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ABSTRACT
Quantifying somatosensory receptor distribution in gla-

brous skin is usually difficult because of the diversity of

skin receptor subtypes and their location within the der-

mis and epidermis. However, the glabrous noses of moles

are an exception. In most species of moles, the skin on

the nose is covered with domed mechanosensory units

known as an Eimer’s organs. Eimer’s organs contain a

stereotyped array of different mechanosensory neurons,

meaning that the distribution of mechanosensitive nerve

endings can be inferred by visual inspection of the skin

surface. Here we detail the distribution of Eimer’s organs

on the highly derived somatosensory star on the rostrum

of the star-nosed mole (Condylura cristata). The star con-

sists of 22 fleshy appendages, or rays, that are covered

in Eimer’s organs. We find that the density of Eimer’s

organs increases from proximal to distal locations along

the length of the star’s rays with a ratio of 1:2.3:3.1 from

the surface nearest to the nostril, to the middle part of

ray, to the ray tip, respectively. This ratio is comparable

to the increase in receptor unit density reported for the

human hand, from the palm, to the middle of the digits,

to the distal fingertips. We also note that the tactile fovea

of the star-nosed mole, located on the medial ventral ray,

does not have increased sensory organ density, and we

describe these findings in comparison with other sensory

fovea. J. Comp. Neurol. 524:917–929, 2016.

VC 2015 Wiley Periodicals, Inc.

INDEXING TERMS: sensory system; touch; receptor topography; RRID:nif-0000-30467; RRID:rid_000042

Investigations of somatosensory receptor arrangement in

most skin surfaces require multiple visualization techniques

and must account for distortions caused by cutting and

staining tissue (Miller et al., 1958; Novotny and Gommert-

Novotny, 1988; Nolano et al., 2003; Li et al., 2011).

Because quantifying skin somatosensory receptors is diffi-

cult, efforts to describe the topography of mechanoreceptor

distribution lag behind similar observations in the visual sys-

tem, where flattened retinal preparations have been used to

determine photoreceptor distribution (Curcio et al., 1987,

1990; Packer et al., 1989). Unlike the mechanoreceptors

that densely innervate the fingertips, lips, and oral cavity of

many vertebrates (Dixon, 1961; Halata and Munger, 1983;

Pare et al., 2002), the somatosensory Eimer’s organs (EOs)

of the mole display distinctive morphology that is readily

visible on the superficial sensory epithelium. The superficial

shape of EOs on the glabrous rostrum of moles provides an

opportunity to map sensory units on a tactile surface to a

level of detail comparable to that of flattened retinal

preparations.

EOs are domed papillae that house clusters of multiple

mechanosensory cell types (Eimer, 1871). These organs

are present on the nose of most members of the mole fam-

ily (Talpidae; Catania, 2000). However, star-nosed moles

(Condylura cristata; Fig. 1A) have the greatest number of

EOs, and individual EOs in this species are smaller in diam-

eter than those of other species (Catania, 1995a). These

EOs cover the entire surface of the star, which is com-

posed of 22 extensions, or rays (see Fig. 1B for the ray

numbering convention). EOs consist of a stereotyped

arrangement of at least four kinds of mechanoreceptor

endings, including a laminated corpuscle, a Merkel cell–

neurite complex, a class of presumptive light-touch-

mediating free nerve endings, and a class of presumptive

nociceptive free nerve endings (Marasco et al., 2006). The
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cellular anatomy of an EO of a star-nosed mole is shown in

Figure 1C (Catania, 1995c, 1996). Externally, each EO of a

star-nosed mole appears as a raised papilla with a dimple

in the center (Fig. 1D,E). The highly specialized rostrum of

the star-nosed mole is covered in these papillae, making

this skin surface a star-shaped sheet of discrete somato-

sensory organs.

The star of the star-nosed mole is additionally note-

worthy for the special properties of ray 11, the medial

ventral ray. There is a behavioral preference to use

this ray. For example when another part of the star

touches a potential food item, the mole reorients its

head and star so that ray 11 makes contact with the

item prior to ingestion (Catania and Remple, 2004).

Furthermore, the extensive use of ray 11 is reflected

in the central nervous system, where, despite the

small surface area of the ray, its representation takes

up 25% of the total star representation in primary

somatosensory cortex (Catania, 1995b; Catania and

Kaas, 1997). In addition, cortical multiunit receptive

fields are smaller on ray 11 than on other rays

(0.58 mm2 on ray 11 compared with 0.82 mm2 on the

other rays), implying a difference in tactile resolution

(Sachdev and Catania, 2002). For these reasons, ray

11 has been called a “somatosensory fovea.”

Sensory foveae have been described in other sensory

systems. Often they are marked by a higher density of

sensory receptors compared with contiguous sensory

surfaces (Pettigrew and Frost, 1985; Bacelo et al.,

2008), yet no specialization in the arrangement of EOs

has been found for ray 11 in star-nosed moles.

Variation in the size and density of EOs in the star-

nosed mole has been previously noted but not thoroughly

quantified (Van Vleck, 1965; Catania, 1995c). More spe-

cifically, the EOs on the tips of the rays were reported to

be smaller and more densely packed than those at the

base of the rays (Fig. 1C–E), and EOs on ray 11 have a

density similar to that on other rays (Van Vleck, 1965;

Catania, 1995c). Here we quantify the distribution of EOs

on the forward-facing star surface to test these observa-

tions further. We chose to focus on only the rostral sur-

face of the star (although EO’s ring the distal portion of

most rays) because the front of the star is the part that

comes into most frequent contact with the substrate as

the mole explores its environment (Catania and Remple,

2004). Also, the rostral surface of the star is where the

Figure 1. Somatosensory surface of the star of a star-nosed mole (Condylura cristata). A: Star of a star-nosed mole. B: Schematic of the star.

At left, the rays are numbered according to the conventional numbering system. Small gray rectangles show the locations of D and E. C: Sche-

matic of the dermal innervation of an Eimer’s organ, the repeated somatosensory unit on the star based on Catania (1995c). Each EO has one

laminated corpuscle (dark blue) and one Merkel cell–neurite complex (light blue). The free nerve endings are pink and red. There are seven or

eight presumptive light-touch-mediating fibers (pink) and an unquantified number of presumptive pain-mediating fibers (red). D,E: Scanning

electron micrographs from the tip of a ray and the base of a ray, respectively. Scale bars 5 1 mm in B; 100 mm in D,E.
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majority of receptive fields were found and measured

during electrophysiological recordings in somatosensory

areas in the brainstem and cortex (Catania and Kaas,

1995; Catania et al., 2011; Sawyer et al., 2014). Our

goals were to document the receptor distribution to a

level not possible for other glabrous skin surfaces and

to determine whether the distribution of EOs on ray 11

differed from that of the other rays.

MATERIALS AND METHODS

Animals
No animals were killed for this project. Star skin surfa-

ces were obtained from stored samples from adult star-

nosed mole (Condylura cristata) that had been killed for

other research projects. Those projects conformed to the

National Institutes of Health standards concerning the use

and welfare of experimental animals and were approved

by the Vanderbilt University Animal Care and Use Commit-

tee (Animal Welfare Assurance No. A-3227-01).

Stars with obvious scars and abrasions indicating

natural use-dependent injury/damage were excluded.

Fifteen stars were used in total. These were all from

adult individuals that had been collected in Potter

County, Pennsylvania (Pennsylvania Game Commission

permit 112-2011). Moles had been killed with an over-

dose of sodium pentobarbital (120 mg/kg) and trans-

cardially perfused with phosphate-buffered saline

(pH 7.3) followed by 4% paraformaldehyde. The star had

been removed and placed in 4% paraformaldehyde for

at least 2 months before being retrieved for use in this

project.

Whole-star measurements
For all samples, stars were rinsed in PBS, and the mus-

cle tissue around the star was trimmed away to leave only

the glabrous star skin surface. For measurements of the

shape and sizes of the rays, the star was placed on a light

box and under glass slides to press the star flat gently. A

photograph of the star and a scale bar was taken from

directly above the star with an Olympus TG-2 camera.

Scanning electron microscopy
Four stars were again rinsed in PBS, trimmed, and

gently pressed flat. The sample was then dehydrated in

an ethanol series (50%, 70%, 95%, and 100%), critical-

point dried in an E3000 drier (Quorum Technologies,

Guelph, Ontario, Canada), and coated with gold in a

Cressington 108 sputter coater (Cressington Scientific

Instruments, Ltd., Watford, United Kingdom). Specimens

were imaged in a Tescan Vega II scanning electron

microscope (Tescan USA, Cranberry Twp., PA).

Image analysis
For measurements of the size and shapes of rays, the

images were imported into Adobe Illustrator (ver. 17),

and the rays were outlined with the pen tool. Rays were

numbered as shown in Figure 1C. The outline of the ray

was defined at the medial end as areas where there was

a break in the receptor sheet or the where receptor sheet

of one ray merged with another ray. Tissue with EOs was

more opaque than areas where there were breaks in the

receptor sheet, making the breaks visible as brighter

areas when the star was illuminated from behind.

The image was imported into ImageJ (RRID:nif-0000-

30467) and scaled to fit the scale in the image (Schneider

et al., 2012). The rays were measured for area and circu-

larity using the Analyze particles function. Circularity,

defined as 4p 3 area/perimeter2, is a dimensionless value

that describes how circular a shape is (Russ and DeHoff,

2000). A value of one indicates a perfect circle, whereas a

value closer to zero indicates a more elongated shape.

Circularity is used to describe biological shapes from

neurons to maple leaves (Majumdar and Mallick, 2005;

Royer et al., 2009).

The photography, outlining, and measurement of one

half star was repeated three times. The coefficient of

variation was 3.5% for area measurements and 2.5% for

circularity calculations. For five stars, both the left and

the right sides were measured, but no laterality effect

was detected, so only one side of the remaining stars

was measured.

For four stars, SEM photomicrographs were analyzed

for measurements of individual organs. In these prepa-

rations, only those organs on the forward face of the

star and that were completely visible (judged by seeing

the outline of the entire organ) were measured. Organs

were defined as domes that contained the distinctive

round dimple, indicating the mechanosensory column

(Catania, 1995c). All of the EOs on five rays were

marked three times, and the coefficient of variation for

the total number of EOs marked was 1.5%, indicating

that we were consistently selecting the same EOs as

being on the forward face of the star. The surface area

of each EO on two half stars and the density of EO for

four whole stars was measured.

To measure surface area, the SEM images were

imported into Adobe Illustrator, and EOs were outlined

with the pen tool. The image of all the outlined rays was

then imported into ImageJ. The image was rotated so that

the long axis of the ray was vertical, and only the y coor-

dinate of the EOs was used for analysis. The area of each

EO and its y coordinate along the ray was found with the

Analyze particles function. The y coordinate was used to

calculate “eccentricity,” which we defined here as the

Star Surface of the Star-Nosed Mole
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distance from the most medial EO on the ray. Percentage

eccentricity was found for each ray with the following for-

mula: percentage eccentricity 5 100 3 (distance from

base/length of ray). Percentage eccentricity facilitated

comparisons between rays of different lengths.

To measure the density of EOs, SEM images were

imported into Adobe Illustrator, and a single dot was

placed on the central disk-shaped region of every com-

pletely visible individual EO. The image of the dots was

then imported into ImageJ. Heat density maps were cre-

ated in ImageJ by importing this image, using a mean

filter, and then implementing the Look Up Table feature

for coloring. The raw image was also further analyzed

for the density measurements used in the statistical

analyses. For this, every EO not on a ray was placed in

the “center” group. For every EO on a ray, the rays

were divided into 20 sections with approximately equal

numbers of EOs in each section. Each section was out-

lined and the area of each section found in ImageJ. The

density was calculated as the number of EOs in that

portion of the star divided by the area. Statistical analy-

sis was performed in SPSS ver. 22 (RRID:rid_000042).

RESULTS

The areas of the rostral star surface varied between

individuals, but the relative sizes of this surface of each

ray on their stars were consistent. Ray 10 had the small-

est surface area, and many rays were grouped as having

similarly large surface areas. Rays 2, 8, and 9 were the

most elongated (most eccentric), and ray 1 was the most

circular (least eccentric). EOs covered the star in a hexag-

onal array. EOs were larger and less densely packed

toward the base of the rays than toward the tips.

Size and shape of the star
The area and circularity of the frontal surface area of

the rays are shown in Table 1 and Figure 2. A one-way

ANOVA revealed that there was an effect of ray on rostral

surface area of the star (F10,110 5 11.259, P< 0.01). A

post hoc Tukey’s HSD revealed that ray 10 had the small-

est surface area. The test grouped rays 1, 2, 3, 4, 8, and

11 as having the largest rostral surface area. The rostral

surface area of a ray was related to the rostral surface

area of the other rays on the star (e.g., a large ray 1 was

from a star that also had large rays 2–11). This relation-

ship was seen in that the area of each ray was positively

related to the overall size of the rest of the star (e.g., the

sum of the areas of the other 10 rays) so that P< 0.01

for all 11 linear regressions. The coefficient of variation

for individual rays, which represents within-species varia-

tion, was between 15.0% and 21.4% and was 15.6% for

the overall size of the star. The body mass and length of

TABLE 1.

Area and Shape of the Surface of Nasal Rays of the Star-Nosed Mole1

Ray Area (mm2) Percentage of total star area Circularity

1 Mean (SD) 2.61 (0.4) 9.95 (0.54) 0.48 (0.03)
Coefficient of variation 15.33 5.43

2 Mean (SD) 2.93 (0.48) 11.15 (0.82) 0.29 (0.02)
Coefficient of variation 16.38 7.35

3 Mean (SD) 2.91 (0.54) 11.05 (0.77) 0.31 (0.02)
Coefficient of variation 18.56 6.97

4 Mean (SD) 2.74 (0.43) 10.43 (0.55) 0.32 (0.02)
Coefficient of variation 15.69 5.27

5 Mean (SD) 2.34 (0.45) 8.87 (0.70) 0.32 (0.02)
Coefficient of variation 19.23 7.89

6 Mean (SD) 2.09 (0.39) 7.93 (0.68) 0.31 (0.02)
Coefficient of variation 18.66 8.58

7 Mean (SD) 2.00 (0.36) 7.58 (0.64) 0.31 (0.01)
Coefficient of variation 18.00 8.44

8 Mean (SD) 2.55 (0.42) 9.69 (0.50) 0.28 (0.02)
Coefficient of variation 16.47 5.02

9 Mean (SD) 2.2 (0.47) 8.32 (1.12) 0.28 (0.03)
Coefficient of variation 21.36 13.46

10 Mean (SD) 1.52 (0.24) 5.79 (0.57) 0.43 (0.05)
Coefficient of variation 15.79 9.84

11 Mean (SD) 2.4 (0.36) 9.18 (0.74) 0.44 (0.03)
Coefficient of variation 15.00 8.06

Total Mean (SD) 26.29 (4.1)
Coefficient of variation 15.60

1The area and shape of the surface of rays on one half of a star (six right, five left). The average value is given with standard deviation in the paren-

theses. Circularity describes how like a circle the shape is. A value of one indicates a perfect circle, whereas a value closer to zero indicates a

more elongated shape. The equation for circularity is: circularity 5 4p 3 area/perimeter2.

E.K. Sawyer and K.C. Catania
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the individual animals from which the stars originated

were unknown, so no further analysis of how stars varied

with body size could be completed.

Ray number also had a significant effect on circularity

(ANOVA df 5 10, F 5 108.458, P< 0.0001). Ray 1 was

the most circular, followed by rays 10 and 11. Not cap-

tured in these measurements is that the receptor sheet

is continuous from ray 11 on one side and its contralat-

eral counterpart. This is not the case for ray 1, the other

midline ray. Rays 8, 9, and 2 had the most elongated

shapes.

Density of EOs
In the four complete stars analyzed for EO density,

EOs were most tightly packed at the tips of the rays

and were less dense at the base of the rays and near

the nostril (Fig. 3A,C,E,G). When the density of EOs was

plotted against the percentage eccentricity, the curve

of every ray on each star fit both a linear function and

a cubic function (P< 0.01). The R-squared for the linear

equations was between 0.21 and 0.82 and for the

cubic equations between 0.51 and 0.90. In all cases

the value of R-squared for the cubic function was

greater than the value of R-squared for the linear func-

tions. The cubic function described a curve in which EO

density was lowest at the base of the ray and increased

to an eccentricity of approximately 25% (Fig. 3B,D,F,H).

The density then plateaued until increasing again in the

most distal 10% of the ray. The shape of the curve was

used as a guide to group the measurements of density

into three parts on the ray and the base area near the

nostrils. Pooling all stars and rays, the average density

and standard deviation were 228.35 6 45.6 EO/mm2

for the center of the star, 390.7 6 74.6 EO/mm2 for

the base of the ray, 515.6 6 84.7 EO/mm2 for the mid-

dle portion of the ray, and 718.0 6 106.3 EO/mm2 for

tip of the ray. Following these subdivisions, the ratio of

densities for EOs at the center portion of the star (not

on a ray), to the base of a ray (0–25% eccentricity), to the

middle portion of the star (25–85% eccentricity), to the

tip of the ray (85–100% eccentricity) was 1:1.3:2.6:3.1.

Those groupings were used when comparing the den-

sity of the organs on different rays. A one-way ANOVA

for EO density with ray as a factor showed no differ-

ence in the density of the rays when grouped by ray

base, middle, and tip. There was no difference between

rays when the areas were pooled. The average number

of EOs on the surface of the rays was 8,169 6 414.

Size of EOs
The trends for EO size mirrored the findings for den-

sity. In all rays, EOs were largest at the base of the

rays, appeared moderately sized throughout the middle

half of the ray, then smallest at the tip of the ray (Fig.

4, Table 2). The histograms in Figure 4B and D show

the frequencies of the area measurements of EOs in

Figure 2. Shape and size of the rays. A: Example image showing

the definitions of the rays. B,C: Two images of traced stars shown

as example results. D: Graph of the frontal surface area of indi-

vidual rays from 11 different arrays of stars. E: Graph of the aver-

age circularity measurements of the frontal surface of individual

rays from 11 stars. The bars indicate 95% confidence intervals.

Scale bars 5 1 mm in A; 5 mm in B,C.

Star Surface of the Star-Nosed Mole
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the center portion of the star, in rays 1–10, or in ray

11. The histograms show that 1) the sizes of EO on the

rays fall into a slightly right-shifted distribution; 2)

within a star, the distribution of sizes is similar between

ray 11 and all the other rays, 3) the size of the EOs not

on a ray is not right shifted, and 4) EOs on star A had

Figure 3. Density of EOs on the star surface. A,C,E,G: Colored heat maps of the density of EOs on the flattened surface of four stars for stars

A–D, respectively. B,D,F,H: Density of EOs plotted against the normalized distance from the base of the ray for stars A–D, respectively. Percent

eccentricity 5 100 3 (distance from base/length of ray). Solid lines are the best-fit cubic equation for all rays. Black dashed lines are 95% con-

fidence interval around the best-fit curve, and the gray dotted lines are the average density of the EOs on the base portion of the star around

the nostrils. The density of organs on the somatosensory fovea, ray 11, is similar to that of other rays. Scale bar 5 1 mm.

E.K. Sawyer and K.C. Catania
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a greater range of sizes than EOs on star B. Some of

this variation could be due to differences in tissue

shrinkage during preparation for SEM.

In all rays, the relationship between eccentricity and

surface area of the EOs was well described by a linear

function (P< 0.01 for all linear regressions, R-squared

values ranging from 0.42 to 0.78). The shape of the

curves again suggested a cubic relationship, which was

also tested and found to be significant (P< 0.01 for all

cubic regressions, R-squared values ranging from 0.47

Figure 4. Surface area of the EOs on the flattened surface of a sensory star. A,B: One half of the sensory star from cases A and B,

respectively. The size of the EO is represented with color, as shown in the key below each image. C,D: Histograms displaying the fre-

quency of EOs with different surface areas in stars A and B, respectively. In each column the topmost histogram displays the results for

the base area of the star, the middle histogram for rays 1–10, and the bottom histogram for ray 11. The dotted line shows a normal distri-

bution. Scale bars 5 1 mm.

Star Surface of the Star-Nosed Mole
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to 0.79). For each ray, the R-squared values for the

cubic functions were always greater than for the linear

function.

For star A, the largest EO was 26.6 times larger in

area than the smallest; in star B, it was 25.5 times

larger in area. However, the variation within 2 standard

deviations of the mean was more modest, with EOs at

the 97.5th percentile being 6.1 and 4.8 times larger

than those at the 2.5 percentile for cases A and B,

respectively. Values for the mean size of the EOs on

the different regions of the ray (base, middle, and tip

as defined above) are shown in Table 2. The maximum

size of EOs in case A was larger than that in case B.

DISCUSSION

Our results take advantage of the punctate distribution

of EOs to document the distribution of somatosensory

units on a glabrous skin surface with great precision. We

show that in the star-nosed mole the area of the dome of

an EO usually varies over a factor of approximately 5.5

(but can vary over a larger range), with larger and less

densely distributed EOs near the nostrils and smaller

more densely distributed EOs near the tips of the rays.

The variation of EO size and density could have effects on

the sensitivity and resolving power of different portions of

the sensory star. However, we found no evidence that

the fovea-like properties of ray 11, which include smaller

cortical receptive fields and greater cortical magnification

in that ray compared with other rays, are related to the

density of sensory organs on the star surface.

Comparison with previous work on the star
Variation in EO density has been recognized in the star

surface of the star-nosed mole. Van Vleck (1965) sug-

gested that EOs on the sides of the rays are larger than

those on the flat, forward-facing portion of the star. It has

also been noted that the EOs at the tips of the rays are

smaller in diameter, and thus denser, than those at the

base of the rays (Catania, 1995c). Our general findings

are that 1) EOs are larger and less dense at the base of

the rays than at the tips of the rays and 2) the distribution

of EOs on ray 11 appears the same as on other rays are

consistent with previous reports (Van Vleck, 1965;

Catania, 1995c). The current, more detailed analysis

allows for more comprehensive comparisons with other

somatosensory sensory epithelia.

A priori mapping of EOs on a star might suggest the

distal tips of each ray, with their high density of EOs, as

the likely candidate sites for elaborated somatosensa-

tion. However, previous behavioral, neuroanatomical, and

electrophysiological investigations instead highlight the

significance of ray 11 (Catania and Kaas, 1997; Catania

and Remple, 2004). Together these results suggest that

the behavioral significance and central nervous system

elaboration of ray 11 do not arise solely from the distribu-

tion of EOs on the receptor sheet. The results lead to two

separate questions. First, why does the fovea not have

smaller and denser EOs? Second, why do the tips of the

rays have smaller and more dense EOs.

Why does the fovea not have the highest
concentration of EOs?

“Fovea” is Latin for “pit.” This term was employed as

an anatomical designation of the dip in the center of

the retina, the fovea centralis in primates. The concept

of a sensory fovea as a region of a sensory epithelium

that is adapted for high spatial resolution has since

been expanded and applied to other sensory systems.

Outside of the visual system, sensory foveae have been

reported for the auditory, somatosensory, and electro-

sensory systems (see, e.g., Pettigrew and Frost, 1985;

Muller et al., 1992; Iggo et al., 1996; Catania and Kaas,

1997; Covey, 2005; Bacelo et al., 2008; Corfield et al.,

2011). Definitions of the term “sensory foveae” vary

but usually include at least the following requirements:

1) a higher density of sensory receptors in the foveal

area than the surroundings, 2) a specialized (dispropor-

tionally large) central representation, and 3) a sensori-

motor system that directs the fovea to the stimuli of

interest (Pettigrew and Frost, 1985; Bacelo et al.,

2008). The extent to which the reported examples of

sensory fovea fit all these points varies.

Star-nosed moles clearly meet the second and third

criteria (Catania and Kaas, 1997), but, intriguingly, the

sensory organs are equally dense on all rays. The acute

sensory resolution does not seem to be reflected by

sensory organ distribution. This could be an underap-

preciated phenomenon in biology; identifying other

examples would require a level of detailed neuroana-

tomical and physiological study that is rarely performed

for most species but may also be seen in the auditory

system of the big brown bat (Casseday and Covey,

1992; Dear et al., 1993; Covey, 2005). In the case of

the star-nosed mole, how localized differences in touch

acuity can be supported by a sensory surface with a

uniform sensory organ density is at least partially

explained by the innervation of the star.

Differences in innervation of the rays, not the EO density

itself, very likely explain part of the high-resolution proper-

ties of ray 11. There is specialization of the sensory array

that is not visible from the external surface of the star.

This hypothesis is already supported by previous work

(Catania and Kaas, 1997). Nerve counts show that ray 11

has a higher ratio of myelinated nerve fibers to EOs in

Star Surface of the Star-Nosed Mole
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comparison with other rays, with approximately seven

fibers per EO on ray 11 vs. four fibers per EO on the

others. This demonstrates that at the level of the primary

sensory axons there is less convergence in ray 11 than in

the other rays and, hence, an anatomical basis for greater

resolution (Catania and Kaas, 1997).

Another reason that EOs might be of similar size on

all the rays is that their size might be dictated by a

structural constraint of covering the surface of the star

and not a functional one. If the size of the EO were

purely based on a structural constraint, then we would

not expect a difference in the size of EOs on ray 11.

This idea is expanded upon in the next section.

Our finding of equal sensory organ density on all the

rays does not fit neatly into a broad intramodality, intra-

specific definition of a sensory fovea. The example of the

star-nosed mole shows that a strict criterion for a sen-

sory fovea to have a higher density of sensory receptors

at the foveal region than at other regions of the sensory

epithelium could overlook interesting biology. This also

highlights the challenges and utility of trying to define

analogous specializations across diverse sensory systems

and species. Definitions are perhaps most useful when

they point out exceptions.

Why do the tips of the rays have the highest
concentration of EOs?

The distribution of EOs seen in the adult may reflect

a mechanical constraint. The star is covered in a hexag-

onal array of EOs. Hexagonal arrays are a common

solution to the problem of how to completely cover a

surface (Schwann, 1847). The hexagonal pattern natu-

rally arises in proliferating epithelia (Gibson et al.,

2006). This conformation has been described for sen-

sory epithelia such as the array of hair cells in a coch-

lea, the ommatidia of compound eyes, the distribution

of rods and cones on the retina, and the distribution of

chemosensory cells on the barbels of fish (Kiyohara

et al., 2002) as well as for nonsensory surfaces such

as the hairs on Drosophila wings, honeycombs, and the

epidermis of plant leaves (Gibson et al., 2006). The

problems of tiling a ray base and a ray tip may call for

units of a different size.

Alternatively, it could be that the small organs are an

adaptation for sensitivity (not resolution), and are clus-

tered at the tips of the rays because these are areas spe-

cialized for highest sensitivity. “Sensory fovea” is a term

used for a specialization for high spatial resolution, but

there is no term for the area of the sensory epithelium

that is optimal for high sensitivity. A dense distribution of

sensory cells could be indicative of a specialization for

high sensitivity (de Busserolles et al., 2014). This idea is

also supported by the internal structure of EOs. Although

the arrangement of mechanoreceptors within an EO is

constant across the star (Catania, 1995c), smaller EOs

necessarily have less tissue surrounding the sensory

nerve endings than larger EOs. This may endow the

smaller EOs with better sensitivity to mechanical defor-

mations. If this is the case, then the high density of sen-

sory organs at the tip of the ray could be a specialization

for high sensitivity. The high density of EOs at a location

other than the high-resolution fovea suggests that obser-

vations of nonuniform distribution of mechanoreceptors

taken alone are insufficient to distinguish a high-

resolution fovea in the somatosensory system.

Comparison with other sensory surfaces
A star-nosed mole EO is consistently composed of

seven or eight presumptive light-touch-mediating free

nerve endings, one lamellated corpuscle, one Merkel

cell–neurite complex, and an unquantified population of

presumptive pain-mediating fibers (Catania, 1995c). The

average EO density at the tips of the rays is 718/mm2

(6106.2). Therefore, the distal tip of each ray is pre-

dicted to have 718 lamellated corpuscles/mm2, 718

Merkel cells/mm2, and 5,385 presumptive light-touch-

mediating free nerve endings/mm2. This estimate for

the density of nerve endings is greater than approxima-

tions and direct measurements from the vast majority

of other vertebrate somatosensory surfaces. For exam-

ple, it is also far denser than the measured values for

mechanoreceptors in the primate hand. The density of

Meissner’s corpuscles in a macaque fingertip has been

estimated at 57.6/mm2, Pacinian corpuscles at 1.2/mm2

(Pare et al., 2002), and free nerve endings at 50–57/mm2

(Arthur and Shelley, 1959; Novotny and Gommert-

Novotny, 1988). Even the most densely innervated tissue

in humans, the cornea, contains only 525 terminals/mm2

(He et al., 2010).

One of our findings was that the EOs were most dense

at the tips of the rays. A concentration of mechanorecep-

tors at the distal end of an appendage is also found in

other taxa. In echidnas, platypus, crocodilians, and sev-

eral classes of birds, the tip of the snout or bill has the

highest density of somatosensory units (Pettigrew and

Frost, 1985; Iggo et al., 1996; Manger and Pettigrew,

1996; Swennen, 2004; Leitch and Catania, 2012; Cun-

ningham et al., 2013). Another relevant comparison is

with the digits of the hand. The increase in EO density

along a ray is reminiscent of the distribution of mechanor-

eceptor units in the human hand. The density of mecha-

noreceptor units in the human hand has been estimated

by systematically recording single-unit receptive fields

from the median nerve, which showed that the density of

low-threshold mechanoreceptor units increases from the
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palm to the tip of the finger (Johansson and Vallbo,

1979). There is a slight increase in unit density from the

palm to the base of the finger and a sharp increase from

the main part of the finger to the tip. The relative density

of units in the palm to the main part of the finger and

then to the fingertip is 1:1.6:4.2 (Johansson and Vallbo,

1979). This ratio is similar to that found in the current

study for the density of EOs near the nostrils, in the mid-

dle part of the ray, and in the ray tip of 1:2.3:3.1. In

humans, the increase in unit density was attributed

almost entirely to an increased density of Meissner’s cor-

puscles at the tips of the fingers, whereas lamellated cor-

puscles retain a uniform distribution over the hand. In the

mole’s star, unlike in the primate’s hand, lamellated cor-

puscles are more densely distributed at the tips of the

appendages than at the base. The nonuniform distribu-

tion and high density of lamellated corpuscles could

be related to differences in how moles and humans use

their mechanosensory appendages to detect textures.

Humans do so by moving their hands across a surface,

and moles appear to perform this task by rapidly (up to

13 taps/second) probing surfaces (Catania and Remple,

2004). Finally, the measurements of variation in the star

can be compared with those from other species. Varia-

tion within a species is important to document because

such heterogeneity within a species is the raw material

from which natural selection works.

Within the somatosensory system in mammals, meas-

ures of variation within a species are limited but include

analyses of whisker distributions (Van der Loos et al.,

1984; Welker and Van der Loos, 1986; Muchlinski,

2010) and histological studies of primate hands (Kelly

et al., 2005). In other mammalian sensory systems,

interindividual variation has been documented in the

composition of the retina (Packer et al., 1989; Curcio

et al., 1990) and the morphology of the semicircular

canal (Welker et al., 2009; Billet et al., 2012). In non-

mammalian species, there is within-species variation in

the distribution of the neuromasts of the lateral line

system (Schmitz et al., 2008; Wark and Peichel, 2010),

electrosensory pit organs (Peach, 2003), and size and

distribution of facets of compound eyes (Spaethe and

Chittka, 2003).

Some studies have used high coefficients of variation

to suggest that a sensory system is under relaxed

selection. The logic for this is that sensory systems that

are vital for an animal’s survival should be constrained

by strong stabilizing selection, although less important

sensory systems are free to vary more. For example,

measurements of the morphology of the semicircular

canals in sloths have coefficients of variation near 15%,

which is larger than those of closely related species

(Billet et al., 2012). This suggests that vestibular sys-

tem of the ponderous sloth is under less intense stabi-

lizing selection than that of closely related species

(Billet et al., 2012). A similar interpretation of relaxed

selection was suggested for interindividual variation of

10–20% in the number of ampullary organs in some

sharks and rays (Peach, 2003). However, the even

greater degree of variation in the density of cones in

primate retinas (up to 46% interindividual variation in

cone density in the human fovea) has not, to our knowl-

edge, been given an evolutionary explanation (Curcio

et al., 1987, 1990; Packer et al., 1989; Song et al.,

2011). The inconsistency in interpretations is due par-

tially to a lack of information about what are normal

levels of within-species variation for different sensory

systems and also is due to the different focuses of the

studies. Here we show that the active sensory surface

of the star-nosed mole’s tactile star varies in surface

area by approximately 15% and in number or EOs per

star by approximately 5% among adults. A likely expla-

nation is that the somatosensory system is able to

accommodate this level of peripheral variation and still

produce a highly functioning sensory system; it seems

unlikely that the specialized tactile star is under mini-

mal selection pressure. In the future it might be inter-

esting to compare the level of variation found here with

that of other somatosensory surfaces.

CONCLUSIONS

Our results document the distribution of somatosen-

sory organs on a sensory epithelium with great preci-

sion. We find that the pattern of sensory organ density

varies along the star-nosed moles’ star appendages

similarly to the organization of somatosensory surfaces

and the distribution of specialized tactile organs of

other animals, most notably along the fingers of

humans. We calculate that the nerve endings in the

mole’s star are remarkably dense, peaking at approxi-

mately 7,180 nerve endings/mm2. In addition, we find

no direct evidence that the remarkable spatial resolu-

tion of the somatosensory fovea is related to the den-

sity of EOs, an intriguing finding for behaviorally

significant sensory surfaces.

Our finding that the 11th ray of the star-nosed mole

does not have a higher concentration of EOs, despite

meeting other important qualities of previous definitions

of a sensory fovea, is noteworthy. The 11th ray of the

star nosed mole is special for its role in high-resolution

touch, and in some ways it is like the pit in the center

of the primate retina. In other ways, as shown here in

the distribution of sensory organs, it is different. Our

results show that focusing on sensory organ density

alone is insufficient to assess the resolving power of a

Star Surface of the Star-Nosed Mole
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somatosensory epithelium. These results may be appli-

cable to other vertebrate skin surfaces.
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