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Abstract

Background Obstruction of endolymph flow by saccular otoconia has been linked to endolymphatic
hydrops and is a key pathological hypothesis for Méniére’s disease. The inner ear hosts several
macrophage populations. Endolymphatic sac macrophages can phagocytose otoconia, and spiral
limbus macrophages express genes for fluid shear stress sensing and bone remodelling. Since
macrophages are strongly affected by inflammatory status, a role for them in otolith removal could
provide a link between inflammation and hydrops. However, no data are available so far about
macrophages around reuniting and endolymphatic duct, the two thin structures where blockage is
most likely to happen. Methods We performed tissue clearing and lightsheet imaging on rat
temporal bones. Autofluorescence and immunolabeling for collagen IV, SMA and Ibal were used
to identify and quantify inner ear structures, blood vessels and macrophages. Results The
connective tissue layer underlying the reuniting duct branched from the cochlear spiral limbus and
was connected to it through its microvascular network. Reuniting duct and spiral limbus hosted a
continuous macrophage population, containing both ameboid and branched cells. Macrophages
also surrounded the underlying vestibulocochlear artery. A separate macrophage population,
similar to that found in the saccular connective tissue, was found around the endolymphatic sinus
and utriculo-endolymphatic valve; macrophage features changed pattern in the vestibular aqueduct
and again at the endolymphatic sac. Conclusion Macrophages appear localized at strategical
positions for the sensing of endolymphatic and perilymphatic pressure, and for the removal of
clogging material, such as otolith aggregates, from reuniting and endolymphatic ducts.

Keywords: inner ear; macrophage; tissue clearing; otolith; hydrops; immunology of the
ear; utriculo-endolymphatic valve; endolymphatic duct; reuniting duct; inflammation

1. Introduction

Obstruction of endolymph flow by otoliths or otolith aggregates from the saccule has been
linked to endolymphatic hydrops and is a key pathological hypothesis for Méniére’s disease [1-7].
Blockage of the reuniting duct (RD), which connects the saccule to the cochlear scala media [5], has
been associated with cochlear hydrops [6], while obstruction [6,7] or backflow [8] at the
endolymphatic duct (ED) has been associated to vestibular hydrops.

Most anatomical studies of RD and ED rely on high-resolution CT (cone-beam or microCT) to
infer soft tissue structures from bone landmarks [3,9]; more recently other volumetric imaging
technique such as X-ray tomography [8] or tissue clearing [5] have allowed the direct visualization of
soft tissues in situ. Tissue clearing also enables cell type-specific labelling [10]. In the present study
we used a tissue clearing method which allows observation of the labyrinth [11] and associated
immune structures [14-16] to quantify macrophage populations associated with RD and ED in the
rat.

Besides hydrops, Méniere’s disease has been associated with inflammation [12], and in a single
cell transcriptome study of the crista ampullaris, macrophages expressed several genes which have
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been associated to Meniére’s disease [13]. Macrophages could therefore link inflammatory status and
hydrops [18-21]. In this light, it is interesting to note that macrophages are “siphoned” into the
vestibular aqueduct upon osmotic imbalance [14], and a macrophage population in the stria
vascularis has been directly involved in endolymph production [15]. Macrophage populations
located around RD and ED could affect endolymph flow by phagocytosing otoconia, as they have
been found to do within the endolymphatic sac [16], or by altering duct width and local permeability
when activated by inflammatory stimuli.

Here, we used tissue clearing and light-sheet microscopy (as in [17]) to reconstruct both ducts in
the rat inner ear, along with associated vasculature and resident macrophages.

2. Materials and Methods

2.1. Animals

Experiments were performed on adult inbred Wistar rats of both sexes (Table 1). Five temporal
bones from four rats were used. Data from three animals (R1, R3, R4) were previously used to build
a volumetric atlas of the rat inner ear [11]. Sample R2 was part of the same batches but was not
previously analysed.

Table 1. List of temporal bone samples.

Sample Age(Days) Sex Signal Voxel Size (um)
Rla,b 111 F Auto, Iba-1 2
R2 95 F Auto, Iba-1 2
R3 494 M Auto, SMA 3.26
R4 79 M CollV 4.08

This study was carried out in accordance with the recommendations of Act 26/2014, Italian
Ministry of Health. The protocol (number 155/2017-PR) was approved by the Italian Ministry of
Health and University of Pavia Animal Welfare Office (OPBA). All efforts were made to minimize
the number of animals used and animal suffering.

Image stacks used for this work come from the same samples studied for the reconstruction of
temporal bone marrow [17] and implementation of inner ear atlas [11]: therefore, all sample
treatments were as in [17]. Sample R2 was part of the same batches but was not previously analysed.
Tissue clearing was performed with a variant of iDISCO+ [18] which allowed to image both brain
and temporal bone [19]. Fluorescent labelling was performed as in [17]; the antibodies used in the
present paper were: mouse anti-SMA (Abcam amab7817, 1:200), rabbit anti-CollV (Abcam ab6586,
1:200) and rabbit anti-Ibal (WAKO 019-19,741, 1:200); secondary antibodies were donkey anti-rabbit
and anti-mouse conjugated with Alexa 488, 555 or 647 (Invitrogen, 1:200). The collagen IV antibody
was nonspecific for isoforms, and labelled both vascular and nonvascular structures [20]; however,
vessels were easily isolated. Cleared samples were imaged with a mesoSPIM lightsheet microscope
(Voigt et al. 2019) at the Wyss Center for Bio and Neuroengineering in Geneva, Switzerland, as in
[17]. Voxel sizes for each animal are given in Table 1.

2.2. Image Analysis

Segmentation of the inner ear labyrinth from image stacks was performed in a semiautomated
way using FIJI [21] and ITK-SNAP [22] with the pipeline outlined in [11]. Three experts performed
independent segmentations and volumes were considered acceptable when volume overlap was
>90%. Segmentations were based on the autofluorescence signal at 488 and 647 nm, as described in
[17]. In addition, the signals from SMA, CollIV and Ibal labeling were used to segment arteries, blood
vessels, and macrophages, respectively.
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Volumes of segmented objects were directly measured as ITK-SNAP voxel counts, scaled to
voxel size. Distances were measured manually with 3DSlicer Markups module, by placing markers
along the path to be measured.Macrophage populations

After the structures of interest (RD and ED and their associated vessels) were manually
segmented from the autofluorescence signal using ITK-SNAP, a ROI dataset was extracted with a
custom FIJI script. The dataset was used as a mask on Iba-1 signal image stacks; ROlIs were dilated to
include all surrounding macrophages. Macrophages were then segmented from masked image stacks
in a semi-automated way by thresholding the Iba-1 signal, and segmentation was adjusted manually.
Macrophages were then quantified with Image] 3D Object counter.

To differentiate macrophage populations, we calculated macrophage solidity, i.e. the ratio
between the volume of the convex hull enclosing the entire macrophage, and the volume of the
macrophage itself [23]. This measure allowed us to distinguish ramified and ameboid cells.

Solidity calculation was performed as follows:

The .tif files were loaded into MATLAB and binarized

Objects were defined using the bwlabeln function with 26 connectivity
Object volumes were measured with the regionprops3 function

Small objects (<100 voxels) were removed with the function bwareaopen
Outliers deriving from segmentation artefacts were removed with rmoutlier
Normality of data was checked with chi2gof at 5% significance

NS e L=

The presence of multiple populations was checked with fitgmdist, choosing the number of
populations (between 1 and 10) that minimized Akaike information criterion. Best numbers were
three for total population, and two for reuniting and ED populations.
8. Sum of gaussians fit was performed using the nlsLM function in R. The parameters A, y, and o
indicated amplitude, mean and spread for each gaussian component.
Inner ear segmentations and accompanying label descriptions are available upon reasonable
request to the authors.

3. Results

3.1. Reuniting Duct

The rat RD (Figure 1) is a flattened ribbon connecting the cochlear duct to the saccule, which
tapers to an oval section measuring in our samples 95+25 pm by 20+3 pm (n=4). Underneath the duct,
a connective tissue layer is present (Figure 1A1), which emerges without any visible transition from
the modiolar side of the spiral limbus, and merges on the other side into the connective tissue lining
the saccule (Figure 1B; see also Figure 3 in [11]). Several macrophages are embedded within the RD
connective tissue, and a few are found projecting to perilymph (Figure 1A2).
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Figure 1. Figure 1. RD connective tissue and macrophages. A: Single optical sections from autofluorescence
signal only (A1, sample R3) and Ibal signal plus autofluorescence (A2, sample R1b). The connective tissue under
the RD is continuous with the spiral limbus and hosts macrophages that reach the perilymph of the scala
vestibuli. B: Volumetric reconstruction of the RD in connection with the saccule (sa) and cochlear scala media.
The labyrinth is shown in its physiological orientation, as seen from a frontolateral point of view aligned with
the anterior semicircular canal plane. Spiral limbus is shown in lilac, the connective tissue of the saccule in dark
green. The line in panel B displays the section plane for panel A, the plane displays the orientation of C. C:
maximal intensity projection of a 40 um stack from autofluorescence (gray) and SMA signal (red), evidencing
the location of VCA. Abbreviations: rd: reuniting duct; rm: Reissner’s membrane; rw: round window; sg: spiral
ganglion; sl: spiral limbus; slig: spiral ligament; sm: scala media; st: scala tympani; stv: stria vascularis; sv: scala

vestibuli, VCA: vestibulocochlear artery.

The connective tissue below the RD is highly vascularized: the vestibulocochlear artery (VCA)
is visible as a SMA+ tortuous vessel coursing through bone below the duct (Figure 1C) and branching
into capillaries feeding the spiral limbus (Figure 2), RD (Figure 2), and saccule (Figure 3A). From the
capillary network, veins gathered at the endolymphatic sinus and converged into the vein of the
vestibular aqueduct (Figure 3A).
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Figure 2. Figure 2. Volumetric reconstruction of the vascular network (from CollIV labelling) in the spiral limbus
and RD. The connective tissue below the RD, shown in a darker color, displays no clear junction with the spiral
limbus, (the separation line was arbitrarily added following the RD). The capillary network branched from the
VCA below the RD; in a higher position within the cochlear duct, the spiral artery in the modiolus fed into the
same anastomosed network (not shown). Models on the right are turned 180 degrees versus models on the left.
Models at the bottom are semi-transparent to show the whole capillary network. Saccule and cochlear scala
media are not shown for clarity. Abbreviations: rd: reuniting duct; rdc: RD connective tissue; sl: spiral limbus;

vca: vestibulocochlear artery.

Except for one sample, the VCA branched into a straight vessel which left the connective tissue
at the RD end (Figure 3B), crossing the scala vestibuli and reaching the utricular limiting membrane,
similar to an arachnoid trabecule. Macrophage populations were observed in association of both the
tortuous and trabecular artery, as well as in association to RD, ED and vestibular aqueduct vein
(Figure 3B).
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Figure 3. Vascular network and macrophages associated to inner ear ducts. Al: maximal intensity projection of
a 200 um stack from CollV signal showing the saccule vascular network. A2: volumetric reconstruction of the
structures shown in Al (the spiral limbus was removed in A1 for clarity). The VCA is visible as a tortuous vessel
associated to the RD , whereas the ED received venous inflow. The two ducts are therefore different regarding
their vascular surrounding. B: Volumetric reconstruction of macrophage populations associated to vessels, RD
and proximal parts of the ED. Abbreviations: esm: endolymphatic sinus macrophages; rdm: RD macrophages;
sacm: saccular macrophages; vcatm: vestibulocochlear artery (tortuous) macrophages; vcasm: vestibulocochlear

artery (straight) macrophages; vvam: vein of the vestibular aqueduct macrophages..

3.2. Endolymphatic Duct

The ED starts with an endolymphatic sinus connecting to the saccule through a saccular duct,
and to the utricle through the utriculo-endolymphatic (Bast’s) valve, which is usually closed [24].
After Bast’s valve, the duct enters the vestibular aqueduct, and at the opposite end of the aqueduct it

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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forms the endolymphatic sac within the dura. The rat ED and sac are similar to human, albeit simpler
[25], and the sinus only tapers before entering the saccule and folds at Bast’'s valve without clear
saccular or utricular ducts.

The ED is joined by the vestibular aqueduct vein at its entry into the vestibular aqueduct (Figure
4). The endolymphatic sinus, on the other hand, is only contacted by small veins draining the saccule,
on the side opposite Bast’s valve (Figure 3A). The ED is surrounded by Ibal+ macrophages
throughout its length and three clusters can be distinguished: 1- around the sinus (Figure 3B),
ramified macrophages patrol the perilymphatic side of the structure, including Bast’s valve (Figure
4B); 2- in the aqueduct (Figure 4A), a reticular network of macrophages surrounds in a single layer
the duct and the vein, forming a complete cuff; 3- in the endolymphatic sac, a more complex
macrophage pattern is seen, with the intervention of a third irregular layer (this population could not
be quantified because of the strong autofluorescence of the endolymphatic sac).

B

2 to saccule
to ES«¢

Figure 4. Figure 4. ED. A: Volumetric reconstruction of the vestibular aqueduct and related macrophages. Three

populations are visible, associated to the ED (red), vestibular aqueduct vein (green), and vestibular aqueduct

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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connective tissue (yellow), respectively. Two optical sections are shown with segmentations, at the level of the
duct isthmus (bottom section) and proximal sac (top section). B: volumetric reconstruction of the endolymphatic
sinus, displayed from the utricular face to show Bast’s valve (visible as a fold in the sinus). The black line
indicates the plane of optical sections indicated above. Left section: autofluorescence, showing the curled sinus

at Bast’s valve. Right section: Ibal signal, showing the presence of macrophages directly at the valve.

The endolymphatic sinus is located in the perilymphatic space, close to the nonsensory part of
the utricle, where the limiting membrane trabecules are anchoring the utricle to bone. The presence
of macrophages in association with Bast’'s valve (as seen in Figure 4B) suggests a mechanism with
which inflammatory processes could affect utricle geometry and endolymphatic flow between the
vestibular organs and the endolymphatic sac.

The vestibular aqueduct contains two parallel networks of macrophages surrounding the duct
and vein. In a sample where complete reconstruction was possible, macrophages occupied 7% of the
vestibular aqueduct volume. Bone canalicules lined with macrophages connect the aqueduct to local
bone marrow; in the present work, however, we have focused to macrophages within the aqueduct,
since the connections to bone marrow were addressed in a previous study [17].

3.3. Macrophage Features

We quantified macrophage numbers and shape around several inner ear structures (Figure 5,
Table 2). Macrophages around the RD displayed a mixture of amoeboid and ramified shape, whereas
those associated to the vestibulocochlear artery were elongated or ramified.

In the ED, macrophages associated with the sinus also displayed a mixture of shapes, although
they were on average more ramified than those of the RD.

Table 2. Macrophage population sizes.

Region Macrophage Number
All 311
Endolymphatic sinus 56
Endolymphatic duct 54
Reuniting duct 18
Vestibulocochlear artery, tortuous 33
Vestibulocochlear artery, straight 15
Vestibular aqueduct vein 68
Vestibular aqueduct 67

Macrophages were counted after segmentation of Ibal signal in a completely reconstructed
sample.
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Figure 5. Macrophage features. A. Macrophage solidity distribution. The global population was best fit by the
sum of three gaussians, and both the population around the RD and ED by two gaussians. Best fit parameters
were: Total Al: 18.5+4.2, ul: 0.33+0.02, o1: 0.1+0.02; A2: 24.9+1.8, u2: 0.62+0.03, o1: 0.15+0.03; A3: 24.9+20, u3:
0.81+0.01, o1: 0.02+0.02. ED Al: 9.5+15.0, ul: 0.31+0.03, 01: 0.1+0.07; A2: 12.2+5.4, u2: 0.52+0.2, 01: 0.18+0.11. RD
Al: 14.1+1.3, pl: 0.64+0.03, ol: 0.18+0.02; A2: 25.9+31.9, u2: 0.8+0.01, ol: 0.02+0.02. B: Comparison between
macrophages with high solidity (0.84, left) and low solidity (0.12, right)..

4. Discussion

The inner ear immune system is emerging as a very complex system [26,27], and includes several
macrophage populations with different origins [26,28-31] and roles, from protective [28], to cytotoxic
[29] to phagocytic [30]. A recent single-cell transcriptome study found five macrophage
subpopulations in the mouse cochlea [31], which appear very relevant in the light of the present
study. Although no mention was made of macrophages associated to RD, the CD206+ macrophage
population found in Chiot study (which the study named as beta and gamma) was limited to the
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spiral limbus and spiral lamina, and the CD206+CD163+ subpopulation (named gamma) was
enriched in genes important for fluid shear stress and bone metabolism. Since we observed that the
connective tissue and macrophage population of RD appear continuous with that of the spiral limbus,
duct macrophages could be specialized to sense endolymph blockage and pressure buildup. Even
more interesting, CD206+CD163+ macrophages in Chiot study were affected by aging and were
slowly replenished by bone marrow derived cells, especially in basal turns, in contrast with the
remaining cochlear macrophages [31]. This parallels the age dependence of endolymphatic hydrops
[32] and could reflect the geometry of local bone marrow clusters, which associate separately to the
cochlear apex and base [17].

Although the purely anatomical approach of the present work does not allow a clear definition
of duct macrophage functions, our observations, together with Chiot study findings about fluid stress
sensing and bone remodeling gene expression in spiral limbus macrophages, would suggest a role
for these cells in unclogging the duct from debris. More in detail:

In the present study we have observed a layer of macrophages within the connective tissue
lining the RD , and perivascular macrophages located around the underlying vestibulocochlear
artery. Macrophage branches reached the perilymph in association to vessels or at the edge of the
connective tissue ledge. This localization strongly suggests that both connective tissue and
perivascular macrophages can sense perilymphatic stimuli. Moreover, the presence of macrophages
tethered to a freely mobile vessel within the scala vestibuli would suggest the ability to transduce not
only chemical but also mechanical stimuli into inflammatory responses (as has been observed in other
systems [33,34]). It is very interesting to note that, even in our limited sample, not all animals
displayed a free vessel within the perilymphatic space. This anatomical heterogeneity, which
parallels the arachnoid cistern complexity in the human inner ear [35], could explain (at least in part)
the variable responses to positive pressure therapies in Meniére’s disease [36]. Further studies will
assess whether these macrophages correspond to beta and gamma populations in [31], which express
genes related to fluid shear stress, and whether human duct macrophages and vessels show similar
features.

Besides sensing fluid flow and pressure, RD macrophages may act as phagocytes and free
endolymph from debris, including otoconia. The latter are formed by a mineralized protein core [37]
which is connected to a loose protein network [38]. Otoconia size is variable, but measures range from
below 1 pm to up to 30 um [39], and saccular otoconia appear smaller than utricular ones [40,41].
Therefore, a single otoconium appears unlikely to effectively block the RD , but a clump of otoconia
could easily do it, and otoconial aggregates have been found in human inner ears from Meniére’s
disease patients [42,43]. Dislodged otoconia spontaneously degrade in low-Ca2+ endolymph, and
this is assumed to be the reason BPPV episodes spontaneously recover [44]. However, the dissolution
time course for otoconia trapped in a small volume such as the RD is not known, and the degradation
mechanisms for otolithic membrane fragments and for the proteinaceous network tying otoconia
together are similarly not clear. Macrophages could be involved in debris removal through
phagocytosis and/or secretion of lytic enzymes (such as MMP14, which is expressed in CD206+
macrophages [31]). In the endolymphatic sac, a population of macrophages has been found to access
the sac lumen and act as phagocytes in regard to several objects, including otoconia [30]. In this line
of reasoning, the aberrant behaviour of these macrophages (due, for example, to chronic
inflammation) or their disappearance (possibly also due to systemic factors reducing bone marrow-
derived cell inflow) may lead to the accumulation of debris.

Macrophages located in the ED displayed morphological differences from those of RD , being
on average more ramified. Although a transcriptome analysis will be necessary to pinpoint functional
differences, one important point to consider is the association of endolymphatic duct macrophages
to a venous vessel rather than an artery as for the RD . In the dorsal root ganglion, CD163+
macrophages associated with the vascular network display different features between the arterial
and venous compartments [45]. Aqueductal macrophages are known to include a migrating
component that enters the duct upon osmotic imbalances [14]. Moreover, the thinner part of the
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endolymphatic duct, the isthmus, is not located at the beginning of the duct but after the sinus and
Bast’s valve. Therefore, it appears more likely for otoconia to stop at the isthmus than at the valve.
Since opening of the valve involves changes in utricle geometry, and since the endolymphatic sinus
is contained in the perilymphatic space rather than in the aqueduct connective tissue, a speculation
on the role of macrophages around Bast’s valve could regard a role for them in local permeability or
stiffness changes affecting sinus and/or utricle fluid flow.

5. Conclusions

The presence of macrophage populations associated with RD and ED and associated vessels
suggests that they may affect endolymph circulation in the labyrinth. Macrophages associated with
RD may sense local pressure variations and be involved in removal of otoconia debris plugging duct
lumen. Macrophages associated with ED appear different and related to the venous rather than
arterial compartment. However, their role, especially around Bast’'s valve, although intriguing,
remains obscure.
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The following abbreviations are used in this manuscript:

BPPV Benign paroxysmal positional vertigo
CollV Collagen IV

ED Endolymphatic duct

MMP14 Matrix metalloprotease 14

RD Reuniting duct

ROI Region of interest

SMA Smooth muscle actin

VCA Vestibulocochlear artery
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