response attenuation with stimulus repe-
tition (/, 2). However, while sensory
stimulation can trigger brief responses in
these units, PRF neurons exhibited sus-
tained bursts of unit discharge only in
conjunction with specific motor activi-
ties. Indeed, discharge rates in PRF neu-
rons were undiminished after the elimina-
tion of identified sensory inputs.

These findings suggest a parsimonious
explanation of many conditioning, sen-
sory, and sleep cycle studies of PRF neu-
rons. The apparent selectivity of PRF dis-
charge for ‘‘noxious’’ stimuli (5), the very
long latency and duration of certain sen-
sory responses (/, 2, 5), and the changes
in PRF activity during conditioning (2, 9)
may all reflect specific motor discharges.
Only careful monitoring and control of
motor activity can determine if sensory or
conditioned influences on unit firing are
separable from the motor changes that ac-
company them. The motor-related dis-
charge in PRF cells in waking is consist-
ent with the discharge of these neurons in
REM sleep (10), a time of intense activa-
tion of motor systems (/7). Our observa-
tions in the unrestrained cat indicate that
discharge is not selective for REM sleep,
but rather for motor activation.

Pontine animals have been shown to be
capable of exhibiting a wide variety of
complex motor behaviors (12), and must
therefore retain sufficient neuronal sub-
strate for the regulation of complex
movements. The PRF’s medial zone,
whose unit activity is reported here, is the
principal source of pontine reticular pro-
jections to the spinal cord; more than half
of its neurons send their axons directly
into the ventral, motor areas of the cord
(I13). Many of these neurons also receive
monosynaptic input from the cerebellum
and other areas related to motor control
(I4). Therefore, the anatomy and physi-
ology of this region are compatible with
the behavioral data reported here, which
suggest a major role for PRF neurons in
the regulation of motor output.

JEROME M. SIEGEL
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Neurophysiology Research, Veterans
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University of California, Los Angeles
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Sesquiterpene Progenitor, Germacrene A:

An Alarm Pheromone in Aphids

Abstract. Germacrene A, the elusive biogenetic ‘parent’’ of many sesquiterpenes,
has been isolated from the spotted alfalfa aphid and identified as a new intrageneric

aphid alarm pheromone.

When attacked by a predator, certain
aphids secrete droplets of fluid from their
cornicles (Fig. 1). This secretion con-
tains an alarm pheromone, which in the
manner of a dying gasp, signals danger to
other aphids nearby. The response of
aphids is to walk, fall, or leap away from
the plant.

Since the phylogenetic relationships of
aphids at the subfamily level have been
difficult to determine on morphological
grounds, we have tried to utilize the aph-
id alarm pheromones as unique chemical

Fig. 1. After attack by a nabid predator, the
aphid secretes a droplet of fluid from the
cornicles which contain the alarm phero-
mone.

taxonomic characters. The discovery of
(E)-B-farnesene as a broadly interspe-
cific alarm pheromone in the subfami-
lies Aphidinae and Chaitophorinae (1)
demonstrated their apparent close rela-
tionship, whereas their relationship to
the subfamily Drepanosiphinae remains
unclear and has not been resolved on
morphological grounds (2). We were
therefore anxious to investigate the
alarm pheromone chemistry of represen-
tative species in the Drepanosiphinae.
Our cross-reaction tests revealed that
the sweetclover aphid, Therioaphis
riehmi (Borner), and the spotted alfalfa
aphid, Therioaphis maculata Buckton,
both drepanosiphins, did not respond to
(E)-B-farnesene but demonstrated strong
alarm responses to injured siblings, an in-
dication of the presence of a new alarm
pheromone.

From approximately 2 liters of the
closely related spotted alfalfa aphid, The-
rioaphis maculata Buckton, we isolated,
by column chromatography over Florisil
and silica gel, 9 mg of a biologically ac-
tive, but highly unstable hydrocarbon.
This compound was active against both
sweetclover and spotted alfalfa aphids
(3). Mass spectral analysis @) of this
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compound gave a molecular ion of 204
which, allowing for its hydrocarbon com-
position, is satisfied by the molecular for-
mula Cy;H,4, including four degrees of
unsaturation. Our progress with structur-
al elucidation was greatly hampered by
the extremely labile nature of the com-
pound. In our hands, analysis by vapor
phase chromatography (VPC) was in-
variably accompanied by the appearance
of at least one degradation product. Pro-
longed contact with silica gel promoted
decomposition although column chroma-
tography over silica gel performed with-
out delay did not result in noticeable
breakdown. Exposure to temperatures
over 40°C was avoided, and storage in so-
lution (petroleum ether) at freezer
(= 15°C) temperatures minimized decom-
position.

The infrared spectrum of the isolated
pheromone showed a typical hydro-
carbon absorption with trisubstituted
double bonds (1780, 1650, and 850 cm™")
and terminal methylene absorption
(3060, 1650, and 880 cm™1).

The nuclear magnetic resonance spec-
trum (NMR) in CDCl; was especially in-
structive (5). A broad singlet correspond-
ing to two vinyl methyls appeared at 1.52
ppm and a two olefinic proton multiplet
at4.75t0 5.25 ppm revealed the presence
of two trisubstituted double bonds. The
presence of an isopropenyl group was in-
dicated by the appearance of a sharp dou-
blet at 1.73 ppm (J = 1.5 hertz) (methyl
group), and broad singlets at 4.59 and
4.66 ppm (terminal methylene).

Although several structures might be
proposed from these data, the likely ses-
quiterpenoid nature of the pheromone
suggested structure 2. This compound is
the often proposed biogenetic precursor
of most mono- and bicyclic sesquiterpen-
ic hydrocarbons and has been designated
germacrene A (6, 7). Although germa-
crene A has been referred to as a progeni-
tor of many sesquiterpenes, its lability to
heat and oxidation conspired to prevent
its isolation until Weinheimer et al. (8)
isolated (—)-germacrene A from a gorgo-
nian coral, Funicea mammesa Lamou-
roux. Doubtless, a survey of plants con-
taining obviously derived sesquiterpenes
by techniques designed to minimize
isomerization will reveal other sources
of germacrene A. Indeed, Weinheimer
confirmed the lability of germacrene A
and effected its isomerization to B-ele-
mene (3) and B-selinene (4). Similarly,
we treated our isolated pheromone with
silica gel in hexane for 8 hours (7) and ob-
tained a quantitative yield of the ex-
pected B-selinene (9). The optical rotota-
tory dispersion of the pheromone (in
CCl,) gave the negative sign plain curve
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A\/\/\K/\/K/

1

E-B-Farnesene

2

Germacrene A
/
N

3

B-Elemene

4

B-Selinene

indicating that the pheromone is the (—)
enantiomer.

Finally, the infrared and NMR spectra
of our isolated alarm pheromone were
compared with the same spectra of Wein-
heimer et al. (8) for (—)-germacrene A
and found to be identical. It is clear that
our alarm pheromone, isolated from the
spotted alfalfa aphid, is indeed (—)-ger-
macrene A.

In addition to the spotted alfalfa aphid,
the sweetclover aphid also responds with
strong alarm reaction to germacrene A.
Vapor phase chromatography analysis of
the hydrocarbon fraction of T. riehmi re-
veals a peak with a retention time coinci-
dent with that of germacrene A isolated
from T. maculata. These data, taken to-
gether with the positive cross-reaction of
these aphids to each other and to germa-
crene A, leave little doubt that germa-
crene A is indeed the alarm pheromone
of both species. Unlike the broadly inter-
specific (E)-B-farnesene, germacrene A
does not function as an alarm pheromone
for aphids outside the genus Therioaphis
0).

It seems reasonable for aphids to use a
molecule like germacrene A as an alarm
pheromone. It is rare in nature and
would not act as a plant-feeding deter-
rent, while its lability ensures that the
alarm pheromone would break down
soon after the predator has moved on.
Aphids could then reinfest the feeding
site.

Forage crops are important dietary
constituents of dairy and beef cattle, and
the use of insecticides to control pest in-
sects on these crops is complicated by
the possibility of toxic residues appear-
ing in the meat and milk (/7). The use of
aphid alarm pheromones to stop or mini-
mize aphid damage should offer unparal-
leled safety since both (E)-B-farnesene
and germacrene A are not only extreme-
ly labile in the environment but are al-
ready present as natural constituents of
aphids on the crops requiring protection.
In reality, the natural alarm pheromones
break down within a few minutes when

sprayed on plant surfaces and would
therefore be of limited use in plant pro-
tection. We have approached this prob-
lem through the successful synthesis of
several simple analogs of (E)-B-farne-
sene which are biologically active (/2)
and considerably more stable than the
natural pheromones. It may also be pos-
sible to develop active analogs of germa-
crene A. The spotted alfalfa aphid is a se-
rious pest of alfalfa and its feeding dam-
age is quite toxic to the plants. If
synthetic alarm pheromones can be de-
veloped, their use to repel aphids from
forage crop plants merits serious study.
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