of key endothelial
cell proteins (for example, occludin, JAM3, ESAM, CCM1-3, SLC2A1) involve marked
structural abnormalities, angiopathy, or severe hemorrhaging (37-40). These differences
may reflect the role of TRPV4 as a modulator of barrier integrity, rather than as an integral
component of NVEC intercellular junctional complexes.

Consistent with recent sScRNA-seq studies (22-27), our examination of a 7rpv4 reporter
mouse line revealed 7rpv4 expression in NVECs but absence of expression in spinal motor
neurons. Recently published work examining an independent 77pv4 reporter mouse line

has described comparable findings (41). Importantly, several scRNA-seq studies of human
brain and spinal cord have also revealed 7RPV4 expression in NVECs (42-46), but not
motor neurons (47), highlighting the relevance of the findings described here to patients
with ASSMA/CMT2. Also consistent across studies of both mouse and human CNS tissues

is that TRPV4 appears to be expressed in only a subset of NVECSs. Of note, a recent SCRNA-
seq study of the coronary artery identified a distinct TRPV4-expressing endothelial cell
subpopulation (48). Functionally, endothelial cells of this TRPV4* subpopulation differ from
other coronary artery endothelial cell types in exhibiting calcium responses to fluid shear
stress (48). As calcium flux through TRPV4 in endothelial cells can lead to the generation of
intercellular calcium waves through purinergic signalling (49), TRPV4 activation in a small
number of endothelial cells may have broader functional impacts. The specific properties of
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TRPV4-expressing NVECs, and how they may influence neighboring NVECs, remain to be
determined.

Our immunohistochemical assessments of ZO-1 revealed focal loss of this key NVEC

tight junction protein at sites of BSCB breakdown in symptomatic 77py4R269C/R269C mice,
consistent with the discontinuities of NVEC tight junction complexes detected at the
ultrastructural level. Together, these data suggest that local reductions in tight junction
integrity may contribute to BSCB hyperpermeability in symptomatic TRPV4 mutant

mice. Reduced expression and mislocalization of NVEC tight junction proteins, as well

as ultrastructural abnormalities of NVEC tight junction complexes, have been described

in other neurodegenerative disorders associated with blood-CNS barrier impairments,
including stroke, Alzheimer’s disease, and Huntington’s disease (50). The restoration of
Z0O-1 expression and abrogation of BSCB hyperpermeability following treatment with the
TRPV4-specific antagonist GSK219 suggest that BSCB breakdown is driven principally by
mutant TRPV4 channel activity in 77pv4R269C/R269C mjce  Consistent with this concept,
NVECs isolated and cultured from the upper cervical spinal cord and brainstem of

both 7rov4R269CIR269C and 7rpy4R232CH mice exhibited elevated TRPV4 channel activity.
Elucidation of the molecular pathways by which mutant TRPV4 channel activity alters
NVEC tight junction integrity and barrier function will be an important focus for future
work. We and others have shown that TRPV4 interacts with the small GTPase RhoA (14, 16,
17) and that motor neuron disease-causing mutations in TRPV4 disrupt this binding and the
reciprocal inhibitory interactions between TRPV4 and RhoA (14, 16). As RhoA activation
can drive endothelial junctional complex disassembly by promoting actin cytoskeleton
remodeling (51, 52), these findings suggest a potential mechanism through which TRPV4
may regulate BSCB permeability. Inhibition of TRPV4 in endothelial cells by GSK219
may normalize RhoA activation and thereby enable junctional complex reassembly through
endogenous repair pathways (53).

One feature of the BSCB impairments exhibited by TRPV4 mutant mice is their regional
specificity, with leak occurring most prominently in the ventral horn of the upper cervical
spinal cord. Recent work has revealed considerable heterogeneity in both the transcriptomes
and barrier properties of endothelial cell populations within different brain regions (44, 54—
56). Little is known, however, about how NVECs of the spinal cord may differ from those
of the brain or between different spinal cord regions. TRPV4 responses are tightly regulated
by channel density, plasma membrane composition, and the stoichiometry of the channel

in relation to its binding partners, each of which may vary between NVECs of different
CNS regions. Indeed, our assessment of 7rpv4 reporter mice revealed higher numbers of
NVECs expressing the tdTomato reporter in upper cervical (C1) compared to lumbar (L4-5)
spinal cord, suggesting that differences in expression may represent one factor contributing
to the observed regionality. As TRPV4 is activated, either directly or indirectly, by a number
of environmental (for example, fluid shear stress) and chemical (for example, arachidonic
acid metabolites) stimuli, local differences in the nature of these stimuli may also contribute
to the regional specificity. Previous histological studies have identified the ventral horn,
within the territory of the sulcal artery, as a primary site of serum protein leak in mouse
models of the motor neuron disease amyotrophic lateral sclerosis (ALS) (57, 58), suggesting
that the BSCB in this region may be particularly susceptible to disruption. As the dorsal

Sci Transl Med. Author manuscript; available in PMC 2024 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sullivan et al.

Page 9

and ventral portions of the spinal cord are perfused by separate arterial systems (29), an
important subject for future study will be an investigation of the barrier properties of these
two vascular beds.

Although breakdown of blood-neural barriers of the central and peripheral nervous systems
has been implicated in the pathogenesis of numerous neurodegenerative diseases (1-4),
elucidation of the exact contributions of barrier disruption to neuronal dysfunction and
degeneration has proven difficult due to the complex aetiologies of these disorders. Blood-
neural barrier disruption has been implicated, for example, in the pathogenesis of both acute
and chronic forms of peripheral neuropathy, including diabetic neuropathy, inflammatory
neuropathy, traumatic nerve injury, and neuropathic pain (4, 59-68). As detailed above,
BSCB breakdown has also been implicated in the pathogenesis of ALS (57, 69-71), with
work in the SOD1G93A mouse model demonstrating that treatments promoting BSCB
integrity can delay the onset of motor behavioral impairments and rescue early changes

in spinal motor neuron neurite density (57, 70). A growing body of work in Alzheimer’s
disease has also identified NVEC alterations, such as downregulation of LRP1 expression
(72), that drive blood-CNS barrier impairments and contribute to neurodegenerative
phenotypes (36, 73-76). The findings of the present study advance our understanding of
the role of blood-CNS barrier impairments in neurodegenerative disease by providing the
first example of motor neuron degeneration triggered by spontaneous BSCB breakdown.

Patients with TRPV4-mediated motor neuron disease exhibit heterogeneity in age of onset,
disease severity, and clinical manifestations; with no clear genotype-phenotype correlation
(5, 9-12). In generating mouse models of these disorders, we selected two mutations
(Trpv4R269C, TrpyaR252C) that can each cause both dSMA and CMT?2 (5, 10-12, 19, 20).
The two mouse lines exhibited very similar motor behavioral, BSCB hyperpermeability, and
lethality phenotypes. As mutant mice exhibit either full (Trpv4~269€) or near-full lethality
(Trpv4R252C) by weaning age, these lines mirror the severe end of the clinical spectrum

of TRPV4-mediated motor neuron disease. As TRPV4-mediated motor neuron disease is a
relatively rare disorder, little CNS tissue from patients is currently available. Future studies
will be required to characterize BSCB impairments in humans. Nonetheless, this study
highlights the therapeutic potential of small molecule TRPV4 antagonism for treatment

of patients harboring TRPV4 mutations. Treatment of 77ov4%269C mice at a symptomatic
disease stage afforded a dose-dependent rescue from lethality. Our combined genetic and
pharmacological data are consistent with TRPV4 blockade enabling NVECs to fully re-
establish barrier integrity thus allowing reparative processes within the CNS parenchyma.
Similarly, TRPV4 antagonists have previously been shown to improve outcomes in rodent
models of injury and disease associated with endothelial hyperpermeability in several tissue
types (30, 33, 77-79).

An orally bioavailable TRPV4 antagonist has been well-tolerated in phase I and I clinical
trials (NCT02119260, NCT02497937, NCT03372603, and NCT04292912) (80-82). Of
particular relevance to the present study, the intended site of pharmacological action in three
of these clinical trials (NCT02119260, NCT02497937, and NCT04292912) was vascular
endothelial cells (81, 82). Using an ex vivo impedance assay to assess target engagement,
oral dosing of a TRPV4 antagonist in both human patients with heart failure and healthy
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subjects was found to provide circulating drug concentrations sufficient to inhibit TRPV4
activation in cultured endothelial cells (83). These findings suggest that TRPV4 inhibition
within endothelial cells can be achieved in human patients without accompanying side
effects or adverse events. In further support of the translational feasibility of TRPV4
inhibition in human patients, TRPV4-null mice exhibit only subtle phenotypes (13, 84),
such as reduced sensitivity to sour taste (85), increased bladder capacity (86, 87), and
increased bone mass (88), but do not exhibit evidence of motor behavioral deficits (89) or
neuropathology (90).

Our study has limitations that should be considered. The Cre mouse strains utilized to
delete the 7rpv4R269C allele from endothelial cells express Cre in a pan-endothelial manner
and thus do not enable discrimination between potential contributions of neuronal and non-
neuronal endothelial cells to observed phenotypes. Although the regionality and asymmetry
of BSCB breakdown in symptomatic mutant mice strongly suggest that the neurological
phenotypes arise due to direct effects of mutant TRPV4 in NVECs it will be important

to verify this experimentally. We cannot completely exclude that abnormalities of other
organ systems contribute to lethality in mutant mice, though necropsy examinations have
not revealed consistent pathological abnormalities anticipated to cause early lethality (Table
S3). Though this study identifies TRPV4 as a key regulator of BSCB integrity, further
work will also be required to identify molecular pathways mediating the effects of TRPV4
on BSCB structure and function. A detailed understanding of these mechanisms will also
provide insights into whether these pathways may be shared across multiple forms of
neurodegenerative disease, as well as into potential roles of TRPV4 in regulating BSCB
integrity in other neurological disorders. Further studies will also be necessary to determine
the capacity of TRPV4 small molecule antagonists to ameliorate clinical symptoms in
patients with dSSMA/CMT2 and how early in disease they may need to be delivered to
exhibit efficacy.

In summary, though it has been recognized that motor neuron disease-causing mutations
alter TRPV4 channel activity it has remained unclear how expression of mutant TRPV4
channels in vivo precipitates neurodegeneration. We demonstrate that neuropathology in
mouse models of TRPV4 channelopathy is driven in a non-cell autonomous manner by
effects of mutant TRPV4 channels in endothelial cells. TRPV4 mutant mice exhibit focal
BSCB breakdown associated with motor behavioral impairments, regional motor neuron
loss, and early lethality. Treatment of symptomatic TRPV4 mutant mice with a TRPV4-
specific antagonist provided a rescue of each of these phenotypes. Together, these findings
highlight TRPV4 small molecule antagonism as a potential disease-modifying therapeutic
for patients with TRPV4-mediated motor neuron disease, and potentially other neurological
diseases characterized by impairments of BSCB integrity.

MATERIALS AND METHODS:

Study design

The objective of this study was to investigate the cellular basis of TRPV4-mediated
neurological phenotypes in vivo, and to assess their potential reversibility. We generated
and characterized two mouse models in which different disease-causing mutations

Sci Transl Med. Author manuscript; available in PMC 2024 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sullivan et al.

Page 11

(R269C, R232C) were introduced into the endogenous mouse 7rpv4 gene. TRPV4

mutant mice were assessed using motor behavioral assays, histopathology, spinal cord
electrophysiology, genetic deletion studies, BCNSB tracer studies, and transmission electron
microscopy. NVECs isolated and cultured from mutant mice were examined by ratiometric
calcium imaging, TEER, and whole-cell patch clamp electrophysiology. The reversibility

of neurological phenotypes in TRPV4 mutant mice was assessed by examining the

effects of systemic administration of the TRPV4-specific antagonist GSK219. Please see
Supplementary Materials and Methods for further details. All experimental procedures were
approved by the Institutional Animal Care and Use Committees of Johns Hopkins University
and the University of Rhode Island and were performed in compliance with National
Institute of Health guidelines for the care and use of laboratory animals. Mouse expressing
the Trpv4R269C and Trov4R232C glleles were generated at The Jackson Laboratory using
procedures approved by the Institutional Animal Care and Use Committee. All animals were
housed at 22°C and 42% humidity in a 14/10-h light—dark cycle with ad /ibitum access to
food and water. Quantification of motor neuron numbers, NMJ denervation, and blood-CNS
barrier leak was performed by experimenters blinded to genotype and treatment. All imaging
for quantification of fluorescence intensity was performed using the same microscope,
exposure times and laser/lamp intensities across the entire set of sections per experiment.
Sample sizes were selected based on pilot studies within our laboratories, and our prior
studies of other mouse models of spinal muscular atrophy (91). No randomization was
employed. Experimenters were not blinded to genotype for motor behavioral assessments.
Male and female mice, littermates wherever possible, were utilized for all experiments.

Statistical analysis

Statistical tests, significance levels, and sample sizes are detailed in each figure legend.
Statistical analyses were performed using GraphPad Prism 9.0 software. Data are presented
as means + SEM, with individual data points also plotted in column graphs. Statistical
comparisons between two groups were performed by unpaired two-sided £test (for equal
variances) or by unpaired two-sided #test with Welch’s correction (for unequal variances).
Differences among three or more groups were assessed by one-way analysis of variance
(ANQVA) followed by Tukey’s or Dunnett’s multiple comparison test. Two-way ANOVA
was used for statistical analysis of spinal cord electrophysiology, longitudinal TEER,
longitudinal motor behavioral, RT-gPCR, and blood-brain barrier leakage studies. Chi-
square analysis was used to assess Mendelian ratios. Pvalues < 0.05 were considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TrpvaR269C/R269C yjce exhibit marked neurological phenotypes.
(A) Representative photographs of a symptomatic phase 7rpv4R269C/R269C moyse (Stage B)

exhibiting asymmetric forelimb paralysis (red arrow and red arrowheads) and an inability

to maintain upright head posture (white arrowheads). (B, C) Forelimb hang test motor
performance (B) and survival curve (C) of Trpv4R269C/R269C 7\ R269C/ and TroyVT
mice (B, n=22-43 mice/genotype; C, n=50-101 mice/genotype). Hang impulse (N.s) reflects
the force exerted by the mouse to oppose gravity. (D) Confocal images of the C1 spinal cord
ventral horn of 7rpv4VT and symptomatic phase 7rpv4R269C/R269C ( Srage C) mice. The
dashed white lines indicate the grey matter boundary. Scale bar = 100 um. Unmerged images
are shown in fig. S3. (E, F) Mean number of MNs per C1 spinal cord hemisection, based

on assessments of the mean number per mouse (E; n=3 mice/genotype) and per hemisection
(F:; n=30 hemisections/genotype). All 7rpv4R269C/R269C mjce were in symptomatic phase
Stage C. (G) Percent of C1 spinal cord hemisections exhibiting signs of MN proximal

axon pathology (axonal swelling and fragmentation; see also fig. S3; n=3 mice/genotype).
Trov4R269CIR269C mjce were in symptomatic phase Stage C. (H, 1) Confocal images (H)

and quantification (I) of NMJ denervation (arrows in H) in the semispinalis capitis muscle,

a neck muscle innervated by MNs at the C1-3 spinal cord levels (h=3 mice/genotype,

>1000 NMJs analyzed per animal). Scale bars = 25 um. (J-L) Assessments of MN numbers
(J, K) and proximal axon pathology (L) in C1 spinal cord sections of symptomatic phase
Trpv4R269CIR269C mjjce at Stage B. Shown are the mean number of MNs per C1 spinal cord
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hemisection, based on assessments of the mean number per mouse (J, n=3-4 mice/genotype)
and per hemisection (K, n=30-50 hemisections/genotype), and the percent of C1 spinal cord
hemisections exhibiting signs of MN proximal axon pathology (L, n=3—-4 mice/genotype).
(M) Quantification of monosynaptic sensory-motor reflex (MSR) amplitude at the C2, C3,
and C7-C8 spinal cord levels of 7rpv4R269C/R269C mjce at Stage B (n=3-6 mice/genotype).
BTX, a-bungarotoxin, C1-3, cervical spinal cord levels 1-3, NF, neurofilament-H. Plots
show mean + SEM; (E, F, 1, J, K) unpaired two-sided #test, (G, L) unpaired two-sided #test
with Welch’s correction, (M) two-way ANOVA, Tukey’s multiple comparison test; ns, not
significant, *P< 0.05, **P< 0.01, ***P< 0.001.
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Fig. 2. Genetic deletion of mutant TRPV4 from endothelial cells r&cuesTrvaRzegC/R%gC mice.
(A) Survival curves of Trpy4R269C/IR269C and 7rpy4R269C/R269C. CpsCre Jittermate mice.

(B) Survival curves of Trpy4R269C/R269C ang 7rpy4R269CIR269C. TjaLCre [ittermate mice.
(C, D) Motor performance of 7rpv4R269C/R269C mice expressing Cah5C™ in the horizontal
balance test (C; n=10-25 mice/genotype) and accelerating rotarod assay (D; mice aged

2-6 months, n=12-20 mice/genotype). (E) Mean number of MNs per C1 spinal cord
hemisection in 7rpv4R269C/IR269C mjce expressing Cah5C™e or TieZC™ (n=3 mice/genotype;
n=30 hemisections/genotype). Statistical comparisons are to WT mice (dashed horizontal
line, from Fig. 1E). (F, G) RT-qPCR analysis demonstrating knockdown of 7rpv4 transcript
in the isolated forebrain vasculature of 7rpy4R269C/R269C mice with endothelial cell-specific
Cre expression (F, + Cah5C™; G, + TieZ°™®; n=3 mice/genotype). (H, 1) Representative
confocal images showing the expression of the tdTomato reporter in NVECs (arrows) in

C1 spinal cord, including within the ventral horn (I). Unmerged images are shown in fig. S9.
Scale bars = 200 um (H, I left), 50 um (I right). (J) Quantification of the cell types in C1
spinal cord containing tdTomato reporter signal. DH, dorsal horn; VH, ventral horn. Plots
show mean + SEM; (D, E) one-way ANOVA, (F, G) unpaired two-sided #test, (J) one-way
ANOVA, Dunnett’s multiple comparison test; ns, not significant, ***£ < 0.001. ****P<
0.0001.
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Fig. 3. Mutant TRPV4 channelsin NVECs exhibit a gain-of-function in channel activity.

(A) Representative immunofluorescence staining for CD31 (left) and Claudin-5 (right)

in NVECs cultured from the brainstem and cervical spinal cord. White arrows indicate
junctional complexes between adjacent cells. Scale bar = 50 um. (B) Epifluorescence image
of cultured NVECs showing GFP expression from the Tie2-GFP allele. Scale bar = 20

um. (C) Shown are changes in the Fura-2 ratio (emission at 340/380 nm), an indicator of
alterations in cytosolic free calcium (Ca2*), evoked by application of the TRPV4-specific
agonist GSK101 to NVECs isolated from 7rovdVT, Trpy4R269CIR269C and Trpv47'~ mice
(n=112-172 cells/genotype, n=4 NVEC isolations for 77pv4"NT and Trpy4R269C/R269C =)
isolations for 7rpv4 /7). (D) Magnitude of the calcium responses for the same NVEC
genotypes as in C. Changes in cytosolic free calcium (ACa2*) following GSK101 application
were calculated by subtracting the basal Fura-2 ratio (mean over 175 seconds immediately
pre-GSK101 application) for each cell from the maximum value recorded over 1160 seconds
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post-GSK101 application. (E) Calcium response latency for cultured NVECs from 7rov4NT
and Trpy4R269CIR269C mice, (F) Representative current-voltage relationship of whole-cell
TRPV4 currents in response to a voltage ramp (see inset) recorded from cultured 7rpv4VT
and Trpv4R269C/R269C N\VECs in the presence of GSK101 (5 uM) and after perfusion

of the TRPV4-specific antagonist GSK219 (6.67 uM). (G) Quantification of current

density in whole-cell patch clamp recordings from cultured 7rpvANT and Trpy4R269C/R269C
NVECs following application of GSK101 (5 uM) (n= 9-10 cells/genotype, n=3 NVEC
isolations for 7rpvaVT and Trpv4R269C/IR269C) (1) (left) lllustration of setup for TEER
measurements (Q cm?) across confluent monolayers of cultured NVECs from 7rpy4R269C/
R269C and 7rpv4™NT mice. (center, right) Normalized TEER at 20 and 30 minutes following
application of GSK101 (at 0 mins), (I) Normalized TEER at 24 hrs post-agonist application.
Measurements collected following GSK101 application were first normalized to baseline
TEER, to assess fold changes, and then normalized to the mean TEER of vehicle-treated
wells of the same genotype/time point, to account for non-specific effects of drug addition
(for example, mechanical disturbance) (n=3 NVEC isolations for 77ov4VT and 7rov4R269C/
R269C), Plots show mean + SEM; (D) Kruskal-Wallis test, Dunn’s multiple comparison test,
(E) unpaired two-sided #test with Welch’s correction, (G) unpaired two-sided #test, (H, 1)
two-way ANOVA, Tukey’s multiple comparison test; ns, not significant, *£< 0.05, ****p <
0.0001. The schematic of the TEER experiment (H, left) was created using BioRender.com.
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Fig. 4. Mutant TRPV4 expression disrupts BSCB integrity.
(A-D) Representative images of EZ-Biotin staining in cross sections of C1 spinal cord

for TrpvdVT (A), Trov4R269CIR269C (Srage B) (B), Trpv4R269CIR269C: copsCre (C), and
Trpv4R269CIR269C. 2 Cre (D) mice. The inset for B shows EZ-Biotin staining (red) adjacent
to motor neuron somata (green). Scale bars = 400 pm (A-D), 50 pum (inset for B). (E)
Quantification of normalized EZ-Biotin staining intensity in C1 spinal cord cross sections
for the genotypes in A-D. Staining intensities (a.U.) were normalized to the mean for one

of the 7rov4VT mice. (F) Quantification of EZ-Biotin staining intensity in the dorsal and
ventral halves of C1 spinal cord of 7rpv4R269C/IR269C (Srage B) mice. (G, H) Quantification
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of fibrinogen (G) and mouse 1gG (H) staining intensity in C1 spinal cord (n=3-7 mice/
genotype, n=8-11 sections/mouse) for the genotypes in A-D. (I) Quantification of the
vascular density of the C1 spinal cord ventral horn of presymptomatic 7rpy4R269¢/R269C
mice at P15 (n=3 mice/genotype; n=7-10 hemisections/mouse) compared to 7rpv4¥T
littermates. DH, dorsal horn, VH, ventral horn. Plots show mean + SEM; (E, G, H) one-
way ANOVA, Dunnett’s multiple comparison test, (F) paired two-sided #test, (1) unpaired
two-sided £test; ns, not significant, *~< 0.05 **P< 0.01.
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Fig. 5. Symptomatic TRPV4 mutant mice exhibit disruptions of NVEC tight junction complexes.
(A, B) Representative structured illumination microscopy images (A) and quantification (B)

of the ratio of ZO-1 and CD31 staining area in cross sections of C1 spinal cord of 7rpv4VT
and 7rpy4R269CIR269C ( Srage B) mice (n=3-5 mice/genotype; n=9 sections/mouse). Analysis
of symptomatic mutant mice was performed on vessels in which EZ-Biotin leak was either
absent (- EZ-Biotin leak) or present (+ EZ-Biotin leak). Arrows indicate regions of ZO-1
loss. Scale bars = 50 um. (C) Transmission electron microscopy images of upper cervical
spinal cord NVECs revealed discontinuities (red arrowheads) of tight junction complexes
(white arrowheads). Scale bars = 500 nm. (D) Quantification of the proportion of tight
junction complexes exhibiting discontinuities (n=3 mice/genotype; n= 38-107 tight junction
complexes/mouse). Plots show mean + SEM; (B) one-way ANOVA, Tukey’s multiple
comparison test, (D) unpaired two-sided £test; ns, not significant, *£ < 0.05, ****pP <
0.0001.
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Eiz%g% Systemic administration of a TRPV4-specific antagonist rescues symptomatic Trpv4R269C/
mice.

(A-C) Survival (A) and motor performance in the horizontal balance test (B; n=10-15
mice/genotype) and accelerating rotarod assay (C; n=7-14 mice/genotype) of GSK219-
(TrovAVT + 2 mg/kg GSK219, Trov4R269CIR269C 1 5 mg/kg GSK219, Trpv4R269C/R269C
+ 2 mg/kg GSK219) and vehicle-treated mice ( 7rov4VT + vehicle, Trpy4R269C/R269C 4
vehicle). (D, E) Representative images (D) and quantification (E) of EZ-Biotin staining

in C1 spinal cord of GSK219- and vehicle-treated mice (n=3 mice/cohort, n=5 sections/
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mouse; R269C + vehicle cohort, P20-22, other cohorts, P50-60). Scale bars = 400 pm.
(F) Quantification of the ratio of ZO-1 and CD31 staining area in C1 spinal cord of
GSK219-treated 77py4R269C/R269C and age-matched 77pv4VT mice (n=3 mice/genotype).
(G-1) Assessments of MN numbers (G, H) and proximal axon pathology (1) in C1 spinal
cord sections of GSK219- and vehicle-treated mice. Shown are the mean number of MNs
per C1 spinal cord hemisection, based on assessments of the mean number per mouse (G,
n=3 mice/cohort) and per hemisection (H, n= 8-16 hemisections/mouse), and the percent
of C1 spinal cord hemisections exhibiting signs of MN proximal axon pathology (I, n=3
mice/cohort; 8-16 hemisections/mouse). Statistical comparisons are to WT mice (dashed
horizontal line). DH, dorsal horn; VH, ventral horn. (D). Plots show mean = SEM; (C)
two-way ANOVA, (E, G-H) one-way ANOVA, Dunnett’s multiple comparison test, (F)
unpaired two-sided #test; ns, not significant, ****/,< 0.0001.
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