range, and the line may in fact curve in
this region, giving a positive y-intercept
instead of the negative y-intercept im-
plied in the figure. If racemization of
aspartic acid is an age-related phenome-
non, and in view of the smaller amounts
of aspartic acid in immature brain tissue
(11), it is reasonable to assume a slower
accumulation of the D-enantiomer during
maturation and a faster accumulation
during aging.

In their studies on the eye lens nucle-
us, Helfman et al. (5) suggested that the
presence of p-aspartyl residues in pro-
teins would alter the native conformation
of these proteins and thereby also affect
the biochemical and physiological func-
tionality of these proteins. Pirie (12)
showed that the- proportion of water-
insoluble protein in human eye lens nu-
cleus increases with age, and the in-
crease is more marked in cataracts than
in normal lenses of age-matched con-
trols. Harding (/3) showed that proteins
in cataractous lenises have a greater sus-
ceptibility to tryptic digestion, thus dem-
onstrating that conformational changes
occur during cataractogenesis.

We believe that the progressive accu-
mulation of D-aspartic acid in the protein
present in the white matter of human
brain tissue may be correlated with bio-
chemical and conformational changes
that might affect the functionality of the
brain. Such a finding could have impor-
tant implications for age-related dysfunc-
tions associated with the inner brain or

with other myelin-related diseases. Anal-

ysis of brains with abnormal pathologies

associated with senile brain dysfunctions

such as Alzheimer’s disease, Hunting-

ton’s chorea, Parkinson’s disease, or

multiple sclerosis, as well as brains from

victims of drug or alcohol abuse and

heavy-metal poisoning, may show a rela-

tionship between the presence of these

pathologies and D-aspartate levels.
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Morphological Correlates of Differences in Pheromone

Sensitivity in Insect Sensilla

Abstract. Scanning electron microscopy and single unit recordings of male
Trichoplusia ni antennae reveal at ledst two classes of pheromone-sensitive sensilla
trichodea. The longer sensillum contains two receptor neurons each with small
amounts of spontaneous activity. One neuron responds to large (10-microgram)
doses of (Z)-7-dodecenyl acetate, a component of the female sex pheromone. The
shorter sensillum contains two receptor neurons both with larger amounts of
spontaneous activity and increased sensitivity to low (0.01-microgram) doses of

pheromone.

The functional capabilities of sensory
receptor neurons are ultimately deter-
mined by intrinsic surfice membrane
properties that account for the neurons’
ability to detect particular environmental
energies and extrinsic properties that
serve to couple the sensory neuron to
appropriate external stimuli. All of the
intrinsic and extrinsic components of an
adult olfactory sensillum arise from a
single mother cell in the larval imaginal
disk (/). We sought to determine in a
single defined class of sensilla if the
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precise cell lineage patterns characteris-
tic of development in olfactory sensilla
might lead to distinctive morphological
markers for differences in physiological
properties.

Separate morphological and electro-
physiological studies in a range of differ-
ent insect species led us to suspect that,
even in a restricted subset of the avail-
able olfactory sensilla, we would en-
counter a variety of differences among
individual sensilla (2). Therefore, to re-
late a sensillum’s particular morphology

with the physiological properties of its
receptor neurons, we examined individ-
ual sensilla electrophysiologically and la-
beled them unambiguously for subse-
quent morphological examination. We
restricted our investigations to the sen-
silla trichodea on the antennae of the
male cabbage looper (Trichoplusia ni,
Hiibner). These olfactory sensilla have
long (15 to 60 pwm) cylindrical cuticular
shafts that taper apically from a socket
diameter of approximately 2 wm. Each is
innervated by two primary olfactory re-
ceptor neurons whose dendrites fill the
lumen of the shaft and whose axons
project, without synapse, to the deuto-
cerebrum (3). These receptor neurons
are specialized to respond to the phero-
mones produced by the female moth and
are thought to provide the sensory input
that allows the male to detect and locate
the female. Usually the two olfactory
receptor neurons within the sensilla tri-
chodea can be differentiated from each
other hy the amplitudes of their action
potentials, with the cell producing the
larger spike designated A and the cell
producing the small spike designated B.
Standard techniques were used to re-
cord extracellular action potentials from
individual neurons (4). Stimulus applica-
tion, action potential discrimination, and
data analysis were accomplished with a
minicomputer (5). Light microscopy
(~ x600) was used to determine both the
sensillum from which recordings were to
be obtained and the exact placement of
the electrodes. After electrophysiologi-
cal responses to a range of stimuli were
acquired, a map of the surface of the
antenna was sketched, and adjacent sen-
silla and scales were removed from the
segment with the microelectrode. This
produced a distinctive surface pattern
that allowed subsequent identification of
the recorded sensillum with scanning
electron microscopy (SEM). Each sen-
sillum -characterized physiologically was
easily identified by SEM with the land-
marks created by sensilla removal (6).
In 7. ni, pheromone-sensitive sensilla
include at least two classes of sensilla
trichodea that can be differentiated from
each other by the spontaneous activity of
their receptor neurons and the relative
sensitivity of the neurons to pheromone
(Fig. 1a). The first class has relatively
high spontaneous activity (HS) averag-
ing 1.39 impulses per second for the A
neuron and 1.20 for the B neuron. The A
neuron in HS sensilla is reliably excited
by low doses (0.01 pg) of (£)-7-dodec-
enyl acetate, a behaviorally active pher-
omone component produced by female
T. ni. In contrast, the B neuron is reli-
ably excited by low doses (0.01 ug) of
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(Z)-7-dodecenyl alcohol. The second
class of sensilla has relatively low spon-
taneous activity (LS), averaging 0.12 im-
pulse per second for the A and 0.17 for
the B neuron. The A cell is unresponsive
to (Z)-7-dodecenyl acetate and (Z)-7-do-
decenyl alcohol even when doses are
increased 10,000-fold. The B cell, on the
contrary, is reliably excited by doses of
(Z)-7-dodecenyl acetate about 1000 times
larger than those eliciting comparable
responses in the A cell of the HS class.
In every sensillum so far examined
(N > 120), the correlation between the
relative spike amplitudes of the two neu-
rons, their relative levels of spontaneous
electrical activity, and the dose depen-
dence of their responsiveness to phero-
mones has been invariant.

When each electrophysiologically
classified sensillum (HS and LS,
N = 47) was examined with high-resolu-
tion SEM (%x20,000), a number of mor-
phological differences among them was
observed. These differences included
pore size, shape, and density; surface
annulations; degree of taper and curva-
ture; total length; and the relative distri-
bution of the two classes over the anten-
nal segment. For purposes of exposition,
the difference in total length is most
readily apparent. Typical differences in
length between HS and LS are shown in
Fig. 1b, which details the external mor-
phology of the two sensilla from which
the recordings in Fig. 1a were obtained.
The average HS sensillum is significantly
shorter (28.7 = 2.6 wm, mean =* stan-
dard deviation) than the average LS sen-
sillum (35.3 * 4.2 um), as can be seen in
the sample distribution of Fig. 2. The
two classes can be independently evalu-
ated because most sensilla are easily
differentiated according to length by
standard light microscopy (7).

The identification of physiologically
distinct groups of receptor neurons in
sensilla trichodea of T. ni does not repre-
sent an isolated occurrence because sim-
ilar differences have been noted in other
species (3, 8). However, our observa-
tions show that even when only phero-
mone-sensitive olfactory sensilla are
considered, they too may be subdivided
into several distinct classes, each of
which is distinguished by a particular
combination of morphological and phys-
iological properties. Receptor neurons in
T. ni characterized by HS activity are
more sensitive to pheromone compo-
nents and are activated by relatively few
of the compounds examined (9). Their
sensilla are shorter, straighter, have
more cuticular pores, and are preferen-
tially obtained on the distal margins of
each antennal segment. Receptor neu-
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rons characterized by LS activity are
relatively insensitive to T. ni pheromone
components and are activated by a larger
number of related compounds. Their
sensilla are longer, S-shaped, have fewer
pores, and are more uniformly distribut-
ed across the antennal segment.

These correlations between structure
and function may be related to the clonal
development of the adult sensillum,
which results in a high degree of related-
ness between its various cellular compo-
nents. Certain morphological features
such as length or the number, size, and
distribution of cuticular pores are clearly
involved with the access of stimuli to the
receptor neurons. Others, such as the
distribution of the two classes of sensilla
on the antennal segment, are likely relat-
ed to pattern formation in the imaginal

Fig. 1. Electrophysio- g
logical (a) and mor- g

disk, where the fate and location of adult
structures is fixed. The other structural
variants that we observed may be impor-
tant in the ultimate physiological proper-
ties of a receptor neuron, but their expo-
sition appears to require more detailed
knowledge of the relationship between
the internal and external structure of the
sensillum and its molecular topography.

The existence of different pheromone-
sensitive sensilla, each with its own re-
sponse properties, spectrum of sensitiv-
ity to pheromones, and morphological
specializations may complicate interpre-
tations of receptor cell activity and neu-
ral coding inferred from electroantenno-
grams or behavioral responses (10, I11).
However, we have shown that the phys-
iological classes can be easily distin-
guished from each other by differences in

phological (b) charac-
teristics of phero-
mone-sensitive  sen-
silla trichodea on
male 7. ni antennae.
(a) The left section
depicts typical spon-
taneous activities of
the receptor neurons in a low spontaneous
(LS) and a high spontaneous (HS) sensillum.
The control was a 2-second puff of O,-free N,
through a cartridge loaded with 1 pl of light
mineral oil, which was also used to dilute
individual stimuli. The timing of stimulation is
given by the bar in each section. The center
section illustrates the responses to a cartridge
loaded with 0.01 pg of (£)-7-dodecenyl ace-
tate (Z7-12:Ac), a component of the female
sex pheromone. The upper portion of the right
panel depicts the response obtained from the
LS sensillum after stimulation with 10 pg of
Z7-12:Ac. HS sensilla were not exposed to
larger doses of pheromone because they
change the sensillum’s spontaneous activity

Control

L »—

=
Z7-12:Ac
10 ug

and relative sensitivity. Insert at lower right illustrates typical differences in amplitude and
waveform for the A and B spikes obtained from the LS and HS sensilla (each trace, 3.0 msec).
(b) Low magnification SEM of the distal margin of segment 58. The labeled sensilla contained
the receptor neurons from which the records in (a) were obtained.

Fig. 2. A graph of the bimodal
distribution of length for a
sample of 47 physiologically
defined (HS and LS) phero-
mone-sensitive sensilla tricho-
dea. They were obtained on
the distal segments (35 to 65)
of male T. ni antennae. The
lengths plotted are underes-
timates because it was rarely
possible to position a stub so
as to obtain a plane side view
of the curved sensilla. There-
fore, the distal one-third of a
sensillum was usually out of
the focal plane of the SEM and
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appeared foreshortened. This problem is more severe in the LS sensilla whose tips are normally
recurved. These effects tend to increase the amount of apparent overlap between the HS and LS
distribution. However, a r-test for groups with unequal standard deviations was significant

(t = 6.586, d.f. = 20, P < .001, two-tailed).
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their external morphology. Therefore,
the existence of different classes of sen-
silla may actually aid in clarifying the
heterogeneous response patterns often
noted in single unit recordings (2—) and
may ultimately further our understand-
ing of olfactory coding in insects and
improve the use of pheromones in the
biorational control of insect pests.
ROBERT J. O’CONNELL
ALAN J. GRANT
Worcester Foundation for
Experimental Biology,
Shrewsbury, Massachusetts 01545
M. S. MAYER
R. W. MANKIN
Insect Attractants, Behavior, and
Basic Biology Research Laboratory,
U.S. Department of Agriculture,
Gainesville, Florida 32604
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Sea Spray Production from Bubbles

Like Wu (/), we believe that sea spray
is produced primarily by bursting bub-
bles, but we do not believe that proof of
this is found in a similarity of the slopes
of the droplet size spectra and the bubble
spectra. There is a fallacy in this ap-
proach. First, it is not the bubble spectra
in the sea that produce the droplet spec-
tra; it is the bubble-flux spectra at the
surface of the sea. The latter, obtained
from the former by considering the rise
speeds of the bubbles, has a different
slope. Second, once the droplets are
produced, turbulent mixing in the air and
gravitational fallout take over to produce
the droplet spectra.

Even if Wu’s argument is correct, we
think he used the wrong bubble spectra
for his comparison. His spectra, the
pseudo-steady state background spectra
(2), were not obtained directly in a
breaking wave. Most of the droplets that
rise from the sea originate from bubble-
flux spectra produced within 5 to 10
seconds after a wave breaks (2, 3). These
spectra do not have the same slopes as
the background spectra used by Wu.

DuncaN C. BLANCHARD
RamonN J. CIPRIANO
Atmospheric Sciences Research Center,
State University of New York,
Albany 12222
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I thank Blanchard and Cipriano for
giving me the opportunity to clarify some
points on the correlation between sea

spray in the atmospheric surface layer
and air bubbles in the near-surface
ocean.

Undoubtedly, it is not the bubble spec-
tra at greater depths but those near the
sea surface that produce the spray spec-
tra. However, I showed earlier that the
spray spectrum does not vary with
height (2) above and the bubble spectrum
does not vary with depth (3) below the
sea surface. The absence of variation of
bubble spectrum with depth casts doubt
on the adoption of the bubble-flux spec-
trum, while the absence of variation of
droplet spectrum with elevation indi-
cates that the droplet spectrum near the
sea surface may not differ significantly
from those presented.

The second point of Blanchard and
Cipriano’s discussion is that the bubble
spectra used in my comparison were in
the form of a pseudo-steady state back-
ground spectrum, not those obtained di-
rectly in a breaking wave. While this is
generally true, if we look further we see
that the bubble spectrum in a breaking
wave was found to reach an equilibrium
shape a few seconds after the passage of
the breaker (4) and that the spectrum
obtained in a breaking wave was not
much different from the so-called pseu-
do—steady state background spectrum.

Jin Wu
College of Marine Studies,
University of Delaware,
Newark 19711
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