ed preferentially when compared to total
protein (creatine system, 120 versus 0
percent for incorporation of label; elec-
trical stimulation system, 39 versus 29
percent for incorporation of label and 29
versus 7 percent for accumulation). The
stretch model system did not preferen-
tially stimulate accumulation of labeled
amino acids into myosin, but did cause a
greater accumulation of myosin com-
pared to total protein (14.7 versus 8.7
percent, respectively). Thus, the mecha-
nism for these changes in the stretch
model system may be different from the
mechanism in either the elevated cre-
atine or electrical stimulation systems.
Use of a combination of experimental
model systems for studying growth regu-
lation in skeletal muscle should help to
elucidate the biochemical mechanisms
involved. Once they are understood, the
regulatory role of the nervous system in
skeletal muscle growth may be better un-
derstood.

HERMAN VANDENBURGH

SEYMOUR KAUFMAN

Laboratory of Neurochemistry,
National Institute of Mental Health,
Bethesda, Maryland 20014
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Phycomyces: Modification of Spiral Growth after
Mechanical Conditioning of the Cell Wall

Abstract. Mature stage IVb Phycomyces sporangiophores show left-handed spiral
growth, that is, viewed from above, the sporangium rotates clockwise. Mechanical
conditioning of the cell wall by the Instron technique increases the ratio of the rota-
tional to the elongational growth rate. This result is in agreement with the fibril
reorientation model of spiral growth, which suggests that cell wall microfibrils, ini-
tially oriented in a nearly transverse right-handed direction in the upper region of the
growing zone, are displaced during growth toward the longitudinal axis, causing the

observed left-handed spiral growth.

Although many plants show some spi-
ral growth during development, few ex-
amples are as striking as the early devel-
opmental stages of Phycomyces (I-3).
The young stage I sporangiophore shows
left-handed spiral growth (clockwise ro-
tation of the sporangium, viewed from
above). In stages II and III, elongational
and rotational growth cease as the spo-
rangium enlarges and matures. After the
formation of the mature sporangium spi-
ral growth is again initiated, but this time
in the right-handed direction; this stage
is called IVa and lasts about 90 minutes.

a «—Longitudinal axis—

7

D S
After longitudinal
stretch

Fy Fiber at initial
orientation

Fr Fiber after
reorientation

@ Angular
displacement

D Displacement
vector

Dy Stretch vector

D; Twist vector

Fig. 1. Schematic representation of the fibril
reorientation model [redrawn from )]. Fibril
reorientation results from longitudinal stretch
(a). This orientation is represented by a dis-
placement vector D with components D; and
D, (b).
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During the end of this stage the rotation
rate slowly decreases to zero, only to
start again in the clockwise direction,
which marks the last and final stage of
development, called stage IVb. This en-
tire reversal or rotation occurs during
continued stalk elongation.

To our knowledge Phycomyces is
unique in this reversal. A model to ex-
plain the mechanism of stage IVb cell
wall growth has recently been proposed
), based on the following two experi-
mental findings. First, Ahlquist and
Gamow (5) measured an abrupt change
in the mechanical extensibility of the chi-
tinous cell wall during the transition from
stage II to stage IVb. During this period
the cell wall changes from an essentially
elastic body in stage II to a viscoelastic
body in stage IVb. Second, Ortega et al.
(6) found that the ratio of the rotational
to the elongational growth rate was sig-
nificantly larger in the lower regions of
the growing zone than in the upper re-
gions. These two experimental findings
support the following model: the left-
handed spiral growth of stage IVb occurs
because the obliquely situated micro-
fibrils in the primary cell wall are reori-
entated toward the longitudinal axis of
the cell under internal turgor pressure.

Results of electron and polarizing mi-
croscopy suggest that the fibrils in the in-
ner wall of the growing zone are either in
the direction of a right-handed spiral or
flatly transverse (7-9); in this respect the
primary cell wall of Phycomyces is simi-
lar to the primary cell wall of most higher
plants (I10). Apparently, in the growing
sporangiophore the fibrils lie in a nearly
flat right-handed spiral; the measured ex-
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treme configuration of the fibrils is prob-
ably a direct result both of the loss of tur-
gor pressure and of the chemical clean-
ing done in preparation of the cell wall
(9). Fibrils in the nongrowing zone lie
parallel to the longitudinal axis. Figure 1
shows how the reorientation of a right-
handed spiral structure could account for
the observed left-handed spiral growth
@). The two components of spiral
growth are represented as two unit vec-
tors D, and Dy, where D, is growth in the
horizontal direction and Dy is elongation-
al growth. The flatness of the spiral is de-
termined by the angle ¢. From Fig. 1 one
can readily deduce that 1/¢ = D/D, This
relationship predicts that D/D, should
increase with decreasing ¢. In this re-
port, we describe experiments done to
test this prediction.

To decrease ¢, we relied on the fact
that the oblique microfibrils embedded in
the viscoelastic primary cell wall are ori-
ented toward the longitudinal axis when
the cell wall is mechanically extended
along its longitudinal axis. We found that
after a number of such cell wall exten-
sions the cell wall becomes mechanically
elastic; that is, the amount of extension

Fig. 2 (left). Stage IVb sporangiophore with an aluminum marker placed below the sporangium.

for a particular load becomes constant
and this extension is totally recovered
when the cell wall is unloaded (/7). This
mechanically conditioned cell wall is re-
ferred to as strain-hardened (/2). Al-
though we did not directly measure the
decrease in ¢ after cell wall extension,
the fact that the wall does become me-
chanically conditioned strongly suggests
that the microfibrils are reoriented dur-
ing mechanical extension and therefore
were initially transverse in orientation.
To determine the effect of ¢ on rotation
and elongation, we measured the ratio of
the rotational to the elongational growth
rate before and after strain hardening.
Stage IVb sporangiophores were
adapted to red light for at least 30 min-
utes; the experiments were entirely per-
formed in red light to avoid any spurious
light effects. A sporangiophore was light-
ly dusted with starch particles, and then
an aluminum foil marker was placed on
the stalk immediately below the sporan-
gium (Fig. 2). A specially designed
punch was constructed to ensure that all
markers were uniform in size, and the
markers were periodically measured
with a calibrating (toolmaker’s) micro-

scope. The aluminum markers were rec-
tangular, measuring 0.546 mm in length;
they adhered to the cell wall by static
electricity (/3). The sporangiophore was
then photographed every 2 minutes. Ro-
tation and elongation rates can be deter-
mined from any pair of photographs. The
elongation rate was determined by mea-
suring the change in distance between
the upper aluminum marker and a starch
particle located somewhere below the
growing zone. The rotation rate was de-
termined by measuring the apparent
change in length of the marker as it ro-
tated about the vertical axis of the stalk.
The angle of displacement of the marker
from a vertical plane normal to the cam-
era is arc cosine L;/L, = 6, where L, is
the apparent length of the marker photo-
graphed in the plane normal to the cam-
era and L, is the known actual length of
the marker. At the start of the experi-
ment, L, = L, and the arc cosine is zero.
After a series of photographs were taken
at 2-minute intervals, the sporangio-
phore was strain-hardened by using an
Instron machine and the entire proce-
dure was repeated. The average delay in
growth after strain hardening was about

[ ]
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1604 Lao
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Fig. 3. Mature stage IVb sporangiophores

adapted in red light were photographed every 2 minutes to determine total rotation (x) and elongation (®) rates before and after strain hardening
(SH). Arrows indicate when strain hardening was initiated. Sporangiophores that showed neither rotation nor elongation 15 minutes after strain
hardening were discarded. The data show that the rotation/elongation ratio increased after strain hardening. The data represent four identical

experiments.
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5 minutes. On the average, it took about
2 minutes to unhook the sporangiophore
from the Instron machine and prepare it
for photography.

Figure 3 shows the data from four ex-
periments. In each case, rotation pre-
dominated over elongation, compared to
the results of control experiments. We
often found that right after strain hard-
ening we could measure significant rota-
tion rates but no elongation rate (Fig. 3,
b and d). This is predicted by the fibril
reorientation model (the ratio of rotation
to elongation increases as ¢ decreases).
As shown in Fig. 3, this relative increase
in rotation stems from a disproportionate
decrease in elongation after strain hard-
ening rather than an increase in the rota-
tion rate. The net decrease in both rota-
tion and elongation is also consistent
with the reorientation model, as shown
in Fig. 1b: D, and D, both decrease in
magnitude as ¢ decreases, but D, de-
creases faster. Finally, we note that the
increase in the ratio of the rotational to
the elongational growth rate measured
after strain hardening is similar to that
observed in the lower region of the grow-
ing zone (6). It is also in agreement with
the concept that the right-handed spiral
configuration of microfibrils is becoming
less flat in the lower region of the grow-
ing zone; that is, ¢ is progressively de-
creasing toward the lower region of the
growing zone. In conclusion, our data

are consistent with the fibril reorienta-
tion model, and to our knowledge no oth-
er proposed model predicts the change in
ratios that we have measured.

R. I. GaMow, B. BOTTGER
Department of Chemical Engineering,
University of Colorado, Boulder 80309
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Harmonic-Sensitive Neurons in the Auditory

Cortex of the Mustache Bat

Abstract. Human speech and animal sounds contain phonemes with prominent
and meaningful harmonics. The biosonar signals of the mustache bat also contain up
to four harmonics, and each consists of a long constant-frequency component fol-
lowed by a short frequency-modulated component. Neurons have been found in a
large cluster within auditory cortex of this bat whose responses are facilitated by
combinations of two or more harmonically related tones. Moreover, the best fre-
quencies for excitation of these neurons are closely associated with the constant-
frequency components of the biosonar signals. The properties of these neurons make
them well suited for identifying the signals produced by other echolocating mustache
bats. They also show how meaningful components of sound are assembled by neural
circuits in the central nervous system and suggest a method by which sounds with
important harmonics (or formants) may be detected and recognized by the brain in

other species, including humans.

In English speech sounds, there are
several types of acoustic cues or in-
formation-bearing elements (/). For-
mants—that is, constant-frequency (CF)
components, are essential for recogni-
tion of vowels. Fills—noise bursts—are
important for recognition of some frica-
tive consonants. Transitions—frequen-
cy-modulated (FM) components—and
voice onset time are important for recog-
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nition of plosive consonants and some
fricative consonants combined with
vowels. There are also FM components
in other phonemes (glides). The CF, FM,
and noise burst elements are found in
animal sounds as well 2).

In response to sound, mammalian
cochlear nerve fibers can send impulses
into the brain in stimulus-locked (or
phase-locked) fashion when the frequen-
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cy or repetition rate is less than 5 kHz
(3). Therefore it is conceivable that al-
most all information-bearing elements
and their combinations lower than 4 kHz
are processed in the form of phase-
locked discharges of many auditory neu-
rons in the brain. This may be consid-
ered an extension of the volley theory
proposed for the neural basis of frequen-
cy discrimination @). Several papers,
however, demonstrate that auditory neu-
rons in the cerebral cortex are commonly
phasic (5) and show poor phase-locked
discharges to sounds above 1.0 kHz (6),
and that some of them are specialized to
respond best to particular sounds 2, 6-
8).

Therefore an alternative hypothesis
(9) is that acoustic signals are represent-
ed by neurons arranged in coordinates of
frequency and amplitude. When the am-
plitude spectra of the acoustic signals
vary with time, the spatial pattern of the
neural activity in this coordinate system
would vary accordingly (the spatiotem-
poral pattern theory). In still another hy-
pothesis, acoustic signals are eventually
processed by feature detectors, and the
activity of the feature detectors leads to
the categorization of acoustic signals in
the brain (the detector theory). These
theories are not mutually exclusive, be-
cause the auditory system appears to use
all three principles in processing acoustic
signals (6-9). The data supporting the de-
tector theory are, however, very limited.
The major purpose of this report is to
demonstrate neurons that assemble har-
monically related components in animal
sounds (/0) and accordingly favor the de-
tector theory.

To study the neural basis of acoustic
pattern recognition, it is essential to
know the physical properties and biolog-
ical significance of the acoustic signals
used by the species and to employ these
signals or their information-bearing ele-
ments as stimuli, because the auditory
system has evolved to detect and pro-
cess biologically significant sounds. In
the mustache bat, Pteronotus parnellii
rubiginosus, the biosonar signals (also
called orientation sounds or pulses) are
stereotyped, moderately complex, and
essential for survival. The biological sig-
nificance of individual signal elements is
known (/). Furthermore, individual in-
formation-bearing elements in ultrasonic
signals cannot be coded by the volley
principle. The mustache bat is thus an
ideal animal in which to study neural
specialization to detect particular infor-
mation-bearing elements or combina-
tions of them. In this report, we describe
the response properties of harmonic-sen-
sitive neurons in the auditory cortex of
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