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A Re-examination of Otoconia from the Shaker Mouse
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Summary. We have studied saccular and utricular otoconia from Shaker-1
and Shaker-2 mice by X-ray diffraction and scanning electron microscopy. In
contrast to previous reports, we found that the crystals were composed of
calcite rather than polycrystalline hydroxylapatite. These crystals were indis-
tinguishable mineralogically and morphologically from normal mouse oto-
conia. The reported occurrence of hydroxylapatite otoconia in the Shaker
mouse is probably false.
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Introduction

In recent years there has been some controversy in the otological literature con-
cerning the identity of the inorganic component of otoconial crystals from the
Shaker mouse. Using scanning electron microscopy (SEM) and energy disper-
sive X-ray analysis (EDA), Chou et al. [8] have described what they consider to
be major compositional and morphological abnormalities in some Shaker
mouse otoconia. In particular, the presence of “multicrystalline hydroxyapa-
tite” was reported rather than the normal mineral calcite. Their conclusions
have more recently been questioned by Anniko and Wréblewski [1], who inves-
tigated the quantitative chemical compositions of Shaker and normal mouse
otoconia by EDA and were able to find only minor differences between them.
They then indicated that the crystals in question were probably ordinary calcite.

We have re-examined the question of abnormalities in Shaker mouse oto-
conia, and have focused on the crystallography of these structures. Our results
support the findings of Anniko and Wréblewski [1], and lead us to believe that
several of the conclusions put forth by Chou et al. [8] are in serious error.
Indeed, we believe that their report is not even supported by their own experi-
mental evidence. Moreover, certain of their statements concerning the crystal
chemistry of biogenic calcium phosphates require correction, as they are not in
accord with the known scientific evidence.
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Materials and Methods

Mice of both the Shaker-1 and Shaker-2 strains, obtained from the Jackson Laboratory (Bar
Harbor, Maine, USA), were allowed to grow until 8-9 months of age. They were then sacri-
ficed by decapitation. Auditory bullae were stained overnight in osmium tetroxide buffered
with sodium cadodylate, and a total of 10 saccular (4 Shaker-1 plus 6 Shaker-2) and 14 utric-
ular (6 Shaker-1 plus 8 Shaker-2) otoconial membranes were obtained by microdissection.
The membranes from two mice were mounted on graphite stubs, coated with carbon, and
examined in a JEOL JSM-U3 scanning electron microscope operated at 15 kV. Qualitative
chemical analyses were performed at 20 kV using a solid-state detector coupled to a Tracor
Northern Scientific multichannel analyzer. The mineral compositions of all specimens were
determined by powder X-ray diffraction, using a 114.6 mm diameter Debye-Scherrer camera,
CuKo radiation, and 18- to 48-h exposure times. The longer times were used for specimens
having smaller volumes. In addition, the crystallographic unit cell parameters for the crystals
from a Shaker-1 saccule and utricle and a Shaker-2 saccule and utricle were determined from
the X-ray data, using the method of least-squares refinement as well as pure silicon (a =
5.43088 A) from the United States National Bureau of Standards as an internal standard.

Results

Morphologically, the crystals in our specimens had the appearance of normal
mouse otoconia. Some of these were of the disorganized, multifaceted type
although this finding is not uncommon in normal animals [17]. All of our speci-
mens gave X-ray patterns consisting of the usual diffraction lines of calcite
(CaCO0;), which is the only crystalline component of normal mammalian oto-
conia. In addition, some patterns showed two very weak lines at 2.41 and 2.58 A
due to an unidentified trace constituent or contaminant. The qualitative EDA
spectra showed major calcium plus traces of magnesium, phosphorus, and sul-
fur, all of which are normal for mouse otoconia [1]. The latter two elements can
reasonably be ascribed to the organic matrix of the crystals, leaving Mg** as the
only detectible ion substituting for Ca** in the crystal structure of the otoconial
calcite. The inorganic component of the otoconia is therefore of rather high
chemical purity.

A quantitative composition for Shaker mouse otoconia can be derived from
their crystallographic unit cell parameters (Table 1) and the qualitative data
presented above. The former average to a = 4.981 and ¢ = 17.015 A compared
to @ = 4.9900 and ¢ = 17.002 A for pure synthetic calcite at 27°C [6]. Since the

Table 1. Refined crystallographic

Saccule Utricle unit cell parameters of calcite in
Shaker-1 a= 4981 (1)  a= 4980 (2)  Shaker mouse otoconia®

¢ =17.033 (6) ¢ =16.988 (9)
Shaker-2 a= 4980 (2) a= 4.981 (2)

c=17.015 (9)  c¢=17.023 (9)
Pure calcite a= 4.9900(2) c=17.002 (2)

2 Values in Angstrém units. Numbers in parentheses
are the standard deviations X 1000 (X 10,000 for a of
pure calcite)
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cell parameters of biogenic calcite are a known function of its magnesium
content [2], these values can be used to estimate the amount of magnesium in
Shaker mouse otoconia at approximately 3 mol% MgCOj;. This corresponds to
the formula (Cag 7Mgg ¢3)CO;. Many other divalent cations (e.g., Fe?*, Mn?*,
and Ni**) commonly substitute for Ca** in the calcite structure. However, none
of these was detectable in our specimens.

Discussion

The following statement concerning the nature of Shaker mouse otoconia ap-
pears in Chou et al. [8]: “The morphology of the crystals containing phosphate
and calcium is consistent with their being multicrystalline hydroxyapatite.”
(The standard mineralogical name for this compound is hydroxylapatite.)
Neither our study nor that of Anniko and Wréblewski [1] revealed any trace of
this mineral in the animals studied. In fact, if one compares the SEM micro-
graphs published by Chou et al. [8] for Shaker mouse otoconia (their Figs.4 and
7) and normal mouse otoconia (their Figs.3, 5, and 6), there is really nothing in
them to distinguish the crystals from the two groups of animals. None of the
otoconia shown bears any resemblance to normal or pathological hydroxylapa-
tite deposits in mammalian tissues. In general, crystals of biogenic apatite are
tabular in habit and much less than 1 um in size [9]. Such crystallites do, in fact,
often form polycrystalline aggregates, but these “spherulites” do not resemble
mammalian otoconia when they occur in the inner ear {12, 19] or in biological
tissues generally [16].

The phosphorus content which Chou et al. [8] found in some of their crystals
and which they adduce as evidence for the presence of hydroxylapatite can
more reasonably be attributed to the organic matter {or matrix) located within
the otoconia, overlying the otoconia, and in the gelatinous part of the otoconial
membrane [11, 13, 18, 20]. It should also be noted that Chou et al. [8] found
high phosphorus concentrations in some of their normal mouse otoconia. Using
their assumptions about the mineralogical role of phosphate, one would also
have to conclude that these normal crystals are hydroxylapatite.

In summary, there is nothing in the evidence produced by any of the three
published investigations of Shaker mouse otoconia to show that the latter are
anything but normal calcite. There is no need to invoke the presence of hy-
droxylapatite to explain their phosphate content. Even if Chou et al. [8] should
be correct in inferring the presence of a crystalline calcium phosphate, at least
six such compounds are found in mammalian tissues. Some of these compounds
closely resemble hydroxylapatite [9, 21]. It is not clear to us how Chou and his
coworkers chose among the several possibilities.

In addition to the report of hydroxylapatite in Chou’s paper, certain of their
other statements concerning the crystal chemistry of biogenic calcium phos-
phates require comment. On page 240, it is asserted that “Very careful studies
have shown that it is not possible to have carbonate apatite crystals or mixed
crystals of carbonate and apatite.” The first part of this statement is contradict-
ed by a large body of scientific evidence that has accumulated over the last
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30 years. A perusal of the literature on the subject reveals substantial agree-
ment that CO3~ substitutes for OH™ and probably for PO3™ in the crystal struc-
ture of apatite [3, 7, 9, 15, 21]. The evidence for a CO3~ =2 OH™ substitution
in hydroxylapatite (Cao(PO4)s(OH),) is especially cogent. In fact, a fully carbo-
nate-substituted apatite of this type, Ca;o(PO4)¢CO;, has been synthesized by
Elliot et al. [10]. The second part of Chou’s statement is meaningless, since
there cannot be “mixed crystals” between an ion (carbonate) and a compound
(hydroxylapatite) as the term is generally understood.

We must also question the meaning of the phrase “a complex of hydroxy-
lapatite and otoconial phosphate” found on page 242 of Chou’s paper. It makes
sense only if the word “octacalcium” is substituted for “otoconial”. Hydroxy-
lapatite and and octacalcium phosphate (CagH,(PO,)s-5H,0) are closely relat-
ed chemically and crystallographically. It is true that they form interlayered
mixtures on a submicroscopic scale [4], but such mixtures are not properly cal-
led complexes.

Lastly, it is stated on page 241 of Chou’s paper that “. .. the observed crystal-
line forms of otoconia are consistent with the substrates in the utricle and sac-
cule being sulfated mucopolysaccharides (Little 1973).” While the gelatinous
parts of the saccular and utricular otoconial membranes are undoubtedly com-
posed of these substances, neither Little [14] nor Chou et al. [8] have shown
that this determines either the chemical composition or morphology of the oto-
conia. In fact, certain synthetic and natural (geologically formed) calcites clo-
sely mimic mammalian otoconia in form [5, 18]. It can safely be said that muco-
polysaccharide substrates were in no way involved in the formation of these
nonbiogenic crystals.
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