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Ultrastructural descriptions of the inner ear of highly sound-dependent mammalian species are lacking and needed to gain a better understanding of the hearing sense. Here, we present the first morphometric descriptions of the sensory cells of the inner ear in the harbor seal (Phoca vitulina), a mammal with broadly sensitive amphibious hearing. Scanning electron micrographs of the apical surface of the outer hair cells (OHCs) and inner hair cells (IHCs) within the organ of Corti were obtained from five individuals and analyzed by linear and geometric morphometrics. Measurements were taken at regular locations along the cochlea. The spiral shape of the seal cochlea contained two and a half turns. The organ of Corti had an average length of 27.7 mm with 12,628 OHCs (12,400-12,900). Six linear morphometric parameters showed significant patterns of change associated with their location within the cochlear spiral. Likewise, these trends were similarly expressed in cell configuration (cell blocks with 57 landmarks in 12 representative cells) revealed by geometric morphometry. Cell configuration varied predictably with position in the cochlea according to clustering analyses and Procrustes ANOVA (F= 25.936, p<0001). Changes associated with OHCs were primarily responsible for observed changes in cell configuration. An integration trend in cell shape change was also observed in which IHCs and OHCs share features in their morphological variation by the two-block partial least squares analysis (CR=0.987, p<0.001) and the modularity hypothesis (CV=0.99, p=0.05). These descriptive and quantitative findings provide a baseline for the morphology and morphometry of the sensory cells of the organ of Corti in harbor seals, allowing for comparisons between normal and pathological features. This initial morphological description should enable the correlation between position, morphometric features, and frequency coding along the spiral of the inner ear in this species, whose hearing ability is well studied.
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1 Introduction

The effects of human-generated noise in marine ecosystems are observed and reflected in highly sound-dependent species. For marine mammals, studies of hearing, sound production, and auditory anatomy contribute to understanding the potential harm of intense sounds (e.g., Southall et al., 2005). In particular, understanding the morphology of the inner ear of different species provides insight into auditory adaptations (Ketten, 2012; Martins et al., 2020) and enables the identification of tissue damage that may be associated with exposure sound sources (Morell et al., 2015; Morell et al., 2017; Morell et al., 2021; Morell et al., 2022a; Rohner et al., 2022). The organ of Corti, which contains the sensory cells, allows for the transduction of sound vibrations into neural signals. The arrangement of this specialized sensory epithelium has been documented in many terrestrial species (Lim, 1980; Lim, 1986) and the arrangement of sensory cells, dimensions of the basilar membrane and type I afferent innervation in some marine mammals (Wever et al., 1971; Wever et al., 1972; Guofu and Kaiya, 1992; Wartzok and Ketten, 1999; Morell et al., 2015; Sensor et al., 2015; Ketten et al., 2021; Morell et al., 2022a). The organ of Corti follows the length of the cochlear spiral and contains one row of inner hair cells (IHCs) and three parallel rows of outer hair cells (OHCs). The OHCs are responsible for frequency sensitivity and signal enhancement, while IHCs are involved in the transduction of mechanical stimuli to encoded neural signals (Lim, 1986).

Detailed studies of the inner ear reveal characteristics of the organ of Corti related to sensory cell innervation and biomechanics (Von Békésy and Wever, 1960; Dallos, 1992; Raphael and Altschuler, 2003). For example, in guinea pigs (Cavia porcellus), associations have been found between variation in the microstructure of sensory cells and their corresponding coded frequencies with respect to their location in the cochlear spiral (Yarin et al., 2014).

Knowledge of microscopic anatomy within the inner ear is scarce in phocid carnivores (true seals). Histological descriptions of soft tissue structures have been reported for only two species, the harp seal (Pagophilus groenlandicus; Ramprashad et al., 1972) and the Weddell seal (Leptonychotes weddellii; Welsch and Riedelsheimer, 1997). Harbor seals have the widest geographic distribution among phocids (Teilmann and Galatius, 2018) and their broadly sensitive underwater hearing ability, with range of best hearing from 300 Hz to 60 kHz, is well studied (Møhl, 1968; Terhune, 1989; Kastak and Schusterman, 1998; Southall et al., 2005; Kastelein et al., 2009; Reichmuth et al., 2013; Cunningham and Reichmuth, 2016, Terhune, 1991; Wolski et al., 2003). However, there is no anatomical record of the organ of Corti for this species.

The aim of this study is to provide the first morphological characterization of sensory cells in the organ of Corti using linear and geometric morphometric techniques in the harbor seal (Phoca vitulina). These techniques allow the identification of variation in shape and key anatomical structures of sensory cells in the organ of Corti, essential in the hearing process. These descriptive and quantitative findings will provide a baseline for the morphology and morphometry of the sensory cells of the organ of Corti in harbor seals, which will allow comparing between normal and pathological features.




2 Materials and methods



2.1 Animals

Samples were obtained from five harbor seals euthanized for medical reasons. Since the inner ear must be fixed quickly after death to ensure adequate preservation of the cochlear epithelial tissue, priority was given to collecting the ears during necropsy.

Samples were from four neonatal individuals (one male, three females) from the Vancouver Aquarium Marine Science Centre, Vancouver, Canada. One additional sample was from an adult male at the University of California Santa Cruz, USA. One ear from each seal was evaluated (Table 1).


Table 1 | General data of the seals used for the study.






2.2 Tissue sampling

The removal and fixation of ears were performed following the protocol by Morell et al. (2022b). The inner ears of the four neonates were perfused with 2.5% glutaraldehyde in 0.1M cacodylate buffer perilymphatically. The ears of the adult were immersed in 10% neutral buffered formalin (Table 1).

The periotic bone around the cochlea was decalcified by submersion in 14% ethylenediaminetetraacetic acid (EDTA) tetrasodium salt (pH 7.4). This solution was changed every 7-10 days, following the protocol described in Callis and Sterchi (1998). One sample was decalcified with RDO® following Morell et al. (2009) (Table 1). In both cases, decalcification was stopped when the vestibular scala of the cochlea was uncovered. Dissection of the cochlea was performed to expose the apical part of the sensory cells along the organ of Corti. Samples were dehydrated with increasing concentrations of ethanol, dried at the critical point with CO2, coated with platinum-palladium or gold, and observed using a Zeiss Focus Ion Beam (FIB) Crossbeam 340 scanning electron microscope (SEM) at Universitätsklinikum Hamburg-Eppendorf (UKE), Germany for ultrastructural evaluation.

Three samples from Canada (Ind4B, Ind5A, Ind7B) were kept in 0.1M cacodylate buffer until they were processed for SEM in 2020-2021. Meanwhile, the Ind6B sample was processed for SEM a few days after fixation. On the other hand, the sample from USA (Ind16A) was processed for SEM seven months after collection.




2.3 Cochlear length and characterization of the locations

Consecutive SEM images were taken of the organ of Corti along the cochlear spiral from apex to base. The complete sample was tilted to ensure that each image was flat in the area of interest. Cochlear length was measured at the boundary between the first OHC and the inner pillar cells in successive images using ImageJ® [NIH, Rasband, (1997-2018)]. By overlaying these consecutive images, the total cochlear length was obtained (Figure 1).




Figure 1 | Scanning electron micrograph of one segment of the organ of Corti in the harbor seal (sample Ind5A). Inner hair cells (IHCs) are seen in the first row. The boundary between the first row of outer hair cells (OHC1) and the inner pillar cells was measured in linear distance for cochlear length calculation (shown by the yellow line).



Once the total cochlear length was measured, images were obtained at higher magnification at ten equally spaced positions along the cochlear spiral from 5% ( ± 2%) from the apex to 95% (± 2%), near the base (Figure 2). Images were obtained when the organ of Corti was complete and flat, as in Figure 3. At least three images were obtained per location for each sample. Cell density was estimated from the counting in each location per 100 µm, in each row of OHCs.




Figure 2 | Scanning electron micrograph of the cochlear spiral in the harbor seal. The ten focal positions from the apex to the base of the cochlear spiral considered for the analysis are noted in yellow.






Figure 3 | Scanning electron microscopy image of the organ of Corti in the harbor seal (sample Ind7B). The parameters of the measurements listed in Table 2 are shown.






2.4 Linear morphometric analysis

Established methods used for linear morphometry (LM) analysis (Yarin et al., 2014; Girdlestone et al., 2020) were followed. At each position, 19 measurements based on the form and spatial positions of OHCs and IHCs were obtained from image analysis (Figure 3 and Table 2). Except for the reticular lamina width (RLW, i.e., distance between IHC and OHC3), all measurements were performed on the three rows of OHCs and were grouped according to the measurement parameter. For example, OHC width (CW) was grouped according to each row of OHCs (CW1, CW2 and CW3).


Table 2 | Parameters of the sensory epithelium measured using linear morphometrics, showing the designated OHC row where each measurement was taken.



Due to the variability in age (4 neonate samples and one adult sample) analyses were also conducted to identify significant differences associated with the life stage of the seals.

Therefore, 16 measurements were made at each position according to the six established parameters, using ImageJ© software (Figure 3).

The data were evaluated for normality and homoscedasticity using Kolmogorov-Smirnov and Levene tests, respectively. To determine significant differences between measurements and their location the Kruskal-Wallis test was used. Finally, to identify significant locations within each measure using pairwise comparisons a Mann-Whitney-Wilcoxon post hoc test with the Holm stepwise method was performed. Analyses for each measure and parameter were done using the software R 4.1.0. (R Core Team, 2020).




2.5 Geometric morphometric (GM) analysis

Geometric morphometry considers the shape of biological structures by means of Cartesian geometric coordinates of their anatomical landmarks. These landmarks are homologous between individuals and allow the shape of each individual to be quantified (Rohlf and Marcus, 1993; Adams et al., 2004; Adams et al., 2013). This approach has been used to analyze ear shape and identify patterns of variation in different species (Billet et al., 2015; Ekdale, 2016; Stoessel et al., 2016; Schnitzler et al., 2017).

To illustrate the shape of the sensory cells and evaluate their changes along the cochlear spiral, 57 landmarks were selected for measurements within blocks of 12 cells (3 IHCs and 9 OHCs). This cell block is the “organism of reference” for this study (Figure 4). At each 10% measurement location three to five cell blocks were obtained. Digitization of the landmarks was performed for images at each position using tpsUtil© ver. 1.82 2022 (Rohlf, 2022) and tpsDig2© ver. 2.32 2021 (Rohlf, 2021) software. In contrast to linear morphometry, geometric morphometry analyses allowed the identification of changes in the complete shape of the sensory cells.




Figure 4 | Scanning electron micrograph of one cell block (including 3 IHCs, 9 OHCs) at the 25% position of the organ of Corti of the harbor seal (sample Ind4B). The 57 landmarks define the shape of each cell block (Adams and Otárola-Castillo, 2013).



Procrustes fit (reduction of the effect of size, orientation, and alignment) of the geometric data was performed for standardization (Rohlf and Slice, 1990). From the standardized data, all the statistical analyses were performed.

A simple regression analysis with 1000 permutations was conducted to determine whether the centroid size influenced the observed shape variation (allometric component). Principal component analysis (PCA) was performed to visualize the existence of clustering patterns according to cell shape change. To identify these clusters in the data, the K-medoids clustering method using the first five principal components. The number of medoids (k) was determined using the Partition Around Medoids (PAM) algorithm (Maechler et al., 2019). These two studies were performed following the protocol of Theska et al. (2020). A permutational MANOVA (Procrustes ANOVA in geometric morphometrics) was also conducted to assess whether there was an association between shape change and the location of the sensory cells within the cochlear spiral, a clustering factor of research interest. Finally, the cell block configuration (57 landmarks) was divided into two modules: IHCs and OHCs (landmarks 1 to 12 and 13 to 57, respectively; Figure 4). The existence of a difference in the shape between the two cell types was assessed using the modularity hypothesis and the two-block partial least square regression analysis (2BPLS).

The packages Geomorph, Morpho, Cluster, and FactoExtra (Adams et al., 2013; Kassambara and Mundt, 2020, Schlager et al., 2021), of the R software were used for analyses.





3 Results



3.1 Cochlear length and cell density

The cochlear spiral of every harbor seal sample contained two and a half turns. The mean length of the spiral was 27.7 mm, with a range of 26.4 to 30 mm (n=5). The cochlear length for Ind16 was estimated in the basal part due to the absence of this region (Table 3).


Table 3 | Cochlear length in each harbor seal.



The estimated OHC density for each seal ranged from 12,400 to 12,900 cells, with a mean of 12,628 OHCs. Mean OHC density ranged from 10.0 to 17.5 cells/100 µm. Despite the absence of OHC counts at some locations due to artefact of processing, a decrease in cell density was observed in the cochlear spiral (from apex to base, Table 4). The apex region (positions 5-25%) of the cochlear spiral had the highest cell density (Table 4).


Table 4 | Average of the density estimation of OHCs per 100 µm in each row.






3.2 Linear morphometrics (LM)

Over 12,300 measurements were made from the 19 linear morphometric measures in the ears of the five seals analyzed. The number of measurements performed per individual ranged from over 1,500 to over 3,000. This variability was due to the absence of optimal locations for analysis in some samples due to artefacts in the tissue preparation process. Since Ind5A had 99% of the cochlear spiral preserved, the 98% location was included in the analyses to account for the high variability in the base region. Thus, locations were described from 5% to 98% of the cochlear spiral for this seal. In addition, the 10% location in Ind16 was considered, as no information was available for the 5% location. Morphometric measurements were analyzed individually and as a parameter when they included all three rows of OHCs. For example, the width of the hair cells in each row of outer hair cells (CW1, CW2, CW3) and their mean (CW).

Two patterns were identified in the linear morphometric measurements. On one hand, a significant decreasing trend was observed as the cochlear spiral advanced from apex to base. This trend was identified for 1) the width of the reticular lamina RLW (H= 353.92, p<.0001) with mean measurements at the apex of 58.3 µm narrowing to 14.4 µm at the base of the cochlear spiral (Figure 5A); 2) the distance between outer hair cell rows RD (H=494.87, p<.0001) with maximum values at the apex (38.5 µm) and minima at the base (2.4 µm) (Figure 5C1).




Figure 5 | Variation trends in averages of the 16 measurements of sensory cells (Table 2) along the cochlear spiral by linear morphometry of the five harbor seals. From apex to base, increasing patterns were observed in the width, the opening angle of the outer hair cells (OHCs) and their distance between the stereociliary bundles tips (B, C1, E). In contrast, the distance between the rows of sensory cells and the width of the organ of Corti (A, F) showed a decreasing trend. The width of the distance between OHCs did not show a trending pattern (D1). The measurements in each individual is also shown (C2, D2), which demonstrate similar results between the neonate and adult individuals. The legend represents the colors of the outer hair cell rows: lilac OHC1, light blue OHC2 and salmon OHC3 (A, B, C1, D1, E, F). In addition, individuals can be identified in two figures shown (C2, D2), green Ind4B, orange Ind5A, blue Ind6B, magenta Ind7B and purple Ind16A.



On the other hand, a significant increase from apex to base was observed in CW and SBD parameters. The width of the OHCs (CW) showed a significant increase (H=209.7, p<.0001) with values from 3.2 µm at 5% of the apex to 8.1 µm at 98% (Figure 5B). Likewise, a significant increasing pattern (H=1048.2, p<.0001) was found in the distance between stereociliary bundle tips (SBD) (Figure 5C1). The CW, RD, SBD, SBA, measurements showed similar trends relative to position, independent of the outer hair cell row (OHC1, OHC2, OHC3) in which they were found (Figures 5B, C1, E, F). In addition, significant differences were recorded in 95% of the total pairwise comparisons performed in the post hoc test, including the single RLW measure (Figure 6).




Figure 6 | Significance value heatmap for linear morphometrics (p, negative log- transformed) of the Wilcoxon post-hoc test with Holm’s pairwise method, between pairwise comparisons of the outer hair cell (OHC) locations identified in each parameter performed (A–F). The negative log-transformed allows us to identify in the figure the most significant comparisons between locations, as larger values correspond to the most significant p-value and missing values indicate a p >0.05 (no significance). The parameters are defined in Table 2; Figure 3.



The stereociliary bundles (SBA) decreased in inner angles from the apex to the 25% location (95°-75°) and increased in inner angles from 25% to the region of the base of the cochlear spiral (75°-145°). The angular measurements showed significant differences between all cochlear spiral locations (H=746.15, p<.0001) (Figure 5D).

The gap width between outer hair cells (GW) was the only morphometric parameter that showed fluctuations along the cochlear spiral. Further, measures of GW varied between each OHC row. Although no clear trend in GW was observed, these differences were significant along their location in the cochlear spiral (H=209.7, p<.0001) (Figure 5E). Pairwise comparisons in the post hoc test reflected this significance only at non-subsequent locations (Figure 6F).

The mean distances of the measurements made did not show a trend between the life stages of the seals. Neonate and adult individuals showed the same trends and similar results in the mean of each measurement (Figures 5C1, 2, D1, 2).

Changes in the shape of the sensory cells were associated with their location along the cochlear spiral. The cells increased in width, opening angle and distance from each other from the apex to the base. Similarly, the distance between each row of cells decreased, as did the width of the organ of Corti.




3.3 Geometric morphometrics (GM)

The cell block configuration (57 landmarks within a block of 3 IHCs and 9 OHCs) was used to identify differences in the shape of the sensory cells along the cochlear spiral (Figure 7).




Figure 7 | Representative scanning electron micrographs of the organ of Corti in the harbor seal (sample Ind7B) at 5%, 55% and 95% locations along the cochlear spiral (upper images). Changes in the configuration of sensory cells (lower wireframe plots) were seen as the cochlear spiral advanced. The spaces between the rows of sensory cells decreased from the apex to the base, and the cell configuration widened and transitioned from a strong V-shape to a more flattened shape. These geometric morphological changes were most visible in the OHCs. The grey wireframe plots represent the average and the colored plots the shape of the sensory cells of the organ of Corti in the referenced location.



The effect of centroid size on shape variation (Procrustes coordinates) was 1.39% and was not significant (p-value = 0.0794), indicating that the variability of the shape of the configuration was not strongly affected by the absolute size of the organ of Corti.

The principal component analysis showed that the first 2 PCs explaining 86.7% of the variation of the shape. PC1 was responsible for 71.7% of the variation (eigenvalue 2.851380e-02) while PC2 explained 15% of the shape variation (eigenvalue 5.956779e-03). The analysis shows that the variation in cell shape within the first component is given by the position of both types of sensory cells while the second component only involves OHCs. A clear pattern of overlapping data was observed at the apex locations (5%-45%) (Figure 8), which was associated with the change in cell shape concerning its location in the cochlear spiral. The contribution of each landmark to the first two principal components was also examined. For PC1, 36.5% of landmarks were found to belong to IHCs and the remaining 35.2% to OHCs. In contrast, for PC2 the participation only includes landmarks belonging to OHCs (Table 5).




Figure 8 | Principal component analysis explaining cell block shape variation. Scatter patterns are shown according to their position in the cochlear spiral. The plots of the minimum (black) and maximum (brown) values of principal component 1 (x axis) and principal component 2 (y axis) are shown with the axes.




Table 5 | Contribution percentage from each landmark of principal components 1 and 2.



The k-medoid clustering analysis of the first five PCs revealed six clusters (Figure 9A). These clusters were associated with their location in the cochlear spiral, as they contained closed locations. Clusters 1 and 2 showed an overlap of data where the locations included the apex region and up to 45% of the cochlear spiral location (Figure 9B).




Figure 9 |  (A) Saturation plot showing the change in mean dissimilarity within each group concerning the number of clusters (k) for the data set obtained from the first 5 PCs. The red point indicates the best number of medoids for k-medoids clustering. (B) Cluster analysis by k-medoids identified for the data set from the first 5 PCs. The shape of the cells is associated with a particular color for each cluster, cells represented by two colors show similar changes in shape for later locations from apex to base in the cochlear spiral.



The clustering patterns associated with the observed cochlear spiral location were analyzed with a Procrustes ANOVA. This analysis showed significant differences in shape change relative to cochlear spiral location (F= 25.936, p= 1e-05).

Finally, a comparison of the two-block configuration (IHCs and OHCs) was performed to observe covariation trends between the two sensory cell types. The two-block partial least squares (2BPLS) and modularity analyses showed a trend of integration as the change is corresponding to each other. This indicates that the shape of the OHCs and IHCs changes in a similar and integrative way. In the 2BPLS analysis results, the first single value explains 99.8% of the total significant covariance between IHCs and OHCs (CR= 0.987, p= 0.001). Furthermore, the modularity hypothesis reaffirmed the integration observed in 2BPLS since a partitioning of the modules according to the shape variation in the cells was observed (CV= 0.99, p = 0.05) (Figure 10).




Figure 10 | (A) Histogram contrasting the selected modularity hypothesis (inner hair cells, IHCs and outer hair cells) against random combinations of modules in the test configuration. The red line indicates the covariation coefficient (CR) close to 1, which explains a tendency for the OHCs and IHCs to change in the same way. (B) The graph shows the results of the 2BPLS analysis, where an integration trend is observed. There is a relationship for some shapes of the IHCs with the variation of the shape of the OHCs.







4 Discussion



4.1 Cochlear length and cell density

Cochlear length was similar in all subjects. The observed variation of 4.6 mm, relative to mean length of 27.7 mm, was not associated with the life stage of the seals (Table 3). Ontogenetic studies have demonstrated that the cells that contribute to the organ of Corti are already present and postmitotic at the embryonic stage in mammals (Ruben, 1967; McKenzie et al., 2004). There is a post-birth maturation process of the organ of Corti in some species that includes the first few days (Burda, 1985; Burda and Branis, 1988; Roth, 1992). Nevertheless, studies of harbor porpoises (Phocoena phocoena) indicate the hearing abilities of neonates are comparable to adult individuals (Wahlberg et al., 2017). However, there is no information on postnatal changes in the organ of Corti or hearing abilities in pinnipeds. Records of inter-individual variation in the same species are a phenomenon present and sometimes related to different areas of residence (Avci et al., 2014; Ekdale and Racicot, 2015; Schnitzler et al., 2017).

The number of turns estimated from our samples that preserved the cochlea in its entirety was consistent with previous studies of pinniped species (Solntseva, 2001; Manoussaki et al., 2008), where 2.5 turns are observed in the cochlear spiral.

Decreasing OHC density along the cochlear spiral was found from the apex area (19 cells/100 µm) to the 85% location (10 cells/100 µm). This decreasing trend in cell density with proximity to the spiral base is consistent with observations for other mammalian species and is associated with changes in OHC morphology depending on location in the cochlear spiral (Úlehlová et al., 1987; Burda and Branis, 1988; Vater and Kössl, 2011; Girdlestone et al., 2017). In Ind5A, a peak of increased cell number was found at the 95% location of the cochlear spiral. As this was the only sample with complete information for estimation at the very basal end, this change could be associated with either inter-individual variability or variation in the nearest region of the cochlear hook, as previously described by Thorne and Gavin (1984).




4.2 Linear morphometrics

Morphological characteristics of the sensory cells in the organ of Corti showed typical trends of increase and decrease with position. Increased variability at the 10% location is likely due to the recording of only one sample analyzed in this region. From apex to base, the width, opening angle and distance between the stereociliary bundle tips of the OHCs increase. In contrast, the distance between the rows of sensory cells and the width of the reticular lamina decrease with proximity to the base. The only parameter that did not show predictable changes along the cochlear spiral is the width of the distance between the OHCs. Previous studies of mammalian cochleae evaluated using scanning electron microscopy suggest that, despite some tissue shrinkage due to tissue preparation, the parameters considered for analysis for morphometry are accurately represented, as tissue handling effects are homogeneous throughout the spiral (Edge et al., 1998; Ciganović et al., 2017). Thus, these results are unlikely to be explained by artefacts of the methodology.

The results for width of the reticular lamina and distances between hair cell rows showed a significant decrease from apex to base (Figure 5A). This decreasing pattern and the values obtained coincide with previous studies of the organ of Corti in mammals (Lim, 1986; Roth et al., 1992; Girdlestone et al., 2017).

Cell width showed an opposite pattern, with significant values increasing from apex to base (Figure 5). As the width of the cells increased, their stereociliary bundles- inner angle and the distance between the stereociliary bundle tips increased accordingly. These changes are likely due to the change in cell morphology depending on their location in the cochlear spiral. These variations suggest an association with the tonotopic organization of the hair cells. Furthermore, it has been described that the obtained range of the angular aperture minimizes the resistance of the fluid dynamics involved (Ciganović et al., 2017).

The arrangement of the sensory cells of the organ of Corti differed more in the cells located at the apex compared to the base, as showed by the identification of significant differences found at distant locations by pairwise comparisons across all measures. These morphological changes found could be associated with the auditory perception of the cells according to their location in the spiral cochlear. Postnatal changes in the sensory cells of the organ of Corti have been identified in rodent species (Kaltenbach and Falzarano, 1994). However, in pinnipeds, there is no evidence of such changes. Furthermore, the results observed for each morphometric measure show similar mean distances and trends between neonates and adults (Figures 5C2, D2). These results could be associated with the fully developed hearing ability after birth in some marine mammal species (Nachtigall et al., 2005; Wahlberg et al., 2017).

Morphometric measurements were not apparently affected by the difference between sample processing times. This was verified by reference images taken of the Ind6B sample that was processed shortly after fixation. Measurements of all morphometric parameters of the Ind6B sample were compared between images five years apart in the same area and there were no differences. In addition, the results in the measurements of the morphometric parameters of the cochlea of Ind6B were within the ranges established by the other four samples. There was no evidence of any outliers derived from processing and analysis times of our samples.




4.3 Geometric morphometrics

The measured parameters for individual sensory cells showed changes associated with their location in the cochlear spiral. The information generated from linear analysis was complemented with geometric morphometry analyses. Since GM considers changes in hair cell morphology independent of variation caused by size, rotation, and orientation of the samples (Rohlf and Marcus, 1993; Mitteroecker and Gunz, 2009).

The results observed after Procrustes fit of the geometric data reveal obvious variation in the shape of the cell blocks within the organ of Corti according to position in the cochlear spiral, even before performing any statistical analysis, as depicted in Figure 7. This first approximation suggests an association between the tonotopic organization of the sensory cells of the organ of Corti and their spatial configuration.

Although the Procrustes adjustment reduces the isometric effects of size on cell block shape, the allometric component is still present in these tissue samples. Allometry can manifest between individuals of the same population and age group (static allometry), during growth (ontogenetic allometry), and between species (evolutionary allometry) (Cheverud, 1982). Failure to assess size effects when analyzing cell configurations may lead to erroneous conclusions as size can explain a large percentage of this variation (Outomuro and Johansson, 2017). Given this premise, we assessed the extent to which size (centroid size) contributed to the observed variation in structure (Procrustes coordinates) observed (Adams et al., 2013). The results indicated an independency of size in our results.

Since trends in hair cell morphology were not influenced by the allometric component, a Procrustes ANOVA analysis with the clustering factor of location was performed to determine the influence of spiral placement on the results. Procrustes ANOVA generates inferences based on permutations and does not assume multivariate normality, so it can be applied to our biological data on shape in the hair cells of the organ of Corti. Also, when working with permutations the test accepts that the number of variables, in this case, Procrustes coordinates, is greater than the number of samples (Theska et al., 2020). This evaluation revealed a significant influence of location within the cochlear spiral on cell block configuration spiral, supporting the observations identified and the data obtained by linear morphometry.

An overlap of the data associated with adjacent positions on the cochlear spiral was apparent in our first visualization of the data across the principal component analyses (Figure 8). This trend supported the importance of the location variable in the cochlear spiral and further identifies that the overlapping points are associated with closed locations in the cochlear spiral. Since these variations in cell block configuration corresponded to 57.9% of the OHCs (landmarks 13-57) in both principal components, it highlights that OHCs show greater morphological variation in the cochlear spiral.

Suspected groups from the PCA (overlapping data) can be identified by clustering. The clustering approach allowed us to identify six clusters in the morphospace data from the geometric analyses. This analysis reveals the existence of clusters that share similarities in hair cell morphology related to their location in the cochlear spiral without previously assuming the location variable as a grouping factor. The hair cell morphology trend continued to show an association with their tonotopic organization, as previously described in mustached bats Pternonotus parnellii (Girdlestone et al., 2020). The clusters that were visualized in the PCA were identified using k-means clustering analysis. This method is based on the use of the actual points (not averaged as in the k-means method) for cluster generation by dissimilarity plotting (Maechler et al., 2012; Jin and Han, 2017).

The relationship found in the shape change of the two hair cell types (IHCs and OHCs) in the organ of Corti through 2BPLS analysis and testing of the modularity hypothesis reflected a trend of integration, that is, the two types of sensory cells had similar characteristics in their morphological variation. Here, a trend of partitive change (modularity) between the segments (OHCs and IHCs) of the configuration was expected, due to the functional variability realized by the two cell types. Although hair cells show morphological changes in their structures related to the function they perform (Lim, 1986), these results indicate the sensory cell types possess similar variations in their morphology. This trend could be associated with two factors. First, although the IHCs and OHCs have different functions, they are both involved in the process of hearing and share morphological characteristics. They are specialized structures with stereocilia on their surface, a complex internal structure, and basal ends that are in contact with afferent and efferent nerve fiber terminals (Engström and Engström, 1972). Furthermore, IHCs and OHCs are derived from the same embryonic progenitors, demonstrating a common origin (Wu and Kelley, 2012). On the other hand, our findings indicating integration in the shape of IHCs and OHCs in harbor seals may be influenced by the small number of individuals examined (Klingenberg and Marugán-Lobón, 2013). This is the first description of cell shape covariation is made, not only through measurement inferences, but also in linear morphometry in the two sensitive cell types of the organ of Corti by modularity and two-block partial least squares analysis. Increasing sample sizes and species for which similar data are available would reinforce this conclusion about the trend towards integration.

In summary, morphometric analysis makes it possible to associate the change in the specific measurements and the general morphology of the cell with its location in the cochlear spiral. It was observed that, from apex to base, the rows of cells were closer together. In addition, their opening angle and the distance between the OHCs increased, i.e. the overall shape of the cells widened, resembling more of a V-shape at the apex to a parabola shape at the base.

This first ultrastructural description of the organ of Corti in harbor seals will support the eventual development of an accurate frequency place map (i.e., distribution of frequencies along the cochlear spiral) for this species. From an applied perspective, if the distribution of audible frequencies along the cochlear spiral is known and a lesion is found, it may be possible to identify the portion of hearing range that is impaired. In addition, in case of noise-induced hearing loss, it should be possible to extrapolate the frequency characteristics of the source from the placement damage in the sensory epithelium. Such tools, based on knowledge of inner ear structures, will improve our understanding of the potential effects of underwater anthropogenic noise on hearing on species such as harbor seals. This insight may ultimately guide exploration of the hearing sense in species for which no hearing measurements are available.





5 Conclusion

The linear and geometric morphometric descriptions of the sensory cells of the inner ear of harbor seals presented in this study show predictable trends from apex to base, with significant influence of placement within the cochlear spiral on cell shape and configuration. This morphological description provides baseline information and an initial step towards correlating morphometrics with sound frequency coding along the spiral of the inner ear in marine mammal species.
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OEBPS/Images/table2.jpg
Paramet

Abbreviation

QOuter hair cell row designation

Width of the reticular lamina RLW Distance from THC to OHC3
Distance between rows of hair cells RD1 Distance from THC to OHCl
(RD)
RD2 Distance from OHCI to OHC2
RD3 Distance from OHC2 to OHC3
Outer hair cell width CwW1 OHC1
(cw)
Ccw2 OHC2
Cw3 OHC3
Distance between stereociliary bundle tips SBD1 OHC1
(SBD)
SBD2 OHC2
SBD3 OHC3
Gap width between outer hair cells GW1 OHC1
(GW)
GW2 OHC2
GW3 OHC3
Stereociliary bundles—inner angle SBA1 OHC1
(SBA)
SBA2 OHC2
SBA3 OHC3
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OHC1

16.2 14.6 14.6 14 132

11.5 11.5 10.5 10 11
(0=0.48, (6=0.97, (o=1, (6=0.7, (0=0, (o=0, (0=0.83, (0=0.7, (0=0.7, (o=0,
n=4) n=5) n=5) n=5) n=3) n=2) n=3) n=1) n=1) n=1)
OHC2 183 17 17.3 16.3 154 14.7 15 14.5 13.5 17.5
(6=095, (0=1.58, (0=122, (6=0.78, (6=04, (o=1.15, (0=0.54, (o=0, (6=0, (0=0,
n=4) n=5) n=5) n=5) n=3) n=2) n=3) n=1) n=1) n=1)
OHC3 17.5 17.3 17.3 16 149 14.2 14.6 14.5 14.5 17
(0=1.13, (0=1.30, (0=1.80, (0=0.69, (0=0.81, (0=0.44, (0=0.44, (0=0.7, (0=0.7, (0=0,
n=4) n=5) n=5) n=5) n=3) n=2) n=3) n=1) n=1) n=1)

‘The standard deviation (6) and number of individuals (n) with information per percentage of the cochlear length are indicated.





OEBPS/Images/fmars-10-1211556-g008.jpg
VY

oo

-0.25
PC1 (71.7%)






OEBPS/Images/table3.jpg
ID harbor seal Cochlear leng

Ind4B 29.24
Ind5A 30.00
Ind6B 26.37
Ind7B 27.19

Ind16A 30.00*
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OEBPS/Images/table1.jpg
Animal Country of

Necropsy Time from death until

D origin Age Date fyation Fixation agent = Decalcification
Indl6GA  Male USA é‘;“;; Right  09/09/2020 2:3h a0 "::;:;’:ﬁmd EDTA
Ind4B Female Canada v Neonate | left 22/07/2014 2h (approx.) 2.5% glutaraldehyde EDTA
IndSA Female Canada Neonate | Right 05/08/2014 1h 30° 2.5% glutaraldehyde EDTA
Ind6B Female Canada Neonate left 10/08/2014 2h 45’ -3h 45 2.5% glutaraldehyde RDO

Ind7B Male Canada Neonate left 10/08/2014 3h 15’ 4h 15 2.5% glutaraldehyde EDTA
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PC1 1 (IHC) 10 (IHC) 43 (OHC3) 39 (OHC2) 24 (OHC1) 13 (OHC1) 4 (IHC) 28 (OHC2) 54 (OHC3) 12 (IHC)
% Contribution 639 6.18 43 4.05 39 3.85 371 | 3.68 359 3.55

PC1 3 (IHC) 11 (IHC) 45(OHC3) | 41 (OHC3) = 42 (OHC3) = 46 (OHC3) [ 40 (OHC2) | 47 (OHC3) | 27 (OHCI1) = 25 (OHCI1)
9% Contribution 33 3.08 2.26 222 22 2.14 2.08 2.05 2.03 2

PC1 26 (OHC1) 56 (OHC3) 16 (OHC1) = 17 (OHC1) 15 (OHC1) = 55(OHC3) | 57 (OHC3)
% Contribution 1.98 1.84 1.82 1.81 179 1.78 1.75

PC2 35(0OHC2) 34 (OHC2) 33 (OHC2) | 37 (OHC2) 38 (OHC2) 32 (OHC2) | 31(OHC2) | 36 (OHC2) | 41 (OHC2) @ 42 (OHC2)
% Contribution 476 4.64 4.6 4.54 447 443 4.42 44 437 4.36

PC2 38 30 (OHC2) 29 (OHC2) 40 (OHC2) 39 (OHC)

(OHC2)

% Contribution 433 427 4.22 4.11 4.1





