Sato and R. Ross, Eds. (Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y., 1979),
p. 199; J. F. Perdue, W. Lubenskyi, E. Kivity,
J. W. Fenton 11, in Plasma and Cellular Modu-
latory Proteins, D. M. Bing and R. A. Rosen-
baum, Eds. (Center for Blood Research, Bos-
ton, 1981), p. 109.

6. Normal human plasma contains sufficient con-
centrations of prothrombin to generate about
150 NIH clotting units of a-thrombin per millili-
ter. With an assumed specific activity of ~ 3
clotting urits of enzyme per microgram, this
corresponds to ~ 1.4 wM a-thrombin, but maxi-
mal concentrations of < 10 percent of this value
are ever achieved in the clotting of whole blood.
[D. L. Aronson, L. Stevan, A. P. Ball, B. R.
Franza, Jr., J. S. Finlayson, J. Clin. Invest. 60,
1410 (1977); J. W. Fenton II et al. (14)].

7. R. Bar-Shavit, A. Kahn, J. W. Fenton II, G. D.
Wilner, J. Cell Biol. 96, 282 (1983).

8. R. M. Senior, G. L. Griffin, R. P. Mecham, J.
Clin. Invest. 66, 859 (1980).

9. A. Boyum, J. Lab. Clin. Invest. 21 (Suppl. 976),
77 (1968).

10. E. Schiffman, B. A. Corcoran, S. M. Wahl,
Proc. Natl. Acad. Sci. U.S.A. 72, 1059 (1975).

11. Abbreviations used are: AT III, antithrom-
bin III; p-Phe-Pro-Arg-CH,Cl p-phenylalanyl-L-
prolyl-L-arginine chloromethyl ketone; fMet-
Leu-Phe, N-formyl-L-methionyl-L-leucyl-L-phen-
ylalanine; iPr,P-F, diisopropylphosphorofluo-
ridate; mCP(PBA)-F, m-[O-(2-chloro-5-fluo-
rosulfonylphenylureido) phenoxybutoxy] benza -
midine;  MeSO,-F, ° methylsulfonylfluoride;
NO,~, nitro-; NPGB, p-nitrophenyl-p’-guarni-
dinobenzoate; Tos-Lys-CH,Cl, N*-tosyl-L-ly-
sine chloromethyl ketone; SDS, sodium dodocyl
sulfate. -

12. B. H. Landis and J. W. Fenton II, unpublished
data.

13. J. W. Fenton Il et al., in The Chemistry and
Physiology of Human Plasma Proteins, D. H.

Bing, Ed. (Pergamon, New York, 1979), p. 151.

14, J. W. Fenton 1I, M. J. Fasco, A. B. Stackrow,
P. L. Aronson, A. M. Young, J. S. Finlayson, J.
Biol. Chem. 252, 3587 (1977).

15. J. W. Fenton II, B. H. Landis, D. A. Walz, J. S.
Finlayson, in Chemistry and Biology of Throm-
bin, R. L. Lundblad, J. W. Fenton II, K. G.
Mann, Eds. (Ann Arbor Science, Ann Arbor,
Mich., 1977), p. 43.

16. J. F. Perdue, W. Lubenskyi, E. Kivity, R. A.
Sonder, J. W. Fenton II, J. Biol. Chem. 256,
2767 (1981).

17. D. H. Bing, M. Cory, J. W. Fenton 11, J. Biol.
Chem. 252, 8027 (1977).

18. G. Glover and E. Shaw, ibid. 246, 4594 (1971).

19. G. Kettner and F. Shaw, in Chemistry and
Biology of Thrombin, R. L. Lundblad, J. W.
Fenton II, K. G. Mann, Eds. (Ann Arbor Sci-
ence, Ann Arbor, Mich., 1977), p. 129.

20. B. Nordenman, C. Nystrom, 1. Bjork, Eur. J.
Biochem. 78, 195 (1977).

21. The technical assistance of D. Sonder and S. A.
Sonder in preparing the thrombins and of C.
Kamon in preparing this manuscript is gratefully
acknowledged. The following reagents were
gifts: D-Phe-Pro-Arg-CH,Cl from E. Shaw
(Brookhaven National Laboratory, Upton,
N.Y.); mCP(PBA)-F from D. H. Bing (Center
for Blood Research, Boston, Mass.); human AT
III from C. M. Jackson (Washington University,
St. Louis, Mo.); and highly purified hirudin from
F. Markwardt (Medical Academf/ of Erfurt,
Erfurt, German Democratic Republic). Support-
ed by USPHS SCOR grant HL-14147 and grant
HL-13160 from the National Heart, Lung, and
Blood Institute, grant DE-04629 from the Na-
tional Institute of Dental Research, and the
Mallincrodt-Washington University hybridoma
contract.

* To whom correspondence should be addressed.

29 July 1982; revised 24 September 1982

A Direct and Active Influence of Gravity on the

Behavior of a Marine Invertebrate Larva

Abstract. Larvae of the bryozoans Bugula neritina and Bugula stolonifera exhibit
an apparent negative geotaxis under conditions of darkness and constant tempera-
ture. This behavior cannot be accounted for by buoyancy since the larvae are
negatively bouyant, nor is it a consequence of gradients in the partial pressures of
dissolved gases since the response occurs under conditions where the gradient is
reversed or when experiments are conducted in chambers with interfaces of only
glass and water. Pressure bomb experiments indicate that the behavior is not a
barokinesis. Centrifuge experiments, however, showed that larvae of Bugula stoloni-
fera orient directly and actively to gravity, while those of Bugula neritina have some
other measure of geographic up. Since bryozoan larvae lack statocysts, the sensory
apparatus mediating the gravity response in Bugula stolonifera is still unknown.

The vertical distributions of plankton-
ic organisms and the settlement patterns
of larvae of benthic organisms are deter-
mined by various biological and physical
environmental cues. Responses to the
perception of geographic up and down,
generally referred to as geotaxes (/), are
commonly reported behaviors among
planktonic marine invertebrate larvae.
The larvae of some marine invertebrates
possess either statocysts or statocytes
that are thought to function in the detec-
tion of gravity (2). An apparent geotaxis
has been observed both in larvae that are
known to have gravity receptors and
those that do not, but there is no evi-
dence that the movement is accom-
plished through an active, direct re-
sponse to gravity (3). Bryozoan larvae
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lack statocysts (4), yet some exhibit an
apparent negative geotaxis prior to set-
tlement (5). Explanations that may ac-
count for this behavior include (i) orien-
tation to the geomagnetic field; (ii) re-
sponse to a partial pressure gradient of
dissolved gases; (iii) positive buoyancy,
a passive direct effect of gravity; (iv)
high barokinesis, an active indirect effect
of gravity; and (v) orientation to a gravi-
tational force, an active direct response
to gravity. Two or more of these alterna-
tives acting in concert may account for
an observed geotactic behavior. We re-
port that the negative geotaxis of larvae
of the bryozoan Bugula stolonifera is an
active, direct, true gravity response. Al-
though the mechanism of gravity recep-
tion is not known, neither positive buoy-

ancy nor high barokinesis can account
for the response.

Under laboratory conditions, an ap-
parent negative geotaxis occurs in larvae
of the cellularioid cheilostome bryozo-
ans Bugula neritina and B. stolonifera.
We analyzed responses of larvae of both
species to four environmental cues that
might explain this behavior (6).

We did not test for the influence of
magnetic fields. It seems unlikely that
species such as B. neritina and B. stolo-
nifera, with wide latitudinal distribu-
tions, including in the case of B. neritina
a distribution that spans the magnetic
equator, could effectively use geomag-
netic cues to control vertical distribution
unless different populations orient at rad-
ically different angles to the field.

Orientation along a gradient in partial
pressures of gases dissolved in the sea-
water was discounted on the basis of
qualitative observations. First, free-
swimming larvae of B. neritina (7) and B.
stolonifera distributed themselves near
the top of a vessel kept in darkness, even
when it was sealed in such a way that
gases could only enter from the bottom.
Second, larvae of both species settled
near the top of a vertical column of water
that was kept in darkness, at constant
temperature, and sealed to present an
equivalent glass-water interface at both
ends of the chamber.

The observed distribution of Bugula
larvae might result from the larvae being
positively buoyant. Buoyancy is known
to be a contributing factor in determining

‘the vertical orientation and distribution

of certain aquatic organisms (8). Howev-
er, Biigula larvae were found to be nega-
tively buoyant when swimming was ar-
rested by lowering the temperature or by
adding 1 percent Formalin or 1 percent
sodium azide to the seawater.

To test for a barokinetic response of
Bugula larvae, we used a pressure bomb
in conjunction with a photocell counting
device. The experimental device consist-
ed of a rectangular Plexiglas chamber
(inside dimensions, 5 by 3 by 3 cm)
connected at the inflow to a filtered
compressed air supply and at the outflow
to a reservoir of distilled water at the
base of a 1-m graduated column. The
four vertical faces of the chamber were
blackened except for a pinhole aperture
1 cm from the floor at the center of each
of the two ends through which passed a
beam from a fiber-optic light source.
Opposite the light was a silicon photo-
transistor (Radio Shack 276-130) whose
current output through a resistor was
measured by a single-channel penwriter.
Each time a larva crossed the light beam,
the penwriter recorded a potential drop
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associated with interruption of the pho-
tocurrent. Because Bugula larvae rarely
are observed to swim in a straight path in
a predictable direction for any apprecia-
ble length of time, it was not feasible to
measure swimming rates of individual
larvae directly.

Larvae were gently transferred with a
wide-mouth pipette from the tubs to the
pressure chamber, which was adjusted
to a volume of approximately 25 ml and
élamped shut. Swimming activity was
measured at pressures of 0 cm and 100
cm H,0 (73.6 torr) for 5 minutes during
each experiment. At the end of each
experiment larvae were counted. Aver-
age number of photocell counts per lar-
vae per minute were compared between
the two treatments with a single-classifi-
cation analysis of variance. Swimming
activity, as measured by frequency of
photocurrent interruption, was not sig-

Table 1. Swimming activities of larvae under
amibient (0 cm H,0) and elevated (100 cm
H,0) levels of pressure. Activity was mea-
sured as the mean number of photocurrent
interruptions per larva per minute (ilm); ilm,
ilm averaged over total number of trials.

Activity (ilm)

. Larvae
Trial Ocm 100 cm N)
H,0 H,0
Bugula neritina
1 0.59 0.52 28
2 0.52 0.53 29
3 0.84 0.84 48
4 0.85 0.71 63
S 0.47 0.38 42
6 0.45 0.38 89
7 0.57 0.56 70
8 0.49 0.37 41
ilm’ 0.598 0.536
Bugula stolonifera
1 0.42 0.40 71
2 0.19 0.19 32
3 0.81 0.82 17
4 0.38 0.57 24
S 0.14 0.22 156
6 0.31 0.22 44
ilm 0.375 0.403
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Fig. 1. Schematic illustration

of the setup used in centrifuge
40 experiments to test for an ac-
4P revimin  tive and direct effect of gravity
on larval settlement.

nificantly different (P > .10) between
ambient and elevated (100 cm H,0) pres-
sure conditions (Table 1).

To evaluate the effect of displacing the
apparent gravity vector away from its
natural position perpendicular to the
earth’s surface, Bugula larvae were in-
duced to settle on wooden substrata in-
side 1000-ml Pyrex beakers swung on a
low-speed centrifuge (Fig. 1). The centri-
fuge was designed to swing the buckets
out at an angle of 45° from the vertical,
producing a resultant gravitational plus
centrifugal force (apparent gravitational
force) of 1.4¢ at the center of mass of
each bucket. The radius (center of mass
to centrifuge axle) was 61 cm at equilibri-
um speed (40 rev/min, provided by a
Bodine 652 electric gearmotor). Pieces of
basswood (10 by 10 cm) were used as the
substrate. They were autoclaved and
then incubated in aerated seawater from
the same locality as the experimental
colonies. After this treatment, which
promoted growth of a microbial film that
enhances larval settlement, a square was
fixed inside each bucket in the plane
defined by the moment arm and axle of
the centrifuge; larvae were dipped with a
small beaker from the tubs containing
parent colonies, concentrated in-larger
beakers, and introduced to the buckets
in darkness. The centrifuge was set in
motion and left in darkness for 6 hours.
The buckets were then removed from the
centrifuge and rinsed with three changes
of fresh seawater to wash away swim-
ming and crawling larvae.

Settled larvae were allowed to develop
either 1 (B. neritina) or 2 (B. stolonifera)
days to facilitate counting. Ancestrulae
on the inner and outer (with respect to
the centrifuge axle) rectangular halves of
the squares were counted and tested
against a 50-50 distribution with a repli-
cated goodness-of-fit G test. It was ex-
pected that if negative geotaxis depend-
ed on gravity, or a function of gravity,
equal numbers of larvae would settle on

the inside and outside halves. If there
existed some independent measure of
geographic up, larvae would settle pref-
erentially on the outside half, which con-
tains the uppermost part of the substra-
tum when the buckets are pivoted out at
speed.

Larvae of B. neritina settled predomi-
nantly on the outside half of each square
(Table 2), and over 90 percent of the
larvae settled within 2 cm of the top edge
of each square. These findings indicate
that B. neritina larvae do not reorient in
the presence of a modified gravity vector
and, theréfore, have some measure of
geographic up other than gravity. In the
case of B. stolonifera, however, the
numbers of larvae that settled on inside
and outside halves of the squares did not
differ significantly in five out of six repli-
cate trials (Table 2), and over 72 percent
settled within the top halves. These re-
sults support the hypothesis that B. sto-
lonifera larvae orient by an active direct
response to gravity.

Our studies on the mechanisms that
underly the apparent negative geotaxes
displayed by two species of Bugula lar-
vae permit two conclusions. In the case
of B. stolonifera, larval settlement pat-
terns can be redistributed from geo-
graphic up to become oriented with re-
spect to an artificial gravitational force,
but larvae do not respond indirectly to
gravity by varying swimming rate with
hydrostatic pressure. This true gravity
response occurs in larvae without a
known receptor for gravity detection. In
the case of B. neritina, larval settlement
patterns cannot be explained by buoyan-
cy, barokinesis, or an active direct gravi-
ty response. The mechanism of the ap-
parent geotaxis exhibited by B. neritina
larvae is not known.

In summary, our findings indicate that

Table 2. Settlement frequencies of larvae on
inside and outside halves of wood squares in
the gravity experiment. Statistical signifi-
cance of difference between observed and
equal distributions on inside and outside
halves was tested by a G test.

Larvae (V)
Trial P
Inside Outside

Bugula neritina

1 12 312 << .005
2 274 621 << .005
3 123 592 << .005
Bugula stolonifera
1 197 192 > .5
2 232 276 > .1
3 1118 1076 > .5
4 698 913 < .005
5 221 208 > .5
6 360 375 > .5
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gravity has an active and direct role in
influencing larval biology in at least B.
stolonifera, but that fundamental differ-
ences in responses to environmental
cues exist between it and its congener B.
neritina.
ANTHONY PIRES*

ROBERT M. WooOLLACOTT
Museum of Comparative Zoology,
Harvard University, Cambridge,
Massachusetts 02138

References and Notes

1. Although geotaxis in a restricted sense means an
active oriented response to gravity, the term is
sometimes used to describe any light-indepen-
dent vertical movement in the water column,
including responses to environmental cues such
as temperature gradients or geomagnetic fields.
For convenience we shall adopt the broader
definition of geotaxis and use ‘‘gravity re-
sponse’’ to signify geotaxis in the restricted
sense. Thus, barokinesis, or modulation of
swimming rate by changes in hydrostatic pres-
sure, coupled with an active or passive vertical
orientation is considered an apparent geotaxis
although it is mediated only indirectly by gravi-
ty.

2. Ctenphore cydippids [A. Agassiz, Am. Acad.
Arts Sci. Mem. 10, 357 (1874)]; veligers of
gastropods [F.-S. Chia, R. Koss, L. R. Bickell,
Cell Tissue Res. 214, 67 (1981)]; pediveligers of
bivalves [S. M. Cragg and J. A. Nott, J. Exp.
Mar. Biol. Ecol. 27, 23 (1977)]; decapod mega-
lops {C. W. Prentiss, Bull. Mus. Comp. Zool.
Harv. Univ. 36, 167 (1901)]; larvae of inarticu-
late brachiopods [S. Chaung, Am. Zool. 17, 39
(1977)}; and tadpoles of ascidians [R. M. Eakin
and A. Kuda, Z. Zellforsch. Mikrosk. Anat. 112,
287 (1971)].

3. Swimming of bivalve veligers or pediveligers [B.
L. Bayne, Nature (London) 198, 406 (1963); S.
M. Cragg, J. Mar. Biol. Assoc. U.K. 60, 551

(1980); ___and L. L. D. Gruffydd, in Pro-
ceedings of the Ninth European Marine Biology
Symposium, H. Barnes, Ed. (Univ. of Aberdeen
Press, Aberdeen, 1975), pp. 43-57]; crab larvae
[A. C. Hardy and R. Brainbridge, Nature (Lon-
don) 167, 354 (1951); D. Wheeler and C. E.
Epifanio, Mar. Biol. 46, 167 (1978); S. D. Sulkin,
J. Exp. Mar. Biol. Ecol. 13, 73 (1973)]; ascidian
tadpoles [D. J. Crisp and A. F. A. A. Ghobashy,
in Proceedings of the Fourth European Marine
Biology Symposium, D. J. Crisp, Ed. (Cam-
bridge Univ. Press, Cambridge, 1971), pp. 443~
465].
4. R. L. Zimmer and R. M. Woollacott, in Biology
of Bryozoans, R. M. Woollacott and R. L.
Zimmer, Eds. (Academic Press, New York,
1977), p. 57.

. See J. S. Ryland, in ibid., p. 411.

. Colonies of B. neritina were collected in the
vicinity of Los Angeles, Calif., in April 1982 and
shipped to the Museum of Comparative Zoology
where they were maintained at 12°C in tubs of
aerated seawater from off Nahant, Mass. Colo-
nies of B. stolonifera were collected from
Woods Hole and Onset, Mass., in August 1982
and maintained at 20°C in tubs of aerated seawa-
ter from the collection sites. Larvae were ob-
tained by illuminating the colonies with a 500 W
photolamp; colonies were kept in darkness at all
other times. Experiments on B. neritina larvae
were conducted at 12°C in the seawater from off
Nahant and those on B. stolonifera larvae were
conducted at 20°C in water from the collection
sites.

7. W. F. Lynch, Biol. Bull. (Woods Hole, Mass.)
92, 115 (1947).

. K. Banse, Prog. Oceanogr. 2, 53 (1964).

. We are grateful to C. B. Calloway and E. Arbas
for helpful discussions about experimental de-
sign and to L. Brooks for advice on appropriate
statistical tests. C. Phillips prepared Fig. 1. K. J.
Carle, B. K. Holldobler, J. J. McCarthy, and N.
A. Welschmeyer provided important criticisms
of the manuscript. Supported by ONR contract
N00014-78-C-0064 with Harvard University.
Present address: Section of Neurobiology and
Behsavior, Cornell University, Ithaca, N.Y.
14853.

aw

\O 00

7 September 1982; revised 11 November 1982

Social Stress and Atherosclerosis in

Normocholesterolemic Monkeys

Abstract. Socially stressed adult male cynomolgus monkeys (Macaca fascicularis)
fed a low fat, low cholesterol diet developed more extensive coronary artery
atherosclerosis than unstressed controls. Groups did not differ in serum lipids, blood
pressure, serum glucose, or ponderosity. These results suggest that psychosocial
factors may influence atherogenesis in the absence of elevated serum lipids.
Psychosocial factors thus may help explain the presence of coronary artery disease
(occasionally severe) in people with low or normal serum lipids and normal values for

the other “‘traditional’’ risk factors.

The initiation and progression of coro-
nary artery atherosclerosis is often asso-
ciated with increased concentrations of
lipids in the serum (/). Despite this asso-
ciation, many individuals develop severe
atherosclerotic lesions while having low
serum lipid concentrations, and others
develop far more atherosclerosis than
would be expected on the basis of a
modest elevation of serum lipids (2).
Work with animal models suggests that
some of this variability may be explained
by the influence of hypertension and
immunologic injury to arteries (3, 4).
Yet, much additional variability in ath-
erosclerosis lesion extent remains unex-
plained, suggesting the existence of oth-
er pathogenetic mechanisms among nor-
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mocholesterolemic individuals. In recent
years, psychosocial variables have been
linked increasingly to ischemic heart dis-
ease in human beings (5) and psychoso-
cial manipulations have been shown to
exacerbate atherosclerosis in cholester-
ol-fed cynomolgus monkeys, rabbits,
and swine (6-8). At present, though, it is
unclear whether psychosocial manipula-
tions are capable of promoting athero-
genesis in normocholesterolemic animals
and, by implication, in human beings
with low or normal serum cholesterol
concentrations. The purpose of the pres-
ent investigation was to provide an initial
test of this hypothesis. Our results dem-
onstrate that socially stressed monkeys
fed a low fat, low cholesterol diet devel-

oped more extensive intimal lesions in
the coronary arteries than control ani-
mals living under unstressed conditions.
Moreover, the differences in lesion ex-
tent observed here were not associated
with elevations or group differences in
serum lipids, blood pressure, serum glu-
cose, or ponderosity.

The experimental animals were 30 .
male, cynomolgus monkeys (Macaca
fascicularis), imported as adults from
Malaysia and the Philippine Islands.
They were assigned to two experimental
conditions (designated the ‘‘stressed’
and ‘‘unstressed’’ conditions), and with-
in each condition (N = 15), the monkeys
were divided randomly into three, five-
member groups. During the study, all
groups were housed separately in identi-
cal pens measuring 2.0 by 3.2 by 2.5 m.
The experiment lasted 21 months, after
which all animals were killed and nec-
ropsied.

Throughout the study the monkeys
were fed a ‘‘prudent’’ diet, modeled on
the current recommendations of the
American Heart Association; this diet
contained almost no cholesterol (0.05 mg
of cholesterol per calorie) and was low in
saturated fats (9). Blood samples for
determination of total serum cholesterol
and high-density lipoprotein cholesterol
(HDLC) concentrations were taken ap-
proximately once per month over the
course of the study. Other physiologic
variables associated with atherosclerosis
were measured at regular intervals; these
variables included systolic and diastolic
blood pressure (bimonthly), fasting se-
rum glucose concentration (semiannual-
ly) and ponderosity (the ratio of body
weight to body length) (semiannually).
All monkeys were sampled in the morn-
ing, under ketamine restraint and follow-
ing a suitable fast (/0).

To create a significantly stressful so-
cial environment, we periodically altered
group memberships in the stressed con-
dition by redistributing animals among
the three affected groups. The monkeys
were redistributed once every 12 weeks
in the first year of the study and once
every 4 weeks in the following 9 months.
Unlike the stressed animals, group mem-
berships among monkeys assigned to the
unstressed, or control condition, re-
mained constant throughout the 21-
month experiment.

Reorganization of groups was selected
as a means of inducing stress in the
present study because previous reports
had indicated that introduction of strang-
ers fosters a high degree of social insta-
bility in macaques (/7). In an attempt to
further enhance competition and social
uncertainty, an ovariectomized female
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