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Summary. 1. The physiology and morphology of olfacto- 
ry interneurons in the brain of larval Manduca sexta 
were studied using intracellular recording and staining 
techniques. Antennal olfactory receptors were stimu- 
lated with volatile substances from plants and with pure 
odorants. Neurons responding to the stimuli were inves- 
tigated further to reveal their response specificities, dose- 
response characteristics, and morphology. 

2. We found no evidence of specific 'labeled-lines' 
among the odor-responsive interneurons, as none re- 
sponded exclusively to one plant odor or pure odorant; 
most olfactory interneurons were broadly tuned in their 
response spectra. This finding is consistent with an 'ac- 
ross-fiber' pattern of odor coding. 

3. Mechanosensory and olfactory information are in- 
tegrated at early stages of central processing, appearing 
in the responses of some local interneurons restricted 
to the primary olfactory nucleus in the brain, the larval 
antennal center (LAC). 

4. The responses of LAC projection neurons and 
higher-order protocerebral interneurons to a given odor 
were more consistent than the responses of LAC local 
interneurons. 

5. The LAC appears to be functionally subdivided, 
as both local and projection neurons had arborizations 
in specific parts of the LAC, but none had dendrites 
throughout the LAC. 

6. The mushroom bodies and the lateral protocere- 
brum contain neurons that respond to olfactory stimula- 
tion. 
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Introduction 

Investigations of central mechanisms of olfactory inte- 
gration in insects have concentrated mainly on the pro- 
cessing of sex-pheromonal information in the brains of 
adult males (e.g. in moths, Antheraea species: Boeckh 
and Boeckh 1979; Bombyx mori: Olberg 1983; Kanzaki 
and Shibuya 1984, 1986a, b; Light 1986; Heliothis zea 
and H. virescens: Christensen et al. 1989; Manduca sex- 
ta: Matsumoto and Hildebrand 1981; Christensen and 
Hildebrand 1987a, b, 1988; Kanzaki et al. 1989; and 
in the cockroach Periplaneta americana: Waldow 1977; 
Burrows etal. 1982; Ernst and Boeckh 1983; Seizer 
1984). These investigations have yielded a great deal of 
information about the physiology and anatomy of cen- 
tral neurons involved in the processing of these special- 
ized olfactory signals. Fewer studies, however, have fo- 
cused on processing of plant odors and other behavioral- 
ly relevant olfactory information (notably, P. americana: 
Seizer 1979; Apis mellifera: Homberg 1984; Leptinotarsa 
decemlineata: De Jong and Visser 1988). To our knowl- 
edge, there has been no previous physiological investiga- 
tion of the central olfactory pathways in the brain of 
a lepidopterous larva. In this report we describe initial 
findings from a study of olfactory interneurons in the 
central nervous system (CNS) of the larval sphinx moth 
M. sexta. 

The larva is the principal or exclusive feeding stage 
in the life of a lepidopterous insect. Its feeding behavior 
is guided primarily by chemosensory information 
through which the larva discriminates and makes choices 
among possible food sources (Schoonhoven 1986). Ow- 
ing to the importance of caterpillars as economic pests, 
many investigators have studied their feeding behavior 
and hostplant preferences (e.g. Jermy etal. 1968; 
Schoonhoven 1969; Saxena and Schoonhoven 1978, 
1982; Barbosa et al. 1979; DeBoer and Hanson 1984, 
1987) as well as sensory coding in the chemoreceptor 
neurons that control caterpillar feeding (e.g. Schoonho- 
ven and Dethier 1966; Dethier and Kuch 1971 ; Ma 1972, 
1976; St/idler and Hanson 1975; Dethier and Crnjar 
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Fig. 1. A Anterograde cobalt staining of the antennal nerve in 
the larval M. sexta antenna. I, II, III first, second, and third 
segments of the antenna. The third segment is located at the tip 
of the second segment. A N  antennal nerve; S somata of the olfacto- 
ry neurons; large arrowhead large tactile hair; double arrowhead 
small tactile hair; small arrowhead large sensillum basiconicum. 
Scale bar = 500 I~m. B Ethyl gallate preparation of a larval M. sexta 
brain, 11 ~m frontal section. M B  mushroom body; PC protocere- 
brum; LA C larval antennal center in the deutocerebrum; TC trito- 
cerebrum. Dorsal up. Scale bar = 100 ~tm. C Enlarged view of the 
larval antennal center in the ethyl gallate preparation, 11 ~tm sec- 
tion. Arrowhead midline of the brain. Dorsal up. Scale bar= 
100 ~m 

1982; Visser 1983). Heretofore, however, the CNS has 
been treated as a 'black box'  that decodes the chemosen- 
sory afferent information and uses it to produce the ob- 
served behaviors. 

Lepidopterous larvae are notable among insects for 
the relatively few olfactory receptors present in their an- 
tennae and maxillae, the paired principal chemosensory 
organs located on the head. Each antenna is innervated 
by 16 olfactory receptor cells divided among 3 large sen- 
silla basiconica (Schoonhoven and Dethier 1966; Dethier 
and Schoonhoven 1969; Dethier 1980; Schoonhoven 
1986) (Fig. 1 A). A few other olfactory cells innervate 
the 3 sensilla basiconica located on the maxillary palps 
(Dethier and Kuch 1971; Hanson and Dethier 1973; 
Schoonhoven 1986). Ablation studies performed on 
M .  sex ta  have shown that removal of all of the chemo- 
sensory structures except one antenna still permits nor- 
mal olfactory discrimination (Dethier 1967). Discrimina- 
tion among different foodplants involves a combination 
of olfactory and gustatory cues, with some plants identi- 
fiable through one or the other sensory modality and 
others discriminable only by means of the combination 
of both modalities (De Boer and Hanson 1987). Al- 
though olfactory and gustatory sensilla are morphologi- 
cally different, there is good evidence that 'gustatory '  
receptors can respond to some volatiles from plants' sap 
at close range (St/idler and Hanson 1975). 

Behavioral studies have shown that larval olfactory 
receptor cells are most important for the location and 
initial discrimination of foodplants (Dethier 1937, 1941; 
Schoonhoven and Dethier 1966; Hanson and Dethier 
1973; Saxena and Schoonhoven 1978, 1982). The coding 
of chemosensory information by these olfactory recep- 
tors has been investigated in several different larval Lepi- 
doptera by means of extracellular recording techniques 
(Schoonhoven and Dethier 1966; Dethier and Schoon- 
hoven 1969; Dethier 1980). These studies have shown 
that these olfactory receptors are mostly 'generalists' 
that respond to a wide variety of  plant volatiles with 
changes in firing rate. Each cell appears to have a char- 
acteristic spectrum of responses to different stimuli, with 
some overlap between different cells. Thus it appears 
that the relative firing rate of a number of receptors 
(the 'across-fiber firing pattern')  is used by the CNS 
to differentiate among various chemical stimuli. 

In M .  sexta ,  the axons of sensory neurons in the lar- 
val antenna project to a glomerular neuropil structure 
in the deutocerebrum of the brain called the larval anten- 
nal center (LAC) (Fig. 1 B, C). These receptor axons 
have distinctive ' tuf ted '  terminations in the neuropil of 
the LAC and also send branches to the protocerebrum 
and suboesophageal ganglion (Kent and Hildebrand 
1987). Very similar projections from the antennae into 
the brain have been observed in the larval noctuids 
H.  virescens and H.  zea  (Randolph and Itagaki 1989; 
Itagaki, Randolph and Hildebrand, unpublished). 

In this study, we have used olfactory stimulation with 
natural plant odors and synthetic odorants (a single 
component of a complex odor mixture) to investigate 
the physiological properties of interneurons in the brain 
of larval M .  sex ta  that respond to olfactory stimulation 
of the ipsilateral antenna. Whenever possible, the physi- 
ologically responsive interneurons were stained with an 
intracellularly injected dye so that neuronal morphology 
and physiology could be correlated. Preliminary ac- 
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counts of some of this work have appeared elsewhere 
(Itagaki and Hildebrand 1986, 1988). 

Materials and methods 

Animals. Larval Manduca sexta (Lepidoptera: Sphingidae) were 
reared in laboratory culture on an artificial diet (modified from 
Bell and Joachim 1976) under a 17L:7D photoperiod regimen at 
26 ~ and 50-60% relative humidity (Sanes and Hildebrand 1976 a) 
as described previously (Sanes and Hildebrand 1976a; Prescott 
et al. 1977). Actively feeding female larvae (3.4~10.1 g) in the first 
half of the fifth instar were chosen for these experiments. 

Preparation. We anaesthetized the larva by chilling on ice, isolated 
the head and pinned it on a wax platform, and pinned the mandi- 
bles in place to stabilize the preparation. A rectangular piece of 
head cuticle including the frons was removed. A platform made 
by flattening a stainless-steel hypodermic needle was positioned 
under the brain for support and used to deliver superfusion fluid 
(Fig. 2). The brain was desheathed and superfused with physiologi- 
cal saline solution (149.9 m M  NaC1, 3.0 mM KC1, 3.0 mM CaC12, 
10.0 m M  TES, 25.0 m M  sucrose, pH 6.9, modified from Pichon 
etal.  1972; Christensen and Hildebrand 1987a; Waldrop et al. 
1987). 

Olfactory stimulation. The preparation was continuously ventilated 
with charcoal-filtered, humidified air (0.5 1/min) through a glass 
cartridge (barrel of a Becton-Dickinson 0.5 ml syringe) positioned 
1.5-2 cm from the head. A second glass cartridge containing a 
piece of filter paper (1 x 2 cm, Whatman #1)  impregnated with 
stimulant was positioned at a small angle (approximately 17 ~ to 
the first cartridge so that both cartridges were aimed at the right 
antenna. The odor cartridges could be changed easily during the 
experiment. We stimulated the antenna by switching the airflow 
from the first cartridge to the second (odor) cartridge by means 
of a solenoid-activated valve (General Valve Corp). The solenoid 
was driven by a physiological stimulator (WPI, 1830 series) or 
by a computer-based stimulus system (8088-based computer run- 
ning in DOS and equipped with a Metrabyte PIO12 digital I/O 
board and software based on ASYST, Keithley Instruments). 

Based on the fact that tomato and tobacco leaves are among 
the preferred hostplants for M. sexta larvae (Yamamoto and 
Fraenkel 1960), we used the following odor stimuli: (1) a piece 
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Fig. 2. Schematic drawing of  the larval M. sexta preparation. M E  
microelectrode; P platform; Br brain; Lbr labrum; M D  mandible; 
Hp hypopharynx; L P  labial palp; M x  maxilla; A antenna; St stem- 
mata. The large arrowhead indicates the direction from which the 
olfactory stimulus is delivered. Scale bar = 1 mm 

of crushed tobacco leaf (8 mm dia.); (2) n-hexane dilutions of a 
n-hexane extract of tomato leaves; (3) n-hexane dilutions of a dried 
ethanol extract of  tomato leaves; and (4) n-hexane dilutions of 
(E)-2-hexenal, a common leaf aldehyde. In a few preparations, 
a n-hexane extract of the adult female M. sexta sex-pheromone 
gland (0.5 female equivalent), or n-hexane dilutions of (E, Z)- 
10, 12-hexadecadienal (bombykal), the major component of the fe- 
male sex pheromone blend (Starratt et al. 1979; Tumlinson et al. 
1989), were used as olfactory stimuli. After application of sample 
to the filter paper, the solvent was allowed to evaporate completely 
before the paper was inserted into a cartridge. Odor cartridges 
were prepared daily, and the order of their presentation in experi- 
ments was varied from cell to cell. The responses to 0.5 s or 2 s 
odor puffs were compared to the responses to a n-hexane blank 
cartridge. Stimuli were separated by at least 30-60 s to avoid recep- 
tor adaptation. 

Physiological recordings. Intracellular electrodes pulled on a hori- 
zontal puller (Sutter Instruments model P-80 PC) were filled with 
2.5 M potassium acetate (KAc), 1.5 M potassium chloride (KC1), 
or Lucifer Yellow-CH (LY, Aldrich, 4% solution in 1 M LiCI 
(Stewart 1978)). Typical resistances were 60-80 MO for the KAc 
and KCI electrodes and 160-200 Mr2 for LY. LY was iontophor- 
esed into a cell with a DC hyperpolarizing current (10 nA-min). 
The brains were fixed in 4% paraformaldehyde in 0.1 M Sorensen's 
phosphate buffer (pH 7.4), dehydrated by passage through a 
graded ethanol series, cleared in methyl salicylate (Aldrich), and 
viewed in whole mount with an epifluorescence microscope 
(Marder and Eisen 1984). Drawings of stained cells were made 
with the aid of a camera lucida attachment. 

The signal from the electrode was amplified (Getting model 
5A or WPI model 707 DC amplifier), viewed on a storage oscillo- 
scope (Tektronix model 5113), and recorded on magnetic tape (Vet- 
ter model B FM tape recorder). We found that we could impale 
more cells per preparation by modifying the amplifiers to allow 
a short (2-3 ms) 'buzz '  of capacitance overcompensation. The buzz 
was triggered by a timed pulse from the stimulator, which closed 
a relay (Magnecraft model 545) to activate the compensation cir- 
cuit. 

Spike-train analysis of taped records was performed either by 
hand on data transcribed by a pen recorder (Gould model 2200) 
or by a computer-based data acquisition/analysis system. In the 
latter case, the signal from the FM recorder was first passed 
through a signal differentiator circuit ( - 3  dB at 64 Hz), if the 
recorded action potentials were small or the baseline was noisy, 
and then into a window discriminator (Frederick Haer). The output 
from the window discriminator was stored on a hard disk and 
analyzed with the aid of software based on ASYST (Keithley In- 
struments). 

Histology. The ethyl gallate method (Wigglesworth 1957; modified 
by Strausfeld and Seyan 1985) was used to visualize anatomical 
features of the brain of larval M. sexta. After fixation in cacody- 
late-buffered glutaraldehyde, the brains were treated with OsO4 
followed by ethyl gallate (Fluka Chemical). They were then dehy- 
drated, embedded in Araldite, and sectioned at 11 ~tm. 

Cobalt staining. For anterograde staining of antennal afferents with 
cobalt, an antenna was excised along with a portion of the antennal 
nerve from a cold-anaesthetized larva. The cut end of the antennal 
nerve was draped over the wall of a small petroleum-jelly well 
constructed in a dissecting dish. More petroleum jelly was added 
to the walls of the well to isolate the cut end from the rest of 
the antennal nerve. The well was filled with distilled water, and 
the cut end of the nerve was allowed to contact the distilled water 
for 15-30 s to permit hyposmotic shock to open the cut ends of 
the axons. The water in the well was then replaced with dilute 
cobalt-lysine solution (Lazar 1978), and the well was closed with 
more petroleum jelly. The rest of the preparation was flooded with 
physiological saline solution (Christensen and Hildebrand 1987a) 
and incubated overnight at 4 ~ The antenna was then washed 
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with saline solution, the cobalt was precipitated by bubbling H2S 
gas through the saline for 15 s, and the preparation was fixed in 
alcoholic Bouin's solution (Humason 1967). Finally, the tissue was 
processed by Timm's silver intensification method (Bacon and Alt- 
man 1977). The antenna was dehydrated in a graded ethanol series, 
cleared in methyl salicylate, and embedded in Canada Balsam for 
viewing in whole mount. 

Results 

All of  the neurons impaled in this study were ipsilateral 
to the stimulated antenna. Most of  the recordings were 
made from cell bodies (7-15 gm longest dimension) be- 
cause of  the small diameter of  the neuronal processes. 
We therefore observed attenuated action potentials (2- 
15 mV) with resting membrane potentials in the range 
of  - 5 0  to - 6 0  mV. The few impalements of  neurites 
in the neuropil yielded 40-50 mV action potentials. The 
background firing rate of  the recorded neurons ranged 
from 0 to 20 impulses/s. We did not attempt to control 
this background firing by injection of  current, as hyper- 
polarization of  the cell would have resulted in intracellu- 
lar iontophoresis of  LY. Owing to the small size of  the 
larval neurons and the associated problem of  trying to 
maintain a stable intracellular impalement during the 
stimulation and dye injection, the observations from 
many cells are incomplete, lacking either a part  of  the 
physiological data (such as replicates on the dose-re- 
sponse curve) or a full description of  the morphology 
of  the neuron. 

We studied more than 1700 neurons, of  which 530 
were odor- and/or  wind-sensitive: 74% of  those cells 
responded with excitation, 22% with inhibition, and 4% 
with mixed excitation and inhibition. Of these 530 odor- 
responsive neurons, we have enough data on 210 neu- 
rons to characterize them based on their cellular mor- 
phology and/or  their physiological responses: 15 (7%) 
were LAC local interneurons, 13 (6%) were projection 
neurons linking the LAC with the higher-order centers 
of  the protocerebrum, 43 (20%) were bilateral neurons, 
and 139 (66%) were higher-order neurons located either 
in the mushroom bodies or elsewhere in the protocere- 
brum. In the following sections, we present observations 
from the best preparations of  neurons that we also be- 
lieve to be representative of  the different types of  neu- 
rons. 

We did not find any odor-sensitive neurons that re- 
sponded to only one of  the odorants used to stimulate 
the antenna. This was true whether the neuron had ar- 
borizations in the LAC, projections to the protocere- 
brum or to the contralateral hemisphere, or neurites con- 
fined to the protocerebrum. The non-odor-responsive 
neurons may have had no olfactory input or may simply 
have been unresponsive to the odors tested. The neurons 
that did respond to odors, however, responded to all 
of  the plant-related odors tested, albeit with different 
intensities of response to the several odors at the various 
doses. 

The somata of  the odor-responsive neurons were 
found in several regions of the brain (Fig. 3). Among 
the olfactory interneurons, the cell bodies of the respon- 

Fig. 3. Schematic drawing of the larval M. sexta brain showing 
regions where the somata of odor-responsive neurons were found. 
Solid lines outline regions on the rostral surface of the brain, stip- 
pled lines outline regions on the caudal surface. Dorsal up. Scale 
bar = 100 gm 

sive neurons with arborizations confined to the LAC 
(local interneurons) and those with axons leading to the 
protocerebrum (projection neurons) were located pre- 
dominantly in the ventral regions of  the brain. The cell 
bodies of  the odor-responsive neurons of  the mushroom 
bodies and protocerebrum were divided between the ros- 
tral and caudal surfaces in the dorsal regions of  the 
brain. 

Figure 4A shows the response of  a central neuron 
(probably a higher-order neuron, judging from the dor- 
sal location of  the soma) to 3 different doses of  tomato- 
leaf extract and (E)-2-hexenal (E2H), a crushed tobacco 
leaf, and a n-hexane blank cartridge (i.e. clean air). The 
responses were phasic-tonic and did not outlast the 500- 
ms stimulus. The responses were also dose-dependent, 
as shown by Fig. 4B. As often happened, the response 
to increasing doses of  an odor, in this case E2H, rose 
to a peak and then dropped with higher doses. The re- 
sponse to tomato extract appeared to rise to a peak 
at the highest dose. The responses to E2H and tomato 
extract could not be compared directly, however, be- 
cause of  the different initial concentrations and because 
E2H was a pure odorant  and the extract was a mixture. 
Nevertheless, the responses of  this cell to the 3 different 
odor  stimuli did not appear to be qualitatively different. 
For example, the response to 20% tomato extract 
(20TOM) and to tobacco leaf were virtually identical 
in comparisons of individual traces (Fig. 4A, traces 3 
and 7) or the mean responses (Fig. 4B). Note also that 
for a given odor  concentration, the responses were quite 
consistent, as indicated by the small standard errors of  
the means of  the responses (Fig. 4 B). 

The responses of  a cell (probably a LAC local inter- 
neuron, judging from the ventro-lateral position of  its 
soma) to different doses of  E2H presented randomly 
are shown in Fig. 5A. The 50-fold concentration range 
of  E2H used for stimulation apparently spanned the re- 
sponse range for this cell (Fig. 5 B). The lowest concen- 
tration evoked a response similar to that attributable 
to the blank cartridge. The cell's response increased with 
increasing doses of  E2H before reaching a plateau. There 
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Fig. 4. A Responses of a central neuron (probably a higher-order 
neuron, based on the dorsal cell body position) to different odors. 
T O M  tomato leaf extract presented at 2%, 10%, 20% dilutions; 
E2H (E)-2-hexenal presented at 1%, 5%, 10% dilutions. All dilu- 
tions in n-hexane, all 10 ~tl aliquots. TOB small piece of crushed 
tobacco leaf; BL n-hexane blank cartridge. Stimulus marker= 
500 ms; voltage marker = 4 mV. B Dose-response curve of the cell 
in A. Response calculated by subtracting the mean number of im- 
pulses per 500 ms before the stimulus (averaged over 2 s) from 
the number of impulses during the stimulus. Separate baseline 
number of impulses calculated for each trial. Means of 3 replicates 
per dose _+ SEM 

was a g rea t  dea l  o f  va r i ab i l i ty  in the responses  o f  this 
cell to a given dose  o f  o d o r a n t ,  which  can  be seen in 
the large s t a n d a r d  e r rors  o f  the means  in the dose- re-  
sponse  curve (Fig.  5 B, three  repl ica tes  pe r  dose) .  The  
la tency  o f  the responses  a p p e a r e d  to be shor t e r  a t  the 
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Fig. 5. A Responses of a central neuron (probably a LAC local 
interneuron, based on the ventro-lateral cell body position) to 7 
different concentrations of E2H (10%, 5%, 1%, 0.5%, 0.1%, 
0.05%, 0.01% - 10 pJ each, dilutions in n-hexane, and a n-hexane 
blank cartridge. Cartridges presented in random order.) Note vari- 
ability of responses. Stimulus marker = 2 s, voltage marker = 5 mV. 
B Dose-response curve of the cell in A. 3 replicates per concentra- 
tion. Means calculated as in Fig. 3 B. Mean responses + SEM 

higher  concen t r a t ions  o f  s t imulus,  a f inding  also seen 
in adu l t  male  M .  s e x t a  ( K a n z a k i  et  al. 1989). Moreove r ,  
the responses  s t oppe d  before  the  end  o f  the 2-s s t imulus ,  
and  two spike  ampl i t udes  were de tec tab le  in some re- 
cords  (e.g. the  th i rd  t race in Fig.  5A) ,  a p h e n o m e n o n  
also found  in local  in t e rneurons  in the an tenna l  lobe  
o f  adu l t  M .  s e x t a  ( M a t s u m o t o  and  H i l d e b r a n d  1981). 

A local  i n t e rneu ron  wi th  neur i tes  conf ined  to  the 
L A C  is i l lus t ra ted  in Fig.  6A.  The  two m a j o r  processes  
o f  this cell converged  in a reg ion  close to the vent ra l  
b o r d e r  o f  the L A C  af ter  b r anch ing  near  the cell body .  
F igure  6 B shows the m o r p h o l o g y  o f  a n o t h e r  local  inter-  
neu ron  tha t  also had  b ranches  conf ined  to the L A C .  
The  responses  o f  the cell in Fig.  6 A  are  shown in 
Fig.  6 C. This  neu ron  h a d  a high b a c k g r o u n d  fir ing ra te  
and  exh ib i ted  ac t ion  po ten t i a l s  o f  two ampl i tudes ,  
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Fig. 6. A Morphology of a local neuron with processes confined 
to the LAC. Anterior view. Scale b a r = 2 5 0  gm. B Morphology of 
a second local neuron. (2 Responses of the cell in A to 5% E2H, 
5% tomato leaf extract (both 10 pl, dilutions in n-hexane), and 
a n-hexane blank cartridge. Stimulus marke r=500  ms, voltage 
marker = 4 mV 

especially noticeable in the second and third traces. The 
firing of  action potentials of  one amplitude did not ap- 
pear to be tightly correlated with the firing of  action 
potentials of  the other amplitude, as the smaller impulses 
occurred at a much higher frequency than the larger 
ones. The response of  this neuron, evident in the small 
spikes, occurred at a short latency after the start of  the 
stimulus and appeared to shut off before the end of  
the stimulus. 

A projection neuron (Fig. 7A) had dendritic arbori- 
zations in the LAC and an axon that projected to the 
protocerebrum. As in the local interneurons, the arbori- 
zations of this neuron were confined to a part of  the 
LAC. The responses of  this neuron (Fig. 7B), which 
were phasic-tonic and outlasted the stimulus, were 
especially dramatic because of  the cell's relatively low 
background firing (4-8 Hz) and the observation that the 
firing rate did not revert to background levels even 5 s 
after an odor stimulus. Figure 7C shows the mean re- 
sponses of  this neuron to the 4 types of  stimuli, averaged 
over 3 or 4 replicates, and demonstrates that E2H 
evoked the strongest responses, followed by tobacco leaf 
and tomato extract. 

A higher-order, odor-responsive neuron located in 
the mushroom body is presented in Fig. 8. It appeared 
to be a local interneuron with 3 major branches, none 
of which could be readily identified as an axon (Fig. 8 A). 
The soma of this cell was located at the dorsal margin 
of the brain. This neuron gave responses to odors and 
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Fig. 7. A Morphology of a projection neuron with dendrites in 
the LAC and projections to the protocerebrum. Anterior view. 
Scale b a r = 2 5 0  ktm. B Responses of the cell in A to 5% E2H (10 111, 
diluted in n-hexane), tobacco leaf, 5% tomato leaf extract (10 pl, 
diluted in n-hexane), and a n-hexane blank cartridge. Stimulus 
marke r=  500 ms, voltage m a r k e r = 4 m V .  C Mean ( •  re- 
sponses of the cell in A to the different stimuli (3 or 4 replicates 
each). Means calculated as in Fig. 4 B 

a very small response to the blank cartridge (Fig. 8 B, 
C). The variability of  the responses was relatively small 
except in the case of  stimulation with tobacco-leaf vola- 
tiles (Fig. 8 C). 

A second type of  higher-order olfactory neuron had 
processes localized to the lateral part of the protocere- 
brum (Fig. 9 A). Because a small branch of  the cell was 
not stained completely (arrowhead), it is not possible 
to say whether this neuron had a well-defined axon. The 
responses of  this neuron appeared to be mixed (excitato- 
ry-inhibitory), as was most evident in the response to 
20% E2H (top trace, Fig. 9B). The responses to E2H 
and to tomato extract appeared to consist of  an extra 
action potential followed by weak hyperpolarization in 
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Fig. 8. A Morphology of a cell with processes in the mushroom 
bodies. Anterior view. Scale bar = 250 I~m. B Responses of the cell 
in A to 5% E2H (10 ~tl, diluted in n-hexane), tobacco leaf, 10% 
tomato leaf extract (10 pl, diluted in n-hexane), and a n-hexane 
blank cartridge. Stimulus marker = 500 ms, voltage marker = 5 mV. 
C Mean ( _+ SEM) responses of the cell in A to the different stimuli 
(3 replicates each). Means calculated as in Fig. 4 B 

an otherwise slow and steady impulse train. The mean  
responses o f  this cell to  the different stimuli were no t  
very different f rom the mean  responses to the blank car- 
tridge (not  shown). By contrast ,  the ins tantaneous  fre- 
quency plots for  the 3 stimuli (Fig. 9C) show a s trong 
peak in the impulse f requency associated with the odor-  
ants but  not  the blank. 

The cell in Fig. 10A was one o f  the few odor - respon-  
sive, contralateral ly  project ing neurons  stained in this 
study. It had sparse arbor izat ions  in the lateral protocer-  
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Fig. 9. A Morphology of a cell in the lateral part of the protocere- 
brum. Arrowhead points to an unfilled branch. Anterior view. Scale 
bar=250 ~tm. B Responses of the cell in A to 20% E2H, 10% 
tomato leaf extract (both 10 p J, diluted in n-hexane), and a n-hex- 
ane blank cartridge. Stimulus marker = 500 ms, voltage marker= 
10 inV. C Instantaneous frequency plots of the responses shown 
in B 

ebrum and a contralateral  project ion that  was incom- 
pletely stained. It is also one o f  the minor i ty  o f  neurons  
whose response to odors  was inhibitory.  Hyperpolar iza-  
t ion o f  the m e m b r a n e  is evident in the responses to 10% 
and 5% E2H ( top two traces, Fig. 10B). The mean  re- 
sponses o f  this cell (Fig. 10C) show that  neither the 
blank nor  the low concent ra t ion  o f  E2 H had  m u c h  ef- 
fect, while the two higher concent ra t ions  evoked a signif- 
icant d rop  in the basal firing rate. The mean  responses 
to 5% and 10% E2H appeared  to be very similar, sug- 
gesting that  the response o f  this cell had reached satura-  
tion. 

Figure 11 A and B demonst ra tes  that  two different 
h igher-order  neurons  (identified by dorsal  somata  posi- 
tions) responded to sex pheromones  f rom an adult  fe- 
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Fig. 10. A Morphology of a cell in the protocerebrum with a contra- 
lateral projection (incompletely filled). Anterior view. Scale bar = 
250 p.m. B Responses of the cell in A to 1%, 5%, and 10% E2H 
(10 p.1, diluted in n-hexane) and a n-hexane blank cartridge. Stimu- 
lus marker=500 ms, voltage marker=4 mV for the second and 
fourth traces, 2 mV for the first and third traces. C Mean (+  SEM) 
responses of the cell in A to the different stimuli (3 replicates each). 
Means calculated as in Fig. 4B 

male  M. sexta. The  cell in Fig.  11 A r e s p o n d e d  wi th  a 
phas ic - ton ic  t ra in  o f  ac t ion  po ten t i a l s  to an tenna l  s t imu-  
la t ion  with  a ca r t r idge  l oaded  with  20 ng o f  (E, Z)-  
10, 12-hexadecadiena l  ( b o m b y k a l  or  BAL) ,  the  m a j o r  

B 1 E2H 

BL 

- -  I 
Fig. 11. A Responses of a central (probably higher-order) neuron 
to 1%, 5%, 10% tomato extract (10 ~tl, diluted in n-hexane), 20 ng 
(E, Z)-10, 12-hexadecadienal (bombykal or BAL), and a blank car- 
tridge. Stimulus marker = 500 ms; voltage marker = 10 mV. B Re- 
sponses of a different (probably higher-order) neuron to 1% and 
5% E2H, 2% tomato extract (all 10 t11, diluted in n-hexane), 0.5 
female equivalent (0.5 FE) of the natural adult female pheromone 
blend (extracted in n-hexane), and a n-hexane blank cartridge. 
Stimulus marker = 500 ms; voltage marker = 10 mV 

c o m p o n e n t  o f  the female  s e x -phe romone  b lend (S ta r r a t t  
et al. 1979; Tuml inson  et al. 1989). The  cell gave no re- 
sponse  to a n-hexane  b l ank  car t r idge .  F igure  11 B shows 
a second cell tha t  r e s p o n d e d  with  exc i ta t ion  to 0.5 fe- 
ma le -equ iva len t  o f  the comple t e  p h e r o m o n e  blend.  Both  
o f  these cells also r e s p o n d e d  to E 2 H  and  t o m a t o  ex t rac t  
wi th  responses  tha t  were ex t remely  s imi lar  to tha t  elicit- 
ed by  the sex p h e r o m o n e  c o m p o n e n t s .  A to ta l  o f  19 
cells were subjec ted  to an t enna l  s t imu la t ion  wi th  e i ther  
the p h e r o m o n e  b lend  or  BAL,  as well as to one or  more  
n o n - p h e r o m o n a l  o d o r s :  16 (84%)  r e s p o n d e d  to all  o d o r s  
tested while 3 cells (16%)  r e sponded  to the n o n - p h e r o -  
m o n a l  odor (s )  bu t  no t  to B A L  or  the p h e r o m o n e  blend.  
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Discussion 

Our findings suggest that a M.  sexta larva assesses the 
quality of different plant odors by an 'across-fiber' fir- 
ing pattern of the olfactory interneurons in its central 
nervous system. We have not encountered any neuron 
that responded solely to tomato or tobacco odor, or 
to one of the other stimuli; all cells that responded to 
one of the olfactory stimuli also responded to some or 
all of the others. This is in contrast to the situation 
in the adult male M. sexta (Christensen and Hildebrand 
1987b, 1988; Kanzaki et al. 1989), in which there is a 
specific olfactory subsystem that deals almost exclusively 
with sex pheromones. The neurons of this subsystem 
respond selectively to the components of the pheromone 
blend and in some cases, respond to only a single compo- 
nent of the blend (Christensen and Hildebrand 1987 b). 
A similar situation is found in the adult males of H. zea 
and H. virescens, two species of noctuid moths (Christ- 
ensen et al. 1989). 

All of the cells in the larval brain that responded 
to either the adult female's sex-pheromone blend or to 
BAL, its major component, responded to plant-related 
odors as well. It is therefore possible that the responses 
were mediated by the same receptors. Three cells that 
responded to the plant-related odors, however, did not 
respond to pheromone, suggesting differences either in 
their sensitivities or their tuning. Although we have not 
thoroughly investigated the ability of larvae to perceive 
pheromone components, preliminary extracellular re- 
cordings from olfactory receptors showed that some 
units responded to a variety of long-chain aldehydes and 
alcohols (H. Itagaki and J.G. Hildebrand, unpublished 
observations). Long-chain substances are known to be 
associated with leaf cuticle (Martin and Juniper 1970; 
Baker 1982), and a pheromone component may stimu- 
late receptors that are sensitive to these leaf-surface 
chemicals. In any case, it is clear that the larval receptors 
that respond to sex-pheromone components are not the 
same as the adult receptors, because the larval antennal 
receptor cells degenerate during metamorphosis and 
adult antennae develop from antennal imaginal disks 
distinct from the larval antenna (Sanes and Hildebrand 
1976a, b). 

The fact that a relatively large number of higher- 
order neurons (in comparison with the other types of 
neurons) were characterized in this study may be due 
to the fact that recording from these neurons is easier 
than recording from LAC local interneurons and projec- 
tion neurons. We believe that such a sampling bias may 
skew our sample to some extent because the LAC-asso- 
ciated neurons, especially the projection neurons, have 
their somata nearer to the ventral margin of the brain, 
making stable impalements more difficult. Of course, 
it is also possible that there are more of the higher-order 
types of neurons than the LAC-associated neurons. 

The somata of odor-sensitive neurons in the larval 
brain seemed to be widely distributed. Although there 
appeared to be some clustering of the somata of certain 
types of odor-responsive neurons (see Fig. 6A, B), we 
could not easily place the cell somata positions on the 

basis of any external markers on the surface of the brain. 
Comparisons of positions of somata of odor-responsive 
neurons from preparation to preparation were hindered 
by differences in tissue deformation during fixation, 
which were exacerbated by desheathing. Nevertheless, 
somata of odor-responsive neurons can be mapped to 
certain broad regions of the brain surface (Fig. 3). 

LAC local interneurons often gave highly variable 
responses to a given dose of odorant (e.g. Fig. 5), a 
finding also found in adult male M. sexta (TA Christen- 
sen, ID Harrow, BR Waldrop, JG Hildebrand, unpub- 
lished). This variability was due, in part, to rapid habitu- 
ation to a given odorant despite a long interstimulus 
interval. The later responses, in general, were not as 
robust as the earlier responses. Dose-response curves 
showed a rough plateau and considerable variability. A 
possible interpretation is that such local interneurons 
act as odorant 'threshold detectors', exhibiting a step 
response to different doses of odorant. If the dose is 
above threshold, then the interneuron gives a relatively 
standardized response; if the odor concentration is be- 
low threshold, then the response is indistinguishable 
from a blank response. In the neuron of Fig. 5, this 
threshold appears to be between 0.1 and 0.5% E2H 
(Fig. 5 B). 

The responses of a LAC projection neuron to a given 
odorant were more tightly clustered about the mean (e.g. 
Fig. 7 C) despite the greater strength of the responses. 
Habituation was also less of a problem for these neu- 
rons. The responses of protocerebral neurons were less 
variable (Figs. 4A, B; 8B, C; 9B, C) than the responses 
of the LAC local interneurons, although their responses 
were less dramatic than those of LAC projection neu- 
rons. 

The LAC local interneurons stained did not exhibit 
arborizations throughout the entire LAC. Their pro- 
cesses were confined to certain parts of the LAC, imply- 
ing the LAC is functionally subdivided. In adult M.  sex- 
ta, the local interneurons in the antennal lobes have ar- 
borizations in many or all of  the glomeruli, sometimes 
including the male-specific macroglomerular complex 
(MGC) (Matsumoto and Hildebrand 1981; Hoskins 
et al. 1986; Christensen and Hildebrand 1987b). 

Dendritic arborizations of projection neurons also 
appeared to be limited to certain regions of the LAC, 
as no such neuron was observed to have arborizations 
throughout the LAC. This is analogous to the situation 
in the adult, in which the sex-pheromone-specific inter- 
neurons all have dendrites confined to the MGC (Christ- 
ensen and Hildebrand 1987a), and about half of the 
'non-MGC'  projection neurons appear to have den- 
drites confined to one glomerulus (Matsumoto and Hil- 
debrand 1981; Christensen and Hildebrand 1987b; 
Homberg et al. 1988). 

Protocerebral neurons in the larval brain gave less 
dramatic responses to odor stimulation than those re- 
corded from LAC projection interneurons. Compared 
to LAC local interneurons, these higher-order neurons 
gave responses that were less variable for a given stimu- 
lus. Larval protocerebral neurons were also not very 
responsive to mechanosensory stimuli (puffs of air deliv- 
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ered from blank cartridges - Figs. 4A, 8B, 9B, 10B, 
11 A and B), unlike some of the LAC local and projec- 
tion interneurons (Figs. 6 C, 7 B). The subdued responses 
of the higher-order cells may have been due to (1) a 
lack of the proper associated stimulus (e.g. light) to max- 
imize the responses of these cells, or (2) a lack of strong 
mechanosensory inputs. In the latter case, it is possible 
that some local and projection neurons are multimodal, 
but that the mechanosensory information is processed 
by neurons without olfactory inputs in the higher inte- 
gration centers of the protocerebrum and mushroom 
bodies. As we did not continue to record from and stain 
strictly mechanosensory neurons, it is possible that the 
higher-order mechanosensory neurons were bypassed in 
the experiments and are therefore not represented here. 

Multimodality appears to be common among inter- 
neurons of the deutocerebrum in the brains of many 
insects. Homberg (1981) found all of the deutocerebral 
output neurons he studied in worker honeybees to be 
multimodal, while in P. americana, Ernst and Boeckh 
(1983) found some local and projection neurons that 
were multimodal. In adult M. sexta, it appears that a 
subset of the antennal-lobe projection neurons that do 
not have arborizations in the MGC are multimodal and 
respond to mechanosensory as well as olfactory inputs 
(Kanzaki et al. 1989), while local interneurons are only 
very weakly stimulated by mechanosensory stimuli 
(Matsumoto and Hildebrand 1981). Multimodality has 
also been observed in many pheromone-sensitive deuto- 
cerebral cells in B. mori (Olberg 1983; Kanzaki and Shi- 
buya 1986). Multimodality of protocerebral neurons has 
also been demonstrated in many insects (Suzuki et al. 
1976; Erber 1978; Homberg 1984; Schildberger 1984; 
Light 1986). These neurons have more complex re- 
sponses than deutocerebral neurons, exhibiting after-dis- 
charges that alter the cell's subsequent responses and 
conditional responses that depend on the cell's activity 
before the stimulus (Erber 1978; Schildberger 1984). It 
has been suggested that this plasticity may underlie 
learning and memory in these insects (Erber et al. 1980). 

Interhemispheric communication occurs at several 
levels in the brain of larval M. sexta. Olfactory primary 
afferents do not cross to the contralateral side in larvae 
(Kent and Hildebrand 1987) or in adults (Camazine and 
Hildebrand 1979; Kent 1985), although such contralat- 
eral primary-afferent projections do exist in Diptera 
(Boeckh etal. 1970; Strausfeld 1976; Stocker etal. 
1983). A pair of bilateral serotonin-immunoreactive cells 
is also known to exist in larval M. sexta, with a cell 
body in one hemisphere and extensive ramifications 
throughout the LAC and protocerebrum of the contra- 
lateral side (Kent et al. 1987). Interhemispheric commu- 
nication apparently also occurs at higher levels of the 
brain, as suggested by the cell depicted in Fig. 10A, 
which links the lateral protocerebrum with the contralat- 
eral hemisphere. 

The multiple spike amplitudes recorded from local 
interneurons (Figs. 5 A, 6B) and from some protocere- 
bral neurons (Fig. 8 B) may be due to physiological elec- 
trical coupling between cells or to artifactual coupling 
caused by tandem electrode penetrations. Alternatively, 
the major branches of a cell might fire impulses indepen- 

dently, and these distinct excitable regions might be sep- 
arated by relatively inexcitable regions with low safety 
factor, a phenomenon also described in the locust 
(Heitler and Goodman 1978), leech (Calabrese 1980), 
crayfish (Calabrese and Kennedy 1974), crab (Sandeman 
1969a, b), alligator (Llinfis et al. 1968; Llin/ts and Ni- 
cholson 1971), and several other organisms (reviewed 
in Westerfield et al. 1978). Tandem electrode penetra- 
tions and electrical coupling cannot be discounted, as 
we observed dye-coupling during some of our experi- 
ments. Multiple spike amplitudes have also been de- 
tected frequently in the local interneurons of the anten- 
nal lobes in adult M. sexta (Matsumoto and Hildebrand 
1981; TA Christensen, ID Harrow, BR Waldrop, JG 
Hildebrand, unpublished). The major branches of such 
cells may act as independent units in local circuits within 
the neuropil of a glomerulus or small groups of glomeru- 
li. This might allow one cell to act as more than one 
integrating unit, processing different information in dif- 
ferent portions of the cell (Matsumoto and Hildebrand 
1981). 

In insects, the central processing of plant-related 
odorants has been less intensively studied than the pro- 
cessing of pheromones. In adult M. sexta, the results 
indicate that local interneurons without arborizations 
in the macroglomerular complex (MGC), the phero- 
mone-processing region of the adult male antennal lobe, 
respond only to the plant-related odors (e.g. E2H, tobac- 
co leaf, amyl acetate) while the local interneurons with 
MGC arborizations respond to pheromone components 
and to plant-related odorants differently (Matsumoto 
and Hildebrand 1981; reviewed in Christensen and Hil- 
debrand 1987b). The MGC projection interneurons in 
male M. sexta fall into two categories: those that re- 
spond only to pheromone components (Christensen and 
Hildebrand 1987a) and those that show no preference 
for pheromones. In the latter case, the neurons are ex- 
cited by pheromone components but inhibited by E2H 
(Kanzaki et al. 1989). 

Physiological work on insects other than M. sexta 
have revealed similar types of odor responses. In P. 
americana, intracellular and extracellular recordings show 
that there are deutocerebral neurons excited by both 
food and pheromone odors, neurons that are inhibited 
by food odors and excited by pheromone components, 
and neurons that respond only to food odors (Waldow 
1977; Seizer 1979; Burrows etal. 1982; reviewed in 
Boeckh et al. 1984). Two functional classes of neurons 
have also been found in the deutocerebrum of the phyto- 
phagous beetle L. decemlineata, where one class is nar- 
rowly tuned, responding preferentially to individual 
odorants in a plant extract, while the other responds 
preferentially to the complete plant extract, appearing 
to act as a 'blend' detector (De Jong and Visser 1988). 

The present study indicates that olfactory informa- 
tion in larval M. sexta is conveyed from the LAC to 
particular regions of the protocerebrum. The informa- 
tion appears to be refined and made more consistent 
by the initial processing steps involving neurons asso- 
ciated with the LAC. The limitations imposed by record- 
ing from cell somata surely obscure some of the subtlety 
of the physiological responses (e.g. PSPs), but the physi- 
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ological m a p p i n g  approach  nevertheless has given us an  
init ial  perspective on  the olfactory pa thway  in the larval  
lep idopteran  brain.  
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