system and can produce an early, tran-
sient depression in brain activity (17).
The use of amphetamine as an anti-
fatigue agent in sedentary situations
resembling that of the laboratory (for
example, sustained motor vehicle op-
eration) can produce a dangerous,
transient lethargy, particularly among
individuals characterized by CNV’s
having a slow rise time (type B in Fig.
2). That the paradoxical drowsiness
we observed was accompanied by de-
pressed brain activity and subjective
reports of a dysphoric mood indicates
that principles of psychopharmacology
based on amphetamine being solely a
centrally acting stimulant drug require
review.
JosepH J. TECCE
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p(—)-Lactic Acid and p(—)-Lactate Dehydrogenase

in Octopus Spermatozoa

Abstract. The spermatozoa of Octopus dofleini martini produce anaerobically
D(—)-lactic acid and possess a very active D(—)-lactate dehydrogenase. In this
respect, while resembling certain microorganisms, they differ strikingly from
mammalian spermatozoa which produce L(+)-lactic acid and contain v(+)-

lactate dehydrogenase.

The anaerobic survival and motility
of spermatozoa are both strictly de-
pendent on the availability of carbo-
hydrates that can undergo glycolysis.
Mammalian spermatozoa depend large-
ly on extracellular carbohydrate, chief-
ly fructose, provided by the male ac-
cessory secretions; the intracellular
glycogen content of mammalian sper-
matozoa is notoriously low and they
lack some of the enzymes necessary for
glycogenolysis (I). On the other hand,
in the spermatozoa of certain other
animals, particularly in some inverte-
brates, a different situation is encount-
ered. A notable example is provided by
the spermatozoa of the giant octopus
of the North Pacific, Octopus dofleini
martini. In this animal, the spermato-
zoa are characterized by the presence
of a large reserve of intracellular glyco-
gen, and in addition, they possess the
enzymes required for glycogenolysis,

including phosphorylase and phospho-
glucomutase (2).

The spermatozoa of O. dofleini mar-
tini are capable of long survival both
in vitro and in vivo. When suspended
in seawater and incubated anaerobical-
ly at 10°C, that is, at a temperature
close to that of the animal’s normal
habitat in the North Pacific, these
spermatozoa retain their motility for
several days. In the present study we
investigated the metabolism of sperm
suspensions incubated anaerobically in
vitro, and we have identified lactic acid
as a major metabolite, using the follow-
ing three chemical methods: (i) colori-
metric, by means of the hydroxydi-
phenyl reagent (3); (ii) iodometric, by
distilling the acetaldehyde formed by
oxidation with potassium permanganate
in the Lieb-Zacherl apparatus and by
determining the acetaldehyde bound to
sodium hydrogen sulfite by titration
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with iodine (4); and (iii) by gas-liquid
chromatographic separation of the
methyl derivatives of nonvolatile or-
ganic acids extracted with ether from
the incubation mixtures (5). When,
however, a further attempt was made
to strengthen the chemical evidence for
the identity of lactic acid by means of
an enzymatic method based on the use
of nicotinamide adenine dinucleotide
(NAD) and muscle L(+)-lactate de-
hydrogenase, a negative result was ob-
tained. This alerted us to the possibility
that the lactic acid produced by the
spermatozoa is not L(+)-lactic acid.

On the assumption that the lactic
acid formed by the octopus spermato-
zoa may be p(—)-lactic acid, we made
use of a preparation of D(—)-lactate
dehydrogenase from Lactobacillus leich-
mannii and were able to show that, in
fact, the lactic acid produced by these
spermatozoa was present in the D(—)
enantiomorphic form. The rate at which
the spermatozoa produced this lactic
acid varied, but on the average, at
10°C, about 1 mg of p(—)-lactic acid
was produced by 10° spermatozoa dur-
ing 48 hours of anaerobic incubation.

We have good reason to believe that
the formation of p(—)-lactic acid also
occurs under conditions in vivo. On
two occasions, after copulation had
been allowed to proceed to completion,
we dissected the mated females 24
hours later and recovered from their
oviducts the remnants of spermato-
phores together with a large dilute
mass of motile spermatozoa. In this
material we found in one instance 5
mg, and in the other 25 mg, of D(—)-
lactic acid per 100 ml; L(+)-lactic acid
was absent. In this particular type of
experiment in vivo, it still remains to
be established how much of the p(—)-
lactic acid is derived from semen and
how much is contributed by the female
reproductive tract.

Following the identification of p(—)-
lactic acid as a metabolite, we turned
our attention to the possibility that the
octopus spermatozoa may also contain
a D(—)-lactate dehydrogenase. We
have, therefore, examined the dehydro-
genase activity of aqueous, centrifuged
extracts made from homogenized sper-
matozoa, using an assay system com-
posed of either reduced nicotinamide
adenine dinucleotide (NADH) and py-
ruvic acid, or NAD in combination
with either L(+)-, p(—)-, or DL-lactic
acid. We were able to demonstrate that
the sperm extracts contain a highly ac-
tive o(—)-lactate dehydrogenase, name-
ly, about 50,000 enzyme units per 10°
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spermatozoa, and that they are capable
of both reducing pyruvic acid in the
presence of NADH as well as oxidizing
p(—)- and bpL-lactic acid, but not
L(+)-lactic acid, in the presence of
NAD. On electrophoretic examination,
most of the b(—)-lactate dehydrogen-
ase was found to migrate as a band in
a position quite distinct from the multi-
isozyme pattern of the L(+4) enzyme.

Oxamic acid (10—3M), a well-known
inhibitor of L(+)-lactate dehydrogen-
ase (6), had no effect on the p(—)-
lactate dehydrogenase of spermatozoa.
The pH optimum of the sperm enzyme,
examined in a system consisting of
D(—)-lactic acid and acetylpyridine-
NAD, was above 9, which is nearer to
the pH optimum of the p(—)-lactate
dehydrogenase from Lactobacillus (7)
than to that of the L(+)-lactate de-
hydrogenase prepared from beef heart
or skeletal muscle.

The following conclusions may be
drawn from the above observations.
The lactic acid produced anaerobically
by the spermatozoa of O. dofleini mar-
tini, is D(—)-lactic acid, as we have
been able to prove by using a combi-
nation of chemical and enzymatic as-
say methods for the purpose of identi-
fication and determination. We would
have missed this interesting fact had we
relied solely on the conventional L(-)-
lactate dehydrogenase assay method.
We have shown, moreover, that the
octopus spermatozoa possess a highly

active, stereospecific, NAD-dependent
D(—)-lactate dehydrogenase, which in
some properties resembles the D(—)-
lactate dehydrogenase of certain micro-
organisms, but clearly differs from the
L(+)-lactate dehydrogenase commonly
encountered in animal tissues and body
fluids.
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Probable Fijian Origin of Quartzose Temper Sands in
Prehistoric Pottery from Tonga and the Marquesas

Abstract. Quartzose temper sands included within fired clay bodies of certain
prehistoric potsherds from Tonga and the Marquesas have mineralogical compo-
sitions wholly different from those of indigenous sands that occur as temper in
other potsherds from the same sites but are indistinguishable from sands in
potsherds collected from the Rewa Delta of Viti Levu in Fiji.

Men who travel in boats leave no
footprints but may transport with them
geologically identifiable artifacts that
bear a record of their origins. This
fact is significant for reconstructing
the migration paths of early islanders
across the Pacific. We have traced un-
usual temper sands in prehistoric pot-
sherds from Tonga in western Poly-
nesia and from the Marquesas in
eastern Polynesia to an apparently
common source in Fiji (Fig. 1a).

Small islands in the western and
southern Pacific are virtual point
sources of sand (I). On each island,

sands available for collection as temper
for the manufacture of earthenware by
insular potters have restricted min-
eralogical compositions governed by
the limited range of rock types ex-
posed. The limited compositional range
prevails across a spectrum of textural
types including littoral beach deposits,
alluvial and colluvial sands, ash beds,
and diverse placers (2). The varied
tectonic settings of different archi-
pelagoes also allow classification of the
potential tempers from various island
groups into general categories within
which the character of indigenous
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