plex head and body movements in the
unrestrained cat and monkey. Only in re-
strained animals does the stimulation ef-
fect appear to be restricted to eye move-
ment (/0). Lesions in this area produce
gross deficits in posture and head move-
ments, as well as disturbing eye move-
ments (/7).

Eye and head movements are normal-
ly coordinated and therefore it should
not be surprising that eye movement re-
lations have been found in cells related
to head and other movements. Indeed,
as Bizziet al. (12) have pointed out, neck
muscles are activated prior to eye mus-
cles in coordinated movements. Neck
muscle activation can also be detected in
head-restrained animals. Most studies of
eye movement relations in PRF cells
have been performed in head-restrained
animals. Therefore, correlations be-
tween activity in head movement cells
and EOG in these preparations might
speciously suggest that these cells were
triggering eye movements. Conclusions
from studies that examine the relation-
ship of unit discharge to only one iso-
lated behavior must be cautiously inter-
preted and cannot confirm general con-
clusions about the cells’ functional role.

We have now examined a large portion
of the medial brainstem reticular forma-
tion in unrestrained, behaving cats in a
variety of behavioral situations and find
cells related to specific movements
throughout this area. The correlations
between PRF activity and habituation
and conditioning processes (/3), pain
and escape behavior (/4), treadmill step-
ping (/5), REM sleep (3, 6, 16), and eye
movements can be viewed as a con-
sequence of the involvement of these
movements in a variety of behaviors.

JEROME M. SIEGEL

DENNIs J. McGINTY
Neurophysiology Research, Veterans
Administration Hospital, Sepulveda,
California 91343, and Brain Research
Institute and Department of Psychology,
University of California,
Los Angeles 90024
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Nautiloid Uroliths Composed of Phosphatic Hydrogel

Although it has been known for more
than a century that nautiloid uroliths are
composed chemically of phosphate of
calcium with lesser amounts of magne-
sium. the true nature of this inorganic
bioprecipitate was not known (/). We
have investigated by x-ray diffraction the
characteristics of these concrements.
have related the nature of this inorganic
substance to a theory governing the crys-
tallization of phosphatic hydrogels. and
have suggested a possible relation be-
tween these uroliths and ‘‘conodont
pearls’’ described by Glenister et al. (2).

It was surmised that the uroliths might
be francolite (carbonate fluorapatite) in-
asmuch as this is the crystallochemical
nature of marine phosphorites (3) and the
shells of inarticulate brachiopods ¢, 5).
However. no interference maxima were
observed in an attempt to obtain a pow-
der-diffraction pattern by x-rays (6).
Furthermore, the chemical composition
was found to be inconsistent with that
of francolite, the carbon dioxide and
fluorine being too low (7).

Fig. 1. Scanning electron photomicrographs
of Nautilus concrements. Specimens A and
B are from N. macromphalus from New Cale-
donia; specimen C is from N. pompilius from
Fiji.
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A similar amorphous. calcium-phos-
phate hydrogel was reported as a com-
ponent of gizzard plates of a gastropod
(Scaphander lignarius). but this was
complicated by the presence of another
crystalline phase (fluorite). and the water
content was not determined (8). Low-
enstam (5) subsequently found the giz-
zard plates of another species (S. inter-
ruptus) to produce no pattern prior to
heating. after which the pattern of
whitlockite was obtained.

Prior experience with phosphatic hy-
drogels had indicated that some of them.
at least, could be induced to crystallize
by heating them—thus reducing the wa-
ter content—and thereby bringing them
into consistency with a kinetic hypothe-
sis for crystallization which proposes
that an energy barrier exists that is di-
rectly dependent on the product of some
functions of the cationic and anionic
concentrations, but is inversely propor-
tional to some function of the hydrogen
concentration per volumetric unit (9).
This hypothesis, to be sure, contains no
clue concerning the crystal structure that
will form; we had supposed that it might
be dahllite.

When a small sample of pink spherules
from Nautilus pompilius was heated for
24 hours at 600°C. it lost 21 percent of its
weight and turned dark gray—presum-
ably through carbonization of organic
matter. The x-ray diffraction pattern of
this heated substance was then found to
be virtually identical with patterns of two
analyzed samples of whitlockite (/0).
This result is consistent with the relative-
ly high magnesium content of the nau-
tiloid spherules (/2).

Naturally  occurring.  amorphous,
phosphatic substances seem to be un-
known among fossilized materials. From
the sizes and shapes (Fig. 1). the small
nautiloid concrements described here
might have counterparts as ‘‘conodont
pearls’” (2) within older sedimentary for-
mations. Glenister et al. (2) were able to
show merely a stratigraphic association
with conodonts, aside from similarities
in chemical composition. Their sug-
gested relation to conodonts fails to ac-
count for the rarity or absence of
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‘“‘pearls’’ in some strata, such as those of
the Baltic Platform and of the Appala-
chians where some of the greatest con-
centrations of conodonts are found (12).

In contrast, leaching of magnesium
and crystallization of such spherules of
phosphatic hydrogel would be expected
to yield francolite within a marine envi-
ronment. Provided that such uroliths
were excreted by the cephalopods, it
would be unnecessary to assume that the
shells of cephalopods would be abundant
in the same strata.

Surely these tiny spherules (up to 0.1
mm) are adequately abundant in extant
Nautilus to appear as fossils in ancient
strata, although their crystallochemical
characteristics might have changed dur-
ing the fossilization process from a phos-
phatic hydrogel to a more stable form,
francolite.

DuncaN McCONNELL

PETER WARD

Department of Geology and Mineralogy,
Ohio State University, Columbus 43210
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McConnell and Ward (/) report that
sand-sized phosphatic concretionary
bodies, long known to be abundant in the
urinary tract of extant Nautilus, are con-
verted from an amorphous hydrogel to
the mineral whitlockite when heated to
600°C for 24 hours. They suggest a pos-
sible relationship between these nau-
tiloid uroliths and the phosphatic dim-
pled spheres, which, on the basis of min-
eralogy, ultrastructure, morphology, and
occurrence we interpreted as possible
conodont pearls (2).

Phosphate compounds are present in
every animal cell, and a wide variety of
invertebrates and vertebrates secrete
phosphatic structures for protection and
support. Additionally, many organisms
eliminate metabolic waste as laminated
phosphate [for example, (3)], and con-
centrically banded phosphatic con-
cretions are known to form in associa-
tion with degradation of organic tissue
[for example, )]. In view of this ubiqui-
tous occurrence of phosphate, the sug-
gestion, based mainly on chemical simi-
larity, that uroliths of Nautilus have
counterparts as ‘‘conodont pearls’ is
subject to critical evaluation.

A notable feature of ‘‘pearls’ is their
regular, smooth, spherical form in which
the dimpled base is replicated precisely
in successive growth stages. Nautilus
uroliths are comparable in size and con-
centric growth, but almost all are com-
pound, some as irregular clusters but
most as beaded rods (5, 6). Unlike the
“‘pearls,”” uroliths display an uneven
varicose surface and lack a regularly rep-
licated dimple.

McConnell and Ward note that
‘‘. . . amorphous, phosphatic substances
seem to be unknown among fossilized
materials,”” but speculate that nautiloid
uroliths may have been converted during
diagenesis from a phosphatic hydrogel to
a more stable form, francolite, the min-

eral species of both conodonts and
“pearls’ (2). When preserved unaltered,
conodonts and ‘‘pearls’’ are translucent
and honey-colored. Progressive and ir-
reversible color change from yellow to
black occurs with increasing depth and
duration of burial and geothermal gra-
dient (7) and reflects fixation of carbon.
Subjection of conodonts and ‘‘pearls’’ to
the experimental conditions reported
necessary to convert Nautilus uroliths
to whitlockite (/) renders them black
and opaque [figure 3 in (7)].

The rarity or absence of ‘‘pearls’ in
some strata containing abundant cono-
donts was noted by us and raised sub-
sequently (/) to question our suggestion
that these ‘‘pearls’” were secreted by the
conodont-bearing animal. But sporadic
occurrence characterizes the pearls and
shell blisters formed by diverse living in-
vertebrate groups. Uroliths may also be
expected to occur sporadically. How-
ever, neither ‘‘pearls’’ nor uroliths are
known from the Upper Carboniferous to
the Holocene, an interval when nau-
tiloids and other cephalopods were ex-
tremely abundant. This apparent hiatus
casts doubt on the abundance or pre-
servability (or both) of cephalopod uro-
liths.

In conclusion, we interpret differences
in morphology, mineralogy, and distribu-
tion between ‘‘pearls’’ and nautiloid
uroliths as evidence that they are unre-
lated biologically. Available data still
tend to support our suggestion that the
dimpled spheres described by us are
pearls secreted by the conodont-bearing
animal as a response to an organic or
particulate irritant.

BRIAN F. GLENISTER
GILBERT KLAPPER
KARL M. CHAUFF
Department of Geology,
University of lowa, lowa City 52242

References and Notes
1. D. McConnell and P. Ward, Science 199, 208
(1978).

. B. F. Glenister, G. Klapper, K. M. Chauff, ibid.

193, 571 (1976).

A. Martinsson, Geol.

Férhand. 86, 404 (1964).

. A. Eisenack, Palaeontol. Z. 38, 170 (1964).

. L. E. Griffin, Mem. U.S. Natl. Acad. Sci. No. 8

(1900).

. We thank Peter Ward for providing us with uro-
liths of Nautilus macromphalus, from New
Caledonia. The sample is composed mainly of
rods; spheres like those illustrated by McCon-
nell and Ward in their figure 1, specimen A (1)
are rare.

7. A. G. Epstein, J. B. Epstein, L. D. Harris, U.S.

Geol. Surv. Prof. Pap. 995 (1977)

31 October 1977

Foren.  Stockholm

209



