ative excess of pyrimidines over purines
in the third position. The expected distri-
bution in that case does not, however,
match the observed distribution very
well (x3 =7.7, P < .01). Thus secon-
dary structure is unlikely to be the princi-
pal determinant of the observed bias.

One remaining possibility is that the
frequency of purines and pyrimidines in
the fourfold degenerate codons is neces-
sarily positively correlated to the fre-
quency of amino acids whose third co-
don position is necessarily a purine or py-
rimidine. This could presumably arise
through a kind of equilibrium between
those amino acids that must be coded by
third-position purines or pyrimidines and
those that are indifferent to the nature of
the third nucleotide. There are 235 py-
rimidine restricted codons in MS2 phage
and 169 purine restricted codons (the
numbers do not include tryptophan,
methionine, or isoleucine codons). Thus
0.582 of the restricted codons are pyrimi-
dine restricted, and 0.582 of 565 fourfold
degenerate codons is 328.7 codons—a
value not significantly different from, in-
deed it is remarkably close to, the 326 ac-
tually observed. One cannot, however,
prove a null hypothesis statistically. Fail-
ure to reject may simply mean that the
sample size was too small or the test too
ill-suited to discriminate among alterna-
tives. Moreover, there is no reason why,
if the basic concept is correct, all four nu-
cleotides individually ought not to dis-
play a similar distribution in the two
classes of codons, restricted and fourfold
degenerate. Since there is, among four-
fold degenerate codons ending in pyrimi-
dine, a 10 percent excess of U over C in
the third position (171 as compared to
155) these two nucleotides vary signifi-
cantly in frequency from that expected
on the basis of their frequency in the py-
rimidine restricted codons.

WALTER M. FITCH

Department of Physiological Chemistry,
University of Wisconsin, Madison 53706
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Bone Compressive Strength: The Influence of

Density and Strain Rate

Abstract. The compressive strength of bone is proportional to the square of the
apparent density and to the strain rate raised to the 0.06 power. This relationship is
applicable to trabecular and compact bone, and provides clinical guidelines for pre-
dicting bone strength on the basis of x-ray and densitometric examination.

A typical long bone is composed of
bone tissue in two forms of structural or-
ganization. Compact bone forms the cor-
tex of the central shaft (diaphysis) and
the thin outer wall of the flared end
(metaphysis). Trabecular bone is contin-
uous with the inner surface of the cortex
and exists as a three-dimensional lattice
of bony plates and columns (trabeculae).
The trabeculae divide the interior vol-
ume of the bone into intercommunicating
pores, which are filled with a variable
mixture of red and yellow marrow. The
characteristic dimensions of the pores
vary considerably throughout the bone
interior, resulting in a structure of vari-
able density (/).

The differences in morphology and me-
chanical behavior of compact and tra-
becular bone have prompted many re-
searchers to investigate these two bone
types as if they were different materials
(2). Recently, however, some workers
have attempted to view trabecular bone
as a porous structure comprised of bone
tissue with the same microscopic me-

" chanical properties as compact bone 3—
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8). The purpose of the study reported
here was to further explore the hypothe-
sis that all bone can be mechanically
viewed as a single material. We were al-
so interested in deriving a simple expres-
sion to describe the compressive
strength of all bone as a function of ap-
parent density and the applied strain
rate.

In order to determine the compressive
strength of trabecular bone spanning a
large density range, we examined both
human and bovine bone. In addition to
specimen density, the effect of strain rate
and the effect of marrow in situ were ex-
amined. Specimens of compact bone
were not tested since there are adequate
data on the mechanical properties of
compact bone in the literature. One hun-
dred cylindrical specimens of human tra-
becular bone and 24 specimens of bovine
trabecular bone were machined under
continuous irrigation. The specimens
were 5 mm thick and 10.3 mm in radius,
were removed from human tibial
plateaus and bovine femoral condyles,
and were oriented with their axes paral-
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Fig. 1. (A) Influence of strain rate on the ultimate strength of compact and trabecular bone
tested without marrow in situ. Data denoted by filled circles are from this study (+ S.E.), filled
squares are from (1), open mangles from (/2), and open circles from (/3). (B) Influence of
apparent density on the compressive strength of trabecular and compact bone. Data denoted by
filled and open circles are from this study, open triangles are from (/0), filled and open squares
from(11).
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lel to the long axis of the bone. After ma-
chining, the specimens were stored at
—20°C until testing (9). A random alloca-
tion scheme was used to divide the speci-
mens into 12 test groups. Half of the hu-
man specimens and all the bovine speci-
mens were tested after the marrow was
removed with an air jet and running wa-
ter. Specimens were tested in uniaxial
strain by confining them in a rigid cy-
lindrical cavity and compressing them by
more than 50 percent of the original
thickness in an electrohydraulic materi-
als testing machine (MTS Systems).
Porous compression platens with a nomi-
nal pore size of 165 um allowed for the
escape of marrow from the specimens.

After testing, the marrow was extract-
ed from the specimens tested with mar-
row in situ. All of the specimens were
then degreased with ethanol. After vacu-
um degassing, the specimens were
weighed while immersed in distilled wa-
ter to determine the submerged weight.
Specimens were then centrifuged at
8000g for 15 minutes to remove residual
water from the pores and weighed in air
to determine the wet weight. The volume
of bone tissue (excluding pores) was cal-
culated as the difference between wet
and submerged weight (/10). Specimen tis-
sue density was found by dividing wet
weight by bone tissue volume, and speci-
men apparent density by dividing wet
weight by initial specimen volume as
measured with a micrometer. Although
the apparent densities varied from 0.07
to 0.97 g/cm?, the tissue densities were
approximately equal to that of compact
bone (1.6 to 2.0 g/cm?).

Viscous flow of marrow out of the
pores led to strengthening of the bone on-
ly in the ten specimens tested with mar-
row at the highest loading rate (strain
rate € = 10 sec™'). When these speci-
mens were eliminated from consid-
eration, the loading rate effect on com-
pressive strength was found to be similar
to that previously reported for compact
bone (//-13). Figure 1A shows a linear
log-log relationship between ultimate
strength and strain rate for compact bone
as well as for the human trabecular bone
specimens of this investigation. The data
for the trabecular bone were adjusted to
the specimens’ mean apparent density of
0.31 g/cm? by using power curve fits for
the data at each strain rate. The data of
Fig. 1A are consistent with the hypothe-
sis that the slopes of both curves are
equal to 0.06. We suggest, therefore, that
the compressive strength of bone tissue
is approximately proportional to the
strain rate raised to the 0.06 power. This
power law relationship between bone
compressive strength and strain rate is

10 DECEMBER 1976

consistent with experimental results for
plastic foams. Hinckley and Yang (I4)
conducted compression tests of rigid
polyurethane foams of three different
densities over five decades of strain rate.
When their data are replotted on log-log
scales, a relationship analogous to that
shown by bone in Fig. 1A results.

The effect of specimen apparent den-
sity on compressive strength at a strain
rate of 0.01 sec™ is shown in Fig. 1B. In
addition to the results for the specimens
of this investigation, other data for tra-
becular (/0) and compact (/1) bone are
shown. On a log-log plot, all the data are
well described by a straight line with a
slope of 2.0. These results suggest that
the compressive strength of bone is pro-
portional to the square of the apparent
density. This power law relationship be-
tween compressive strength and appar-
ent density is also consistent with theo-
retical and experimental work on rigid
cellular plastics (15). The basic assump-
tion of the theoretical explanation for the
squared relationship is that the cellular
struts (trabeculae in the case of bone) fail
by buckling. Previous work on trabecu-
lar bone suggests that buckling is indeed
a major failure mode (8, 16-18).

The results of this investigation sug-
gest that the longitudinal compressive
strength of bone can be described by the

equation
2
S = S0 (Ji_) )
Pe

where § is the compressive strength
[meganewton (MN)/m?] of a bone speci-
men of apparent density p (g/cm?) tested
at a strain rate of € (sec™!) and S, is the
compressive strength (MN/m?) of com-
pact bone with a density of p, (g/cm?)
tested at a strain rate of 1.0 sec™!. Hu-
man compact bone tested at a strain rate
of 1.0 sec™ has a compressive strength
of 221 MN/m? (/1) and a density of ap-
proximately 1.8 g/cm? (/9). Using these
values, we simplify Eq. 1 to

S = 680052 2)

Equation 2 shows that compressive
strength is a strong function of the speci-
men apparent density and a weak func-
tion of the imposed strain rate. This ex-
pression is most useful in describing
strength changes when large density vari-
ations are present. A more rigorous anal-
ysis accounting for factors such as bone
ultrastructure, mineralization, trabecular
orientation, and disease state is needed
to more exactly describe the compres-
sive behavior of bone over a narrow
range of density.

The results of this investigation pro-
vide clinical guidelines for predicting

bone strength in patients with decreased
skeletal mass. Rarefaction of bone (os-
teoporosis) is present in many pathologi-
cal conditions and is a common finding in
bedridden or elderly patients. In all types
of osteoporosis, the earliest and most
striking change is in trabecular bone,
where the trabeculae become thin and
sparse (20). Later clinical features may
include compressed vertebral bodies,
chronic back pain, dorsal kyphosis
(hunched back), and general skeletal
pain. Gross pathological fractures includ-
ing fractures of the femoral neck are fur-
ther clinical complications (20, 21).

Recent advances in the development
of densitometric techniques have made it
possible to clinically monitor the distribu-
tion of bone density and the loss of skele-
tal mass (22-24). For example, photon
absorption densitometry studies have
shown that the ulnar bone densities in os-
teoporotic patients may be reduced to as
little as one-third of normal (25). The re-
sults of this investigation suggest that in
these patients the bone compressive
strength is reduced to one-ninth of nor-
mal. The observed increase in the in-
cidence of ulnar crush fractures in os-
teoporotic patients (25) is consistent with
this predicted reduction in strength.

In conclusion, our findings support the
hypothesis that all bone can be mechani-
cally viewed as a single material of vari-
able density. The results of this investiga-
tion also enable the clinician to make
meaningful predictions of bone strength
based on in vivo density measurements.

DENNIs R. CARTER
Department of Orthopaedics,
University of Washington School of
Medicine, Seattle 98195
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Presynaptic Facilitation as a Mechanism

for Behavioral Sensitization in Aplysia

Abstract. Sensitization is an elementary form of nonassociative learning, related
to behavioral arousal, in which a strong stimulus facilitates a reflex response. Stud-
ies of the neural circuit of the gill-withdrawal reflex in the isolated abdominal gangli-
on of Aplysiaindicate that short-term sensitization is due to presynaptic facilitation.
The facilitation results in a sudden increase in the amount of neurotransmitter re-
leased by the sensory neurons at their synapses with motor neurons.

The ability to study behavior on a cel-
lular level in a number of higher in-
vertebrates (/) makes is possible to ex-
amine the cellular and synaptic altera-
tions produced by simple forms of
behavioral modifications and to begin to
explore their molecular mechanisms.
This report and its companion (/a) repre-
sent an attempt to apply this approach in
Aplysia.

Sensitization is an elementary form of
learning in which a strong or noxious
stimulus enhances an animal’s pre-
existing reflex responses for periods
ranging from minutes to several weeks,
depending upon the pattern and duration
of training (2). Sensitization resembles
classical conditioning in that activity in
one pathway facilitates reflex activity in
another. Unlike classical conditioning,
however, reflex facilitation does not re-
quire specific temporal association of the
two stimuli. As a result of this similarity
to classical conditioning, sensitization is
thought by some to be closely related to
associative learning (3). Sensitization
can also produce dishabituation, the en-
hancement of a reflex response that has
previously been habituated (4, 5). Where-
as habituation is restricted to the stimu-
lated pathway, sensitization alters the
responsiveness of a variety of related re-
flex pathways. Because both sensitization
and behavioral arousal lead to increased
responsiveness that is generalized and
sustained, sensitization is thought to
be a component of behavioral arousal
5, 6).

We have studied the cellular mecha-
nisms underlying sensitization of the gill-
withdrawal reflex in the marine mollusk
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Aplysia. Our results indicate that sensi-
tization involves a novel synaptic mecha-
nism, presynaptic facilitation.

Weak or moderate stimulation of the
siphon leads to brisk withdrawal of the
gill. A single training session of 10 to 15
repeated stimuli results in short-term
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habituation (15 minutes to several hours)
of the reflex response. The reflex re-
sponse can be abruptly enhanced for
many minutes if a single strong sensitiz-
ing stimulus is applied to the head (2).

The neuronal mechanisms of short-
term habituation and sensitization can be
studied in the isolated abdominal gangli-
on (Fig. 1A). The ganglion contains an
identified cluster of 24 sensory neurons
that innervate the siphon skin and 6 iden-
tified motor neurons that mediate the
gill-withdrawal reflex (7). The sensory
neurons make direct monosynaptic ex-
citatory connections with the motor neu-
rons (8, 9). With repeated sensory stimu-
lation at rates that produce habituation in
the intact animal (once every 10 seconds
to once every 3 minutes), the mono-
synaptic excitatory postsynaptic poten-
tial (EPSP) produced in the motor neu-
ron by action potentials in the sensory
neuron becomes depressed (Fig. 1B) due
to a decrease in transmitter release by
the sensory neuron (9). Electrical stimu-
lation (6 hertz for 10 seconds) of the neu-
ral pathway (connective) from the head
ganglion that mediates the effect of a sen-
sitizing stimulus in an intact animal rapid-
ly facilitates the EPSP for about 50 min-
utes (Fig. 1, B and C) [for a similar phe-
nomenon in another synaptic system in
Aplysia, see (10)]. The facilitating stimu-
lus does not fire the sensory neuron (Fig.
1B); this distinguishes this form of heter-
osynaptic facilitation from posttetanic fa-
cilitation resulting from repetitive activi-
ty in the sensory neurons (5, 10).

To determine whether the facilitation
occurs presynaptically or postsynapti-
cally, we have used a quantal analysis.
This analysis is technically difficult to
achieve in most central neurons be-
cause they receive many synaptic in-

Fig. 1. Synaptic facilitation at the synapse
between mechanoreceptor neurons and motor
neurons. (A) Ventral aspect of the abdominal
ganglion of Aplysia illustrating simultaneous
recording from gill motor neuron L; and a
mechanoreceptor sensory neuron. (B) Depres-
sion and subsequent facilitation of a mono-
synaptic EPSP after a strong stimulus. Ar-
rows indicate the last EPSP before the facili-
tating stimulus and the first EPSP after the
stimulus. Abbreviations: S.N., sensory neu-
ron; M.N., motor neuron. (C) Time course of
facilitation. Data were obtained from an ex-
periment similar to the one illustrated in (B).
Each point represents the average amplitude
of ten successive evoked EPSP’s. Facilitation
occurred at time 0, when the left connective
was stimulated as in (B). The EPSP’s are
facilitated beyond the initial control ampli-
tude. We do not know to what extent the
decline after the facilitating stimulation is due
to continued testing or to gradual spontaneous
recovery from facilitation.
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