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A critical evaluation of “leakage”
at the cochlear
blood-stria-barrier and its
functional significance
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The blood-labyrinth-barrier (BLB) is a semipermeable boundary between the
vasculature and three separate fluid spaces of the inner ear, the perilymph,
the endolymph and the intrastrial space. An important component of the
BLB is the blood-stria-barrier, which shepherds the passage of ions and
metabolites from strial capillaries into the intrastrial space. Some investigators
have reported increased “leakage” from these capillaries following certain
experimental interventions, or in the presence of inflammation or genetic
variants. This leakage is generally thought to be harmful to cochlear function,
principally by lowering the endocochlear potential (EP). Here, we examine
evidence for this dogma. We find that strial capillaries are not exclusive, and that
the asserted detrimental influence of strial capillary leakage is often confounded
by hair cell damage or intrinsic dysfunction of the stria. The vast majority of
previous reports speculate about the influence of strial vascular barrier function
on the EP without directly measuring the EP. We argue that strial capillary leakage
is common across conditions and species, and does not significantly impact the
EP or hearing thresholds, either on evidentiary or theoretical grounds. Instead,
strial capillary endothelial cells and pericytes are dynamic and allow permeability
of varying degrees in response to specific conditions. We present observations
from mice and demonstrate that the mechanisms of strial capillary transport are
heterogeneous and inconsistent among inbred strains.

KEYWORDS

stria vascularis, endocochlear potential, blood-labyrinth barrier, endothelial cell,
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Introduction

Cochlear stria vascularis establishes the composition of cochlear endolymph and
generates the endocochlear potential (EP), which provides most of the electrochemical
drive to hair cell transduction currents. The intrastrial micro-environment appears critical
to these functions, and includes the cochlea’s most dense capillary beds, which support the
high level of strial metabolic activity. Problems that alter strial capillary function might
therefore contribute to dysregulation of endolymph and potentially impair EP generation.
Our focus here is strictly strial capillary barrier function and its relation to the EP and
hearing. We are not concerned with conditions that overtly damage or constrict strial
capillaries, injure critical strial pumps and channels, or violate strial boundaries, all of
which will certainly impact hearing. A prevailing opinion is that strial capillary leakage can
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dissipate voltage or ionic gradients across capillary walls necessary
to support the EP. An open-timeframe Google Scholar search
using the terms “stria vascularis,” “capillary,;” and “leak” or
“leakage” revealed 1,630 papers (as of February 2024), while
adding “endocochlear potential” or “endolymphatic potential”
to the search terms reduced the sample to 518 papers. These
ostensibly represent papers that relate vascular permeability
to the EP. Based on all permutations of added key words
“EP” “endocochlear potential,” or endolymphatic potential” plus
“methods” or “recording;” only 25 papers reported EP values in
the context of capillary leakage. To us, that suggests that the great
majority of papers have left key questions of causality untested,
leading to speculation and theories that remain unproven. We
present evidence that essential aspects of strial capillary transport—
selectivity and transport mechanisms—vary across and within
species. We suggest that strial capillary endothelial cells and
pericytes function together to modulate traffic across the capillary
endothelial barrier which is a dynamic and adaptive process
by design.

What cells and tissues do strial
capillaries support?

The operation of the mammalian cochlea is energetically
demanding, yet hair cells and cochlear neurons are located much
further from their blood supply than are typical cortical neurons of
the brain (10-20 pm vs. 50-100 pm for OHCs) (Schlageter et al.,
1999). With regard to the organ of Corti, this arrangement is
generally attributed to potential mechanical interference with hair
cells by pulsating capillaries (Wangemann and Marcus, 2017). The
nearest capillary to the organ, the vessel of the basilar membrane,
is patchy or not patent in many species (Axelsson, 1988). Evolution
has solved the blood supply problem by extensive use of anaerobic
glycolysis by hair cells (Matschinsky and Thalmann, 1967), by
potentially recruiting multiple capillary beds, and by relocating the
most energetically intensive process to the stria vascularis. The
stria creates most of the electrochemical force for transduction
using a series of pumps and channels that move K+ up its voltage
and concentration gradients, simultaneously creating high K+
endolymph that is also highly positively charged (Wangemann
and Marcus, 2017). As a result, hair cells need only passively gate
the flow of K+ through their soma and into the surrounding
perilymphatic spaces. A further evolutionary innovation is that
K+ is then “recycled” through the lateral organ of Corti and
ultimately back to the stria via the spiral ligament (Wangemann
and Marcus, 2017). In the ligament, K+ passes through outer
sulcus cells, is actively taken up by Type II fibrocytes, then
passed to Type I fibrocytes behind the stria through a Connexin
26 and 30 gap junctional network. The Type I fibrocytes are
also directly coupled to strial basal cells, which in turn are
coupled to strial intermediate cells through gap junctions. In
gerbils the syncytium potentially extends to the endothelial cells
surrounding the strial capillaries (Takeuchi and Ando, 1998),
although this may not be the case for all mammals (Cohen-
Salmon et al., 2007). That such a striking organizational principle
of the stria may vary across species presents a cautionary note
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to generalizations about strial capillaries—a major theme of this
review. If strial intermediate cells and endothelial cells are part
of the same syncytium, then all cellular elements of the stria
except for marginal cells appear best suited for two-way trafficking
with the spiral ligament, leaving the marginal cells the sole
arbiter of whether molecules from the intrastrial fluid reach
the endolymph.

While the term “blood-labyrinth barrier” (BLB) dominates the
literature, it does not specify any particular location or barrier
(Sun and Wang, 2015; Salt and Hirose, 2018). It furthermore
conflates divergent properties among capillary beds, their recipient
tissues (stria, neurons, organ of Corti), and their surrounding fluids
(endolymph, perilymph, intrastrial fluid). Gross scanning methods
such as MRI (e.g., Floc’h et al.,, 2014; Veiga et al., 2021; Zhang
et al., 2023) have been applied to diagnose “BLB leakage”, but
do not indicate capillary sources. Blood-born metabolites could
reach the organ of Corti via capillaries in the spiral ligament,
indirectly via the stria, spiral limbus (Firbas et al., 1981), or the
osseous spiral lamina. An early paper by Lawrence (1974) argued
that neither strial capillaries nor spiral ligament capillaries play
a part in maintaining the organ of Corti. A more recent study,
however, identified a pathway for glucose that may begin in strial
capillaries and extend to the lateral organ of Corti via the spiral
ligament (Chang et al., 2008). In any case, the metabolites are
delivered to the perilymph (Okumura, 1970; Ferrary et al., 1987;
Ando et al,, 2008), so that it is the aggregate permeability of all
these that is determined by assaying the perilymph itself (Hirose
et al,, 2014a). The EP can be maintained for a period of time when
the vasculature is perfused with K+4-free and glucose-free media
(Wangemann and Marcus, 2017). This indicates that strial K+,
glucose, and presumably other metabolites are derived from the
perilymph that bathes the spiral ligament. Ironically then, strial
capillaries may not even deliver much of the glucose required by the
stria (Ando et al., 2008; Hishikawa et al., 2015). The question then
becomes “What cells, other than the stria itself, do strial capillaries
supply?” The ionic composition of endolymph is determined by
ion pumps and exchangers of the stria vascularis with contributions
from Reissner’s membrane and the inferior ligament (Mufioz et al.,
2001). However, the literature provides no clear evidence that strial
vessels supply oxygen or other nutrients to the organ of Corti
via the endolymph. If strial capillaries are highly permeable, as
we demonstrate in later figures, then the real limiting barrier for
transfer of ions and metabolites to the endolymph is the transport
selectivity of marginal cells. Vital though this function must be,
relatively little is really known about marginal cell transporters. As
prominent exceptions, megalin (LRP2) and cubilin, transporters
located on the luminal side of marginal cells, appear involved in
aminoglycoside trafficking in hair cells (Hosokawa et al., 2018; Kim
and Ricci, 2022).

A long-standing belief regarding the microvasculature of the
brain, cochlea, and retina was that these specialized vascular
networks evolved to prevent the entry of pathogens and
inflammatory cells into these “privileged” spaces due to the risk of
bystander injury. The phrase “immune privilege” was commonly
used to characterize the special environment created by the blood-
brain barrier, the blood-labyrinth barrier, or blood-retinal barrier.
This view was challenged, however, by the discovery of robust
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monocyte and macrophage infiltration following stressors such
as noise exposure and aminoglycosides, both of which are non-
infectious stimuli (Hirose et al., 2005, 2014b; Tornabene et al.,
20065 Sato et al., 2010; Bae et al.,, 2021). Cochlear macrophages
accumulate in the inferior spiral ligament, then migrate to other
positions in the ligament, as well as surfaces lining cochlear
scala tympani. Surprisingly, this infiltration largely spares the
stria, which flies in the face of the general perception that spiral
ligament capillaries appear “tighter” than strial capillaries. If there
were no immune-privilege, the marginal cells would still pose
a significant barrier to either macrophages or their secretions
entering the endolymph. Strial capillary architecture may have been
driven primarily by a requirement to protect and support strial
constituent cells.

If circulating mononuclear phagocytes cannot gain entry into
the intrastrial space, then waste and cell debris must be managed by
resident cells of the stria. In the central nervous system, hydrostatic
and oncotic pressure favor net flow of water from capillaries into
interstitial fluid (Groothuis et al., 2007). This “bulk flow” carries
a host of small molecules. Cellular waste, proteins, and excess
water are typically removed where capillaries and post-capillary
venules meet. From this, there can be extensive water flow radiating
outward and along the capillary path. What is not absorbed by
the venous system may be resorbed by lymphatic vessels that have
been reported in the spiral ligament (Keithley, 2022), although the
evidence for lymphatic vessels in the spiral ligament is limited.
The interior of the tightly sealed strial space (see below) may
be limited by this standard arrangement, in that (1) longitudinal
water flow within the stria may not be permissible, (2) the post-
capillary venules of the inferior ligament may be too far away, (3)
the largely uncharacterized lymphatics of the spiral ligament may
be too remote and may have poor access to intrastrial fluid, and (4)
the post-capillary venules in the ligament have been found to have
an elevated hydrostatic pressure, which could discourage re-entry
of water and waste products (Shaddock et al., 1985). In addition to
myriad waste products, debris from dying cells must be removed.
The stria vascularis is populated by resident macrophages that are
present from early in development and are typically located in the
perivascular space (Shi, 2010). These resident macrophages are a
non-exchanging population and undergo marked transformation
in morphology over time. They appear to remain in the intrastrial
space over the lifetime of the animal (Noble et al., 2021).

Normal strial operation

The stria forms a “sandwich” structure, bounded laterally by
basal cells and medially by marginal cells. Adjacent cells in these
layers are bound to each other by tight junctions, such that the
intrastrial space is isolated from the adjacent endolymph and
perilymph without free flow of water or ions. The proximate
event to EP generation is taken to be a large K+ efflux current
through Kir4.1 channels in the strial intermediate cell membrane
(Takeuchi et al., 2001; Wangemann and Marcus, 2017). The K+ is
then removed from the interstitial (intrastrial) space by Na+/K+
ATPase and Na+/K+/Cl- co-transporters into strial marginal cells,
and ultimately released in a highly regulated manner back into scala
media by KCNQ1/KCNEL1 channel assemblages. Because marginal
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cells are not electrically connected to other strial cell types, they
must actively or passively transport K+ and other key components
of the endolymph.

The movement of K+ down its concentration gradient from
strial intermediate cells into the intrastrial fluid also generates a
high positive voltage within the stria. Further, because of the large
net positive current flowing into marginal cells, these cells are
likewise positively charged. Thus, EP and endolymph generation
are both inextricably linked to large positive voltages in the
intrastrial space and within marginal cells. These typically exceed
the EP itself. Marginal cells must take up K+ directly from the
intrastrial space against a steep concentration gradient, and failure
to keep intrastrial K+ at a very low level interferes with both
endolymph production and EP generation. Notably, however, the
dependence of the EP on endolymphatic K+ appears not as steep
as does the dependence on intrastrial K+, so that a reduced EP
may be observed even with normal endolymph K+ concentration
(Schmiedt, 1996). Figure I shows the K4 concentration and
electrical potential of cells and compartments of the stria under
normal and pathologic conditions. Note that the most significant
differences between the “normal” and “abnormal” cases correspond
to failure to deliver K+ to the intrastrial space (Kir4.1 inhibition) or
failure to remove it (K4 transporter inhibition).

The use of K+ as a primary excitatory current carrier in
mechanotransduction is highly unusual in all of neurophysiology.
In theory, hair cell depolarization could be carried by the Na+
current, as in neurons. The use of Na+ would likely have required
that hair cells express the Na+/K+ ATPase, which would expose
them to greater metabolic stress. Another benefit of utilizing K+
instead of Na+ may be the stoichiometry of the Na+/K+ ATPase,
which moves three K+ ions into strial marginal cells for every
two Na+ ions out. The standing currents in scala media are quite
large (188-376 pA per marginal cell) (Zidanic and Brownell, 1990)
relative to, say retina (70 pA per retinal rod), and 50% more K+
can be mobilized—and removed—relative to Na+, for the same
energy expenditure.

Transport modes of strial capillaries

Most capillaries in the body share a basic structure consisting
of a single sheet of endothelial cells rolled into a cylindrical
tube, surrounded by basement membrane with pericytes and
perivascular macrophages within close proximity (Groothuis et al.,
2007). These cells jointly govern cellular and molecular traffic in
and out of capillaries. Capillary endothelial cells are joined by
tight and adherens junctions, whose specific molecular makeup
can vary by tissue. Accordingly, the “tightness” of inter-endothelial
junctions can vary also. Ions, proteins, and metabolites exit
capillaries by passing either through (transcellular transport) or
around (paracellular transport) the capillary endothelial cells.
Both of these represent normal modes of operation, and neither
can be treated as inherently more pathological. Moreover,
there is evidence that endothelial cells can switch pathways if
one is inhibited (Armstrong et al., 2012; Muradashvili et al,
2012). Transcellular transport encompasses several processes,
including carrier-mediated transport, receptor-mediated transport,
and adsorption-mediated transport. Some of these operate
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FIGURE 1

Schematic of electrochemical properties of the lateral cochlear wall. Upper panel shows the structure of the lateral wall and the K+ transport
apparatus involved in the generation of the EP. The predicted voltage and K+ concentration in each compartment under normal conditions vs.
inhibition of Kir4.1 and strial K+ transporters are respectively shown in other images (from Nin et al., 2008, with permission).

TABLE 1 Sizes of commonly-used molecular tracers.

Molecular weight (kDa) Radius (nm) Probable route of transport
Na fluorescein 0.376 NR Paracellular
Evans blue* 0.96 NR Transcellular
Horseradish peroxidase | ~44 3 Transcellular
Albumin (unlabeled) 69 3.5 Transcellular
IgG ~155 53 Transcellular
Dextrans 1.5-2,000 0.8-38.2 Depends

Modified from Saunders et al. (2015).
*Typically bound to albumin.

bi-directionally. Paracellular pathways in peripheral capillaries
typically favor low molecular weights and particle diameters <
5nm (Rabanel et al, 2012). This includes small ions, water,
and a host of small molecules that include popular tracers
such as fluorescein and small fluorescein-conjugated dextrans
(Saunders et al., 2015) (Table 1). Small proteins such as albumin,
horseradish peroxidase, and myeloperoxidase span the size limit
between paracellular and transcellular transport, but tend toward
transcellular transport in strial capillaries (see below). The
conditions under which large proteins such as IgG are transported
are not clear, but this protein appears to have its own receptors
for transcellular transport (Zlokovic et al., 1990). The presence of
IgG in the interstitium has generally been interpreted to indicate
pathology (see below). However, we observe it under normal
conditions in mice in a manner that appears strain-dependent
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and non-pathological. Figure 2 shows IgG staining in the stria of
C57BL/6] (B6) and BALB/cJ (BALB), but not CBA/CaJ mice. The
extent and pattern of staining are unchanged by noise exposure. In
B6 and BALB mice, most of the IgG appears trapped in the capillary
basement membrane, although there are also indications within the
intrastrial space (Figure 2, right panels). The transport of IgG may
be adaptive, or may be incidental to some other adaptive process.
Such a striking strain difference in what might be expected to be a
conserved and fundamental process highlights the value of inbred
mouse models, and suggests that we do not yet know the factors
shaping strial capillary transport. Albumin, the most abundant
plasma protein, constantly crosses the endothelial barrier in both
directions, acting as a chaperone for a number of hydrophobic
molecules. From this, one would expect to find albumin in the
interstitium under normal circumstances. Evans Blue (EB) is a
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FIGURE 2

Strial perivascular appearance of innate IgG depends on inbred strain. Radial confocal views of innate IgG antibody staining in lower basal stria
vascularis in C57BL/6J (B6), BALB/cJ (BALB), and CBA/CaJ inbred mice with, and without, noise exposure (4.0-45.0 kHz, 110 dB SPL, 2 h). Exposed
animals were examined immediately after exposure. Results shown are typical of five replicates per strain and condition. Panels at right show enlarged
view of different BALB and B6 no-noise replicates. DAPI (blue) not shown in all cases (adapted from Dwyer, 2010; see same for Methods section)

CBA/Cal IgG Noise

B6 IgG No Noise

BALB IgG No Noise

small molecule often used as a vascular tracer. Based on its size, it
would be anticipated to be transported paracellularly. However, EB
in capillaries is bound by albumin, so that its movement is typically
transcellular (Patterson et al., 1992).

Pericytes appear primarily responsible for directing endothelial
cell traffic (Armulik et al., 2005; Shi et al., 2008; Geevarghese
and Herman, 2014; Attwell et al., 2016; Shi, 2023), and it is
likely they determine what transport modes and what types of bi-
directional traffic are active at any time. Pericytes are important
for the development and survival of capillaries, as well as capillary
branch formation, and loss of pericytes can lead to capillary
closure and loss. Genetic ablation of strial pericytes in mice (Zhang
et al., 2021; Shi, 2023) leads to strial capillary constriction and
loss, EP reduction, hair cell loss and hearing loss. However, such
ablations have been universal, so that deficiencies in multiple
capillary beds may have driven these results. The ratio of pericytes
to endothelial cells is also a significant variable, such that a
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higher ratio corresponds to less transport (Daneman et al., 2010).
The roughly 1:1 ratio in strial capillaries is similar to brain and
retina (Shi et al., 2008). Other players not yet considered include
the capillary basement membrane and perivascular macrophages.
Basement membranes are sugar and collagen extracellular matrix
structures that surround most capillaries in the body (Kottke
and Walters, 2016). They line the abluminal side of endothelial
cells, but surround the pericytes, and are maintained by both cell
types. In addition to demarcating developing tissue boundaries and
promoting development-related cell movement, they act as filters
to slow movement of some molecules, and discourage the entry of
inflammatory cells. In strial capillaries, the basement membrane
can become thickened during aging (Thomopoulos et al., 1997;
Suzuki et al., 2016), Type 2 diabetes (Williamson et al., 1973), and
Alport syndrome (Gratton et al., 2005). Perhaps somewhat non-
intuitively, thickened basement membranes are associated with
increases in vascular permeability (Kottke and Walters, 2016).
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While such changes in strial capillaries are likely to represent
pathology, specific evidence of their role in hearing and deafness
is lacking.

Perivascular macrophages (PVMs) are reported in brain, and
may have a parallel in the perivascular macrophage/melanocytes
(PVM/Ms) of the stria suggested by Shi et al. (Zhang et al., 2012,
2013). However, the melanocyte function of PVM/Ms has been
disputed (Hirose and Li, 2019; Ito et al., 2022), and these cells
more likely correspond to the resident PVMs in other tissues. Strial
melanin is thought to originate from the influx during development
of melanocytes that give rise to intermediate cells (Steel and
Barkway, 1989). Over time, all three major cell types of the
stria (marginal, basal, intermediate) can take up melanin granules
(Wright and Lee, 1989; Hayashi et al., 2007; Ohlemiller et al., 2009),
potentially muddying the identity and purpose of cells containing
melanin. Earlier studies identified apparently pigmented cells
bordering capillaries that were distinct from intermediate cells
(Conlee et al., 1989), and multiple authors have suggested the

10.3389/fnmol.2024.1368058

existence of two or more types of intermediate cells (Cable and
Steel, 1991; Conlee et al., 1994; Spicer and Schulte, 2005a). Single-
cell transcriptomics, which might help establish the number of sub-
types of strial melanocytes have yet to identify distinct populations
(Taukulis et al., 2021; Boussaty et al., 2023). As we pointed out,
waste clearance in the stria may be particularly challenging and
place a premium on local macrophage function. We therefore
favor the interpretation that PVM/Ms are simply resident strial
macrophages whose job is to transfer waste back to strial capillaries.
That said, it is not clear from published ultrastructure that strial
PVMs form the necessary junctions with capillaries to support this
function. Although there are claims that genetic ablation of PVMs
promotes strial capillary leakage, hearing loss and EP reduction
(Zhang et al.,, 2012), the universal elimination of PVMs in these
experiments could have exerted additional effects beyond the stria.
Moreover, other mouse KO models for cochlear macrophages
that would have eliminated the same cells (Hirose and Li, 2019)
showed no hearing loss or EP reduction. From this evidence it

B6 + HRP

B6 + HRP

G

B6 + HRP

FIGURE 3

= B6 + HRP + Imatinib

B6 + HRP + Imatinib

B6 + HRP + Imatinib

Transcellular strial capillary transport of HRP depends on inbred strain. Confocal views of three replicate surface preps of stria vascularis showing
application of fluorescent HRP in C57BL/6J (B6) mice (A, D, G), co-application of HRP and Imatinib in B6 mice (B, E, H), and application of HRP in
CBA/J mice (C, F, ). Compounds were applied trans-cardially (adapted from Henson, 2013; see same for Methods section)
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B6 + NaFl + Imatinib

B

B6 + NaFl + Imatinib

C

B6 + NaFl + Imatinib

FIGURE 4

Strial capillary transport of NaFlin B6 is paracellular. (A—C) Confocal
views of three replicate surface preps of stria vascularis showing
trans-cardial co-application of NaFl and Imatinib in C57BL/6J (B6)
mice (adapted from Henson, 2013; see same for Methods section).

cannot be concluded that strial PVM ablation and PVM-related
capillary leakage cause hearing loss and EP reduction. It would not
be surprising, moreover, if impairment of strial waste collection
should be problematic for strial function overall.

The mode of capillary transport in a given system can be probed
using several approaches. Transmission electron microscopy can
show the lack of tight junctions between endothelial cells, but
most such evidence is anecdotal and not quantitative. Tyrosine
kinase blockers of trans-endothelial transport, such as Imatinib,
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can be applied to test for transport processes (Coffin et al,
2021), as we also show here (Figures 3, 4). In vivo and in vitro
studies fluorescent tracer studies can establish whether capillary
leakage is occurring and suggest the mode, based on size. In
vitro tests involve establishing a confluent sheet of endothelial
cells on a porous membrane and assaying either the transfer
of fluorescent signal across the sheet or the trans-endothelial
electrical resistance (TEER) across it. The endothelial sheets can
be chemically manipulated or supplemented with other cells (e.g.,
pericytes, PVMs) to test their effect on permeability (Neng et al.,
2013). Reported maximum TEER estimates for strial capillary
endothelial monolayers have varied widely, ranging from ~40
to 200 Ohms/cm? (Sekulic-Jablanovic et al., 2022; Sekulic et al.,
2023), so that it appears not yet possible to compare strial
and brain capillaries using this method. Tests for fluorescent
tracer movement likely assess both trans-cellular and paracellular
leakage, while direct electrical measurements may be specific
for paracellular leakage (Table 1). Neither permit the tracking of
molecules into strial capillaries, so that half of a probable two-way
conversation remains uncharacterized. Notably, in vitro barrier
diffusion experiments in endothelial cell sheets (Neng et al., 2013,
Figure 5B; but see Zhang et al., 2012, Figure 2F for contradictory
data) indicate that the addition of pericytes and PVMs add only
marginally to the tightness of strial capillary transcellular and
paracellular barrier function, raising questions about the true
impact of these cells. We really know relatively little about the
specific transport mechanisms of strial capillaries. There are no
comparison RNAseq data for strial vs. retina or brain endothelial
cells and pericytes to suggest whether these cells operate uniquely
in the stria. Clearly, capillaries are in the transport business, as
how else can they supply surrounding tissues? But when and where
does it become pathological, and is it more likely to apply to
trans-cellular or paracellular processes?

Normal strial transport: previous
observations

A host of studies going back 50 years have addressed the
transport properties of strial capillaries in chinchillas, guinea
pigs, and mice under standard conditions (e.g., Duvall et al,
1971, 1979; Osako and Hilding, 1971; Gorgas and Jahnke, 1974;
Sakagami et al, 1982a,b, 1987; Duvall and Klinkner, 1983;
Xu et al, 1994). These have tracked exogenous horseradish
peroxidase (HRP), myeloperoxidase (MRP) and other tracers at
the light or electron microscope level. Most have been somewhat
qualitative. Such studies have consistently painted a picture of fairly
unrestricted passage of tracers into the intrastrial space via trans-
endothelial transport. The amount of transport may be increased
by noise exposure and other manipulations (see below). Our
own experiments in inbred mice (Figures 2-5) paint a somewhat
nuanced picture of capillary transport that varies by strain. Figure 3
suggests strain differences with regard to the transport of HRP,
whereby B6 mouse stria readily allows passage of this foreign
protein, while CBA/J mice do not. Moderate-sized proteins would
be expected to pass from capillaries via a transcellular mode
(Table 1), and accordingly, transport of HRP in B6 mice can
be inhibited by Imatinib. By contrast, CBA/] mice do not show
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CBA/J + 4 kD FITC-Dextran] CBA/J + 4 kD FITC-Dextran
+ Mannitol

CBA/J +4 kD FITC-Dextran
+ Mannitol
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Effects of mannitol in promoting paracellular transport of 4 kD FITC-dextran depend on inbred strain. Confocal views of surface preps of stria
vascularis showing three replicates of trans-cardial 4 kDa FITC-dextran without co-administration of mannitol, or 1 h after IP mannitol, in C57BL/6J
(B6) and CBA/J mice (adapted from Fahrenthold, 2015; see same for Methods section).

CBA/) + 4 kD FITC-Dextran

transport of HRP, even without Imatinib. This indicates that these
two mouse strains possess very different selectivities for trans-
endothelial traffic, and one would obtain very different impressions
by just studying one of these strains. Figure 4 confirms that B6
strial capillary transport of sodium fluorescein (NaFl) is not affected
by Imatinib, as expected for this small molecule tracer (Table 1).
Figure 5 again indicates more restrictive transport in CBA/] mice.
In this case, treatment with IP mannitol 1h before sacrifice led
to the dispersion of 4 kDa FITC-dextran in both B6 and CBA/J
mice, but to very different extents. Without mannitol, neither
strain showed passage of this tracer into the stria. Mannitol and
glycerol are osmotic disruptors applied clinically to diagnose and
treat Meniere’s disease and sudden-onset hearing loss (Stahle, 1984;
Filipo et al, 1997). They are thought to promote paracellular
transport by distorting capillary endothelial cells (Le and Blakley,
2017). Therefore, these strain differences in Figure 5 appear in the
context of paracellular transport. Overall, these results indicate
that both transcellular and paracellular strial capillary transport
mechanisms differ by genetic background. Transport selectivities
are not invariant, even within species, and there is no single
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“normal” phenotype. Figure 6 further shows that mannitol did
subtly lower the EP in both B6 and CBA/J, statistically so in the
latter, yet probably not enough to elevate thresholds. We know
from other studies (Santi et al., 1985) that mannitol causes transient
edema in the stria, likely by building up in the intrastrial space and
drawing water along with it. It seems strange that such a dramatic
disruption may have little or no deleterious effects on hearing,
yet this contention is also supported by the lack of hearing loss
among subjects treated with mannitol or glycerol (e.g., Yoshida and
Uemura, 1991; Wood et al., 2014), and should not be surprising.
In summary, the evidence supports only somewhat restricted
passage of metabolites and proteins from strial capillaries into the
intrastrial space, irrespective of transport mechanism. Depending
on genetic background, both innate (IgG, albumin) and foreign
proteins (HRP, MRP) may be transported under normal conditions,
possibly in both directions. It remains a question why there may
occur such free passage of proteins that do not clearly serve an
adaptive purpose. More broadly, it is difficult to discern why
such an elaborate machinery surrounding strial capillary transport
(endothelial cells, pericytes, basement membranes, perivascular
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FIGURE 6

Functional effects of mannitol are mild and depend on inbred strain. Basal turn EP measures for mice treated as in Figure 5 within 2 h of IP mannitol
administration (n = 5-8 per strain and condition). Means for each group were 111.3, 106.0, 106.4, and 96.2 mV, respectively. The range for
mannitol-treated CBA/Js was 88—-106 mV (adapted from Fahrenthold, 2015; see same for Methods section).

macrophages) should exist, yet not promote strict transport into a
closed space with highly demanding requirements.

Normal strial capillary transport:
theory

Existing models for the origin of the EP share one important
feature: Beyond supplying metabolites to the stria itself, strial
capillaries do not contribute directly to the generation of the
EP (Nin et al.,, 2008; Wangemann and Marcus, 2017). However,
dysregulation of the vascular barrier between capillaries and
the intrastrial space could potentially perturb the EP. We have
emphasized that K+ levels must remain low in the intrastrial space
to maintain a normal EP. We are therefore most concerned with
abnormal K+ flux info the intrastrial space, while the reverse flow
(dissipation of K+ into the capillary lumen from the interstitial
fluid) is not favored. The electrical charge associated with strial
capillaries is an important factor here. Strial basal and intermediate
cells possess a low membrane voltage (0-4mV), but a high K+
concentration (Figure 1). If these cells are electrically connected
to the endothelial cells, then the latter would also have high K+
levels and a low membrane potential. In either case, the dominant
ion in their cytoplasm will be K+. Any K+ transport out of
strial capillary endothelial cells into the intrastrial space will be
favored by the concentration gradient for K+, but opposed by
the steep voltage gradient, so that overloading of the intrastrial
fluid by K+ from endothelial cells seems unlikely. As for the
capillary lumen itself, most blood proteins carry a negative charge,
as do the red blood cells. This preponderance of negative charge
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will draw balancing positive charges in a probable free flux of
water and small ions. Thus, we predict that the capillary lumen
will have no net charge, or 0mV. If strial capillary endothelial
cells are not connected directly to intermediate cells, they are still
predicted to have high K+ levels and a low membrane potential.
Published values for endothelial cell membrane potential indicate a
moderately negative charge of ~-50 mV (He and Curry, 1995), so
that these cells would resemble most cells whose membrane voltage
is dominated by the equilibrium potential for K+. The endothelial
cells would thus be perched between the low-K+, high-voltage
intrastrial fluid and the low-K+, low-voltage capillary lumen. In
this scenario also, opposing gradients would discourage significant
K+ net movement into intrastrial fluids. In sum, the concentration
and voltage gradients across strial capillary walls do not favor
significant net K4+ movement into or out of strial capillaries. If there
are other significant metabolites or mediators that are transported
into the intrastrial space, and in so doing impair strial function, it
is not clear what these are.

Many of the claims regarding the effects of abnormal strial
capillary properties are based on pathological conditions such
as aging, noise exposure, and inflammation. We examine those
conditions in the following paragraphs.

Strial barrier dysfunction in
presbycusis

Schuknecht identified cases of human presbycusis that seemed
to reflect primary pathology of the stria (Schuknecht, 1964;
Schuknecht et al., 1974). Animal studies have led to Mongolian
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gerbils (Schulte and Schmiedt, 1992; Spicer and Schulte, 2005b) and
several inbred mouse strains (Ohlemiller, 2009) as modeling the
condition in ways that recapitulate key observations in humans.
Humans and animals share an etiology that focuses on strial
marginal cell loss and dysfunction, perhaps reflecting the high
metabolic wear-and-tear in these cells. In addition, the stria
becomes thinner, which corresponds to a loss of processes by
strial constituent cells. The mouse studies also indicate a genetic
predisposition, since only some mouse strains tend toward age-
related EP reduction. B6 mice present an interesting case because
they show fairly rapid hair cell loss with age, but their EP remains
normal to the end of the lifespan (Ohlemiller et al., 2006). They
do show loss of marginal cells with age, but apparently below any
threshold for EP changes. They also show a rough doubling in the
thickness of strial capillary basement membranes, which is also
one of the hallmarks of the aging gerbil cochlea (Thomopoulos
et al., 1997). In gerbils, this has been interpreted as an indicator
of hypoperfusion (Gratton et al., 1995, 1996), and a similar effect—
perhaps below some threshold effect—cannot be ruled out in the
mice. Mouse and gerbil studies suggest a pattern of fewer, larger
capillaries in older animals with a low EP (Gratton et al., 1997;
Ohlemiller et al., 2006, 2010). Such capillary changes are consistent
with reports of pericyte pathology in older mice (Neng et al., 2015).
While strial hypoperfusion certainly appears possible with age,
abnormal capillary permeability is not a theme of the literature in
strial or other forms of presbycusis.

Strial barrier dysfunction following
noise exposure

The acute effects of noise exposure on the stria have been
characterized by a number of authors over decades. An acute
increase in strial capillary permeability is supported by several
studies (e.g., Duvall et al., 1974; Hukee and Duvall, 1985; Duvall and
Robinson, 1987; Goldwyn and Quirk, 1997; Suzuki et al., 2002; Shi,
2009a,b; Hou et al., 2018; Jiang et al., 2023). Most of these reports
are consistent with the idea that the increase in permeability was
due to an increase in transcellular transport (but see Wu et al,
2014). While several studies indicate that noise results in strial
thinning and reduced capillary density (e.g., Hirose and Liberman,
2003; Hou et al, 2020), such changes typically coincide with
complete EP recovery. Pericyte pathology that could promote strial
capillary thinning and loss has been reported following intense
noise in B6 mice (Shi, 2009a,b; Hou et al., 2018; Jiang et al., 2023),
although no direct link to the EP or hearing was shown. A similar
study in B6 mice by the same group (Hou et al., 2020) applied
neonatal pericytes to the perilymph and reported improvements
in the EP and thresholds, but the injected cells were not tracked,
and could have lodged near the organ of Corti and exerted trophic
effects. Pericytes broadly express trophic factors that could also act
on the damaged organ of Corti. Another study in B6 mice from
the same group attributed noise-induced hearing loss and loss of
EP to pathology of PVM/Ms and impaired secretion of pigment
epithelium growth factor (PEGF/PEDF) by these cells (Zhang et al.,
2013). The changes corresponded to a loss of strial capillary barrier
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function against FITC-albumin, although likely through trans-
endothelial transport, as seen after noise in other models. Systemic
PEDF was shown to improve the EP and hearing thresholds. But
PEDF is also found in the organ of Corti (Gleich and Pina, 2008)
where it may also exert trophic effects. Notably, the mouse strain,
age, and type of exposure used in these studies have been shown
to produce massive disruption of the organ of Corti (Ohlemiller
et al,, 2018), and strial changes were likely not the major drivers of
hearing loss. Studies that apply intense noise to animals, then try
to interpret the sequelae solely in terms of strial barrier function
risk overlooking organ of Corti, and even strial histopathology, as
guides. It is further confusing when intrastrial leakage of tracers
such as Evans blue, albumin, or IgG are inexplicably assumed to be
paracellular in the study design (e.g., Zhang et al., 2012, 2013; Jiang
etal., 2023). Such a focus should at least be explained, and seems to
reflect an expectation that paracellular leakage is more likely after
traumatic injury, when there really is no evidence for this.

Inbred mouse strains usefully differ with regard to both acute
and permanent strial injury by noise. B6, BALB, and CBA/J mice
show very different acute EP profiles vs. age, noise intensity, and
duration (Ohlemiller et al., 2018). In young mice (6-7 weeks)
these differences are isomorphic with a greater likelihood that the
reticular lamina will be opened in BALB and CBA/J mice. In such
cases, the open reticular lamina would dominate any primary effect
of the noise on the stria. Nevertheless, it is young B6 mice that
show permanent collapse of the EP (<10mV) after exposure to
intense noise, which collapse accords with a prominent disruption
of ZO-1 in the reticular lamina (Ohlemiller et al., 2018). In addition,
a survey of recombinant inbred strains formed from C57BL/6By]
and BALBc¢/By] identified strains that showed either no change, a
decrease, or an increase in the EP acutely after noise (Ohlemiller
et al., 2016). Underlying all this may be fundamentally different
stress responses in the cochlear lateral wall in B6 vs. BALB, CBA/J,
and CBA/CaJ mice (Ohlemiller and Gagnon, 2007; Ohlemiller et al.,
2011; Herranen et al., 2018). If such basic properties can vary within
species, then we may certainly expect further discrepancies among
mice, guinea pigs, gerbils, chinchillas, and humans.

A common observation is for very intense exposures to
promote edema of the intrastrial space (e.g., Duvall et al., 1974;
Ulehlova, 1983; Duvall and Robinson, 1987). The swelling typically
resolves within a few days, by which time the EP generally returns
to normal. Such severe exposures usually can be shown to open
the reticular lamina, allowing uncontrolled mixing of endolymph
and perilymph (Hirose and Liberman, 2003; Hirose et al., 2005).
In such cases, acute changes in the EP can be largely attributed
to this breach of the lamina, yet even in these cases the EP often
normalizes. To date, there is little evidence of noise causing direct
tears in strial capillaries or in the stria itself. The likely cause of strial
swelling, though not proven, is osmotic imbalance of the intrastrial
fluids caused by metabolic exhaustion of the strial marginal cells.
Although there appear to be no published data, intense noise may
greatly increase the amount of K+ being shuttled back to the
stria by the spiral ligament and released into the intrastrial space,
placing pressure on marginal cells to remove it. Noise exposures
that massively damage the organ of Corti and breach the integrity
of the reticular lamina tell us little about nuances of strial capillary
transport because they are dwarfed by other changes. Moreover, a

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1368058
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Ohlemiller et al.

stria that is attempting to generate an EP in a scala media riddled
with holes will likely show exacerbated damage. In summary, there
is consensus that noise exposure can damage strial capillaries, but
little clear evidence that altered strial capillary transport by any
mechanism can permanently lower the EP, or is a significant driver
of noise-induced hearing loss.

Strial barrier dysfunction in ototoxicity

Commonly discussed ototoxins include loop diuretics (e.g.,
ethacrynic acid, furosemide), aminoglycoside antibiotics (e.g.,
kanamycin, gentamicin), and anti-neoplastics (e.g., cisplatin). Each
of these appear to pass readily from strial capillaries into the
intrastrial space, and the transfer of aminoglycosides into scala
media by marginal cells has been elegantly worked out by Steyger
et al. (Dai and Steyger, 2008; Li and Steyger, 2011). Loop diuretics
and cisplatin can reversibly or permanently damage the stria
and EP, albeit for different reasons. Furosemide interferes with
the Na+/K+/Cl- co-transporter in strial marginal cells, causing
intrastrial K+ and Na+ to rise along with the osmolarity of the
intrastrial fluid, thus drawing water and triggering edema (Naito
and Watanabe, 1997; Azuma et al., 2002). Furosemide has proven
helpful in promoting the access of aminoglycosides to cochlear fluid
spaces, thereby exacerbating experimental hair cell lesions (Hirose
and Sato, 2011). The mechanism may be increased transcellular
trafficking by marginal cells (Naito and Watanabe, 1997). Cisplatin
is broadly toxic to cells due to its effects on DNA, and within
the cochlea, directly damages hair cells, neurons, and the stria
(Meech et al., 1998; Yu et al.,, 2022). Some studies (Zhang et al.,
2020a; Gu et al., 2022) have claimed a role for paracellular strial
capillary leak in hearing loss after cisplatin application in animals,
yet without demonstrating any causal link (Laurell et al., 1997).
Although aminoglycosides can exert primary effects on stria (Forge
and Fradis, 1985; Forge et al., 1987), these take the form of thinning
and modest cell loss, and EP reduction is not typically invoked as
a cause of hearing loss following aminoglycoside application. In
sum, while some ototoxins may directly affect the stria and EP, we
find no compelling claims that strial barrier function per se is a
significant factor.

Strial barrier dysfunction in
autoimmune disease

Human autoimmune diseases often have a hearing loss
component, and temporal bone studies of autoimmune disease
subjects consistently demonstrate stria vascularis and organ of
Corti pathology (Trune, 2002). The major autoimmune diseases
include lupus erythematosus, type I diabetes, and Sjogren’s disease,
all of which involve inflammatory infiltration and destruction of
organs and connective tissue. The most common finding among
mouse autoimmune models, including C3H-Fas'P", MRL-Fas'P",
and Palmerston North is strial dysfunction (Trune et al.,, 1989;
Ruckenstein et al., 1999a,b; Trune, 2002). The best understood
autoimmune models have involved the Fas-Fas Ligand signaling
system, which induces inflammatory cell death but also mediates
proliferative and activating signals (Wajant, 2002). The Ipr allele of
the Fas locus (lymphoproliferation, also known as APO-1, CD95,
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TNFR6, and Tnfrsf6) is an autosomal recessive mutation causing
lymphoproliferation and autoimmunity in mice. A remarkable
feature of the mouse autoimmune models is that the stria does not
degenerate, even though there may be EP reduction. In fact, the

marked loss of strial volume in MRL-Fas'P*

mice can be largely
reversed by application of steroids (Trune and Kempton, 2001),
suggesting that the loss of strial volume in these mice occurs
through retraction of cell processes, not cell loss. Among other
features of both Fas'P" models is that IgG extravasates and binds to
endothelial cells and capillary basement membranes (Trune, 1997;
Ruckenstein and Hu, 1999), but we showed in Figure 2 that this can
occur normally in some models. Older [pr mutants may also exhibit
strial edema and striking thickness changes in capillary basement
membranes (Schwartz et al., 1992). It remains unclear why some
mouse autoimmune models show hearing loss. EP reduction has
only been directly demonstrated for one model (Ruckenstein et al.,
1999b). The final point here is that a recent attempt to confirm
Ruckenstein et al.s’ results in the same mouse (MRL-Fas'") failed to
identify the published phenotype in the current commercial model
(Mills et al., in prep), suggesting that the line has been lost.

Other conditions that may involve vascular pathology and
potentially immune-mediated disease include endolymphatic
hydrops, Meniere’s disease, sudden sensorineural hearing loss
(SSNHL), and Alport Syndrome. Meniere’s disease and SSNHL
and have been reviewed recently (Yu et al, 2021; Johns et al,
2022; Thulasiram et al., 2022; Shi, 2023), describing a common
finding of strial degeneration. Alport syndrome is a condition
associated with genetic variation in type IV collagen (Lin and
Trune, 1997). Alport’s syndrome results in renal insufficiency and
renal failure and progressive sensorineural hearing loss associated
with progressive thickening of strial capillary basement membranes
and the dysregulation of extracellular matrix proteins (Thulasiram
et al, 2022). Mouse models of Alports syndrome created by
a inserting the human collagen variant that causes Alport’s in
humans, did not result in hearing loss in mice (Cosgrove et al.,
1998) or show the same anatomic features (Johnsson and Arenberg,
1981; Merchant et al., 2004), which range from subtle anomalies of
basement membranes to strial degeneration. Some have reported
that Alport mice on a 129/Sv background are more vulnerable to
noise, which is asserted to be a reflection of thickened strial capillary
basement membranes and resulting hypoperfusion (Mechan et al.,
2016; Dufek et al., 2020). In any case, across this literature there
is no theme of abnormal strial capillary transport as a cause of
hearing loss.

Strial barrier dysfunction in induced
inflammation

Inflammation has been implicated in strial dysfunction, and a
number of studies have modeled systemic or local inflammation
in mice by applying lipopolysaccharide (LPS, or endotoxin).
Application of LPS to the middle ears of guinea pigs resulted in
HRP accumulation in the intrastrial space (Watanabe and Tanaka,
1997), and also caused degenerative changes (Watanabe et al,
2001). In separate studies in B6 and BALB mice (Zhang et al., 2015;
Jiang et al., 2019), LPS injected into the middle ear caused hearing
loss, but this could have had a middle ear component, and no
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EP recordings or histopathology were carried out to examine any
cochlear basis. In vivo imaging indicated FITC-dextran (70 kDa)
or FITC-albumin extravasating from the lumen of strial capillaries,
and strial capillary endothelial cells were shown to have irregular
luminal surfaces, suggestive of distorted tight junctions. Additional
analysis of strial capillaries indicated a loss of tight junction proteins
Z0-1 and occludin. LPS is known to cause capillary leakage from
vascular beds in the lung and the liver, and this effect is replicated
in the inner ear. However, two studies involving intraperitoneal
injection of LPS into B6 mice reported no threshold shift or
significant EP reduction over a 5-day observation, despite clear
recruitment of macrophages into the spiral ligament and other
indications of inflammation (Hirose et al., 2014b; Hirose and Li,
2019). Tt is difficult to reconcile these very different mouse results,
except for the mode of LPS application. Intratympanic LPS (Zhang
et al., 2015; Jiang et al., 2019), may promote more direct hair cell
and neural effects, in keeping with reported cochleotoxic effects of
otitis media (e.g., Guo et al., 1994; da Costa Monsanto et al., 2017).
The stronger tendency toward degenerative changes in the stria of
guinea pigs may indicate a species difference. Nevertheless, in sum,
there is no consistent compelling evidence that endotoxins promote
hearing loss primarily by altering strial capillary barrier function.

Strial barrier dysfunction in genetic
hearing loss

Mouse transgenic and knockout models have been used
effectively and extensively to probe strial function. Much of our
knowledge of the critical strial components for endolymph and EP
generation are based on knockout models for claudin 11 (Gow et al.,
2004), Kir4.1 (Marcus et al., 2002), the Na+/K+/Cl- co-transporter
(Delpire et al., 1999), and others. Many genes principally impacting
strial function are known deafness genes, including those governing
Norrie disease, Alport syndrome, Meniere’s disease, Waardenburg
syndrome, and Pendred syndrome (Yu et al., 2021; Thulasiram
et al., 2022). In none of these conditions, however, has it been
necessary to invoke impaired strial barrier function as a primary
driver of disease. The most prominently cited paper in this regard
involved a mouse KO for connexin 30 (Cx30) (Cohen-Salmon et al.,
2007; see also Chen et al., 2014, 2022), in which strial capillary leak
was implicated in EP reduction and hearing loss. But subsequent
studies revealed that mice were actually connexin 26/30 double
KOs with broader degeneration, and that delimited Cx30 KOs
did not show hearing loss or EP reduction (Boulay et al., 2013).
Down-regulation of Connexin 43 (Cx43) using siRNA (Zhang et al.,
2020b) was also reported to cause EP reduction and hearing loss
in B6 mice. The purported mechanism for this was loss of strial
capillary barrier integrity owing to the role of Cx43 in forming
tight junctions, and a loss of barrier integrity in cultured endothelial
cells provided support for such a mechanism. However, Cx43 is
expressed in a wide array of tight junctions (Strauss and Gourdie,
2020), and has been identified in the organ of Corti and in strial
basal cells (Suzuki et al., 2003; Liu et al., 2011). In either location it
could be required for critical barrier integrity in a manner having
nothing to do with strial capillaries. The authors also suggested that
Cx43 helps mediate K+ transfer from the spiral ligament to strial
basal cells, and ultimately the intrastrial space. Such a role could
lower the EP by interfering with the K+ supply to marginal cells.
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Again, however, this would have little to do with strial capillary
integrity. Finally, as mentioned earlier, genetic ablation of pericytes
or PVMs (Zhang et al., 2012, 2021; Shi, 2023) does not consistently
support strial barrier dysfunction as a primary cause of hearing loss.

Conclusions

The stria vascularis performs multiple functions that are vital
for hearing. Therefore, compromise of this structure by genetic or
environmental damage to any of its critical channels, pumps, or
transporters will also compromise hearing. Because of the strias
high metabolic rate, altered strial capillary function could also
adversely affect the endocochlear potential and hearing thresholds.
This review has explored the notion that impaired strial capillary
barrier function alone can compromise strial function, the EP,
and hearing. This has been suggested for a number of conditions,
including aging, noise, autoimmune disease, and inflammation.
Instead, we find that strial capillaries are not particularly exclusive
in their transport of small molecules and proteins, and that this
occurs in a number of animal models and conditions. The most
exclusive barrier in the stria appears to be the marginal cells, which
solely determine what passes from the stria to the endolymph.
Moreover, essential properties of strial capillary transport, such
as what transport mechanism facilitates the passage of what type
of molecule, vary across and within species. This argues against
any single feature of strial capillary transport as being absolutely
required for a normal EP and sensitive hearing. Overall, we find
little evidence that strial capillary leakage, by whatever mechanism,
can impair EP generation or hearing. By extension, strial capillary
leakage is not a primary driver of hearing loss, nor a significant
sequela of other conditions, and does not merit targeted therapies.
The surprisingly free transfer of metabolites between the capillary
lumen and intrastrial space may reflect adaptive processes that we
do not fully understand, and some general concepts that apply to
other vascular barriers may not apply to this vascular bed.
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