The Journal of Experimental Biology 203, 2025-2038 (2000) 2025
Printed in Great Britain © The Company of Biologists Limited 2000
JEB2584

ASSOCIATIVE OLFACTORY LEARNING IN THE MOTH MANDUCA SEXTA

KEVIN C. DALY* anp BRIAN H. SMITH
Department of Entomology, Ohio State University, Columbus, OH 43210-1220, USA
*e-mail: daly.40@osu.edu

Accepted 11 April; published on WWW 13 June 2000

Summary

The proboscis extension response conditioning protocol forward pairing of odor and sucrose on the following day.
has been used to explore olfactory-based associative In contrast, moths experiencing random pairing on day 1
learning in an array of insects. We have monitored a displayed a slower rate of acquisition during forward
different feeding reflex, which involves activation of the pairing on day 2, which may indicate inhibition. The second
cibarial pump, to demonstrate olfactory learning in the experiment investigated discrimination learning. Two
moth Manduca sextaln the first experiment, four different odors were randomly presented, one odor being forward-
treatment conditions were used to assess associative paired with sucrose (+), the other presented alone-) in a
(Pavlovian) learning. The results indicate that an excitatory  counterbalanced design. Again, only when odor was
cibarial pump response develops and is retained for at forward-paired with sucrose did learning occur. We
least 24h only when odor is forward-paired with the discuss the implication of these findings for a broader
presentation of sucrose. Three control treatments, comparative analysis of learning in insects.
backward pairing, air (no odor) pairing and random
pairing, failed to increase the cibarial pump response.

However, an excitatory cibarial pump response developed Key words: cibarial pump response, mdthanduca sextalearning,
when the backward- and air-paired groups received olfaction, feeding reflex, conditioning.

Introduction

Animals live in a complex and dynamic matrix of stimulusbetween host-plant volatiles and host location/oviposition
events. While innate behavioral responses to some of thefi€aas et al., 1990; Kerguelen and Cardé, 1996; Zanen and
events are imperative to survival, in many cases there is al€ardé, 1991). Tully and Quinn (1985) have successfully
a distinct advantage for these responses to exhibit some degoesmonstrated conditioned aversion by associating odor with
of plasticity based on prior experience. In the noctuid mottelectric shock ilDrosophila melanogasteRaubenheimer and
Manduca sexta olfactory stimuli are used to navigate Tucker (1997) found thatocusta migratoriacan learn that
successfully to nectar-bearing flowers, to host plants focolor and odor cues signal the presence of either protein- or
oviposition and to conspecifics for mating (Christensen andarbohydrate-rich foods.

Hildebrand, 1987a,b). Adult male moths emerge fully able to Much of the research in insect learning has centered on
navigate along the wind-borne pheromone plumes produced lopnditioning the proboscis extension response (PER; Menzel,
females. In contrast, the highly diverse and dynamic range d090). This reflexive response can be elicited in many nectar-
olfactory cues that signal the presence of host plants faonsuming insects, such as the honeybee (Kuwabara, 1957).
oviposition and for nectar require that moths modify theirSimply touching the antennae with sucrose solution elicits

innate tendencies to compensate for changing environmenktension of the mouthparts and activation of feeding behavior.
conditions. To optimize foraging, adult moths, like honeybeetn PER conditioning, a novel conditioned stimulus (CS) is

(von Frisch, 1967), must learn which olfactory cues frompaired with sucrose presentation (unconditioned stimulus or
myriad blends of plant volatiles signify the presence of dJS). Proboscis extension response conditioning is a simple
valued resource. yet powerful Pavlovian protocol that provides an ideal

There is a substantial body of evidence demonstrating thakperimental platform for in-depth parametric analysis of
insects can modify innate behavioral responses by formingonditioning in insects. It has been used to explore olfactory
associations between relatively novel cues and biologicalliearning in the honeybe¥pis melliferawith respect to an array
relevant environmental events. For instance, parasitoid wasp$learning phenomena including stimulus intensity (Bhagavan
are able to form associations between volatile odorants froend Smith, 1997), blocking (Smith and Cobey, 1994;
the dung of hosts and other host-specific non-volatile wast@ouvillon et al., 1997; Smith, 1997), generalization and
products (Lewis et al., 1991). They also form associationdiscrimination (Smith and Menzel, 1989). PER-based
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conditioning has also been used to explore conditioning in gorocesses is to demonstrate discrimination learning.
array of insect species includirgrosophila melanogaster Discrimination learning bolsters the associative learning
(Lofdahl et al., 1992). Recent investigations clearlyargument by demonstrating that subjects can differentially
demonstrate olfactory learning in three species of motlincrease responsiveness selectively to odors on the basis of the
Helicoverpa armigeraHeliothis virescengHartlieb, 1996) predictive value of each odor in relation to the US. Selective
andSpodoptera littoraligFan et al., 1997). responsiveness to meaningfully different stimuli is the
In recent years, an agricultural pest motflanduca foundation of discrimination learning and provides strong
sexta has been the focus of intense behavioral an@vidence that observed changes in behavior are not due entirely
neurophysiological analysis in relation to olfaction andto sensitization. Furthermore, discrimination analysis provides
olfactory processing (Christensen and Hildebrand, 1987a,l, framework within which a detailed understanding of sensory
1988; Nighorn et al., 1998). This work has led to anprocessing can be achieved.
understanding of the olfactory processing mechanisms
underlying upwind orientation and flight response to )
pheromones and to floral and host-plant olfactory cues. This Materials and methods
makes M. sexta an ideal candidate for studying the Subjects
neurological foundations of learning. Indeed, the similarity Male and femaleManduca sextawere obtained during
between antennal lobe structure and olfactory processing afiddle- and late-stage pupal development from Arizona
this moth and that of the vertebrate olfactory bulb (Shepherd®Research Labs, Division of Neurobiology (ARLDN). Rearing
1991; Shipley and Ennis, 1996; Hildebrand and Shepherdponditions have been described in detail elsewhere (Bell and
1997; Hildebrand et al., 1997), as well as the structuraloachim, 1976). Pupae were classified by sex, placed
and functional similarity of its antennal lobe to that of otherindividually in brown paper bags and stored until used in
insects, provides a great opportunity for comparative analysenvironmental chambers at 28 °C, 70% relative humidity and
of olfactory learning and memory and the underlyingon a 16h:8h L:D cycle.
neurophysiological processes that control these types of Pupae were checked once daily, just before initiation of the
behavior. dark cycle, and the date was recorded on the bags in which
Our goal was therefore to develop a protocol in which tanewly emerged pupae were found. Adult subjects were held
evaluate the changes in moth behavior that arise fromvithout food or water for a minimum of 5 days after the
differential stimulation of the olfactory system with respect toeclosion date before they were used in any of the treatment
food reinforcement. The first objective was to establishithat conditions described below. Three procedural points must be
sextacould learn to respond appetitively to novel olfactoryaddressed here. First, subjects were monitored according to age
cues as a result of associative processes. One method that ttanensure complete development of all sensory systems.
be used to assess the relative contributions of associative aBdcond, we observed that holding subjects without food for
non-associative processes to the modulation of the feedirsgveral days increased their motivation to feed and increased
behavior of moths in response to olfactory cues is tdhe level of conditioned responsiveness in the experimental
systematically manipulate CS-US contiguity (the temporaparadigm. Third, each subject was placed in only one of the
relationship between CS and US) and CS—US contingency (tlieeatment conditions described below and was used for only
predictive value that CS has upon US presentation). Excitatolgne series of training trials.
associative processes require that the change in response be
specific to forward pairing of CS and US (that is the Preparation
presentation of the CS just prior to the presentation of the US). Subjects were placed into individual plastic preparation
Other pairing conditions such as backward pairing of CS antlbes measuring 7cm in length and 1.5cm in diameter. A
US, where contingency is reversed, will not produce amortion of the tubing on the top had been cut away, leaving a
increase in response strength to the CS unless non-associativan high by 0.5cm wide tab used to assist in restraining the
processes such as sensitization are also co-modulatisgbject. On the back of the tube, a four-wire female-ended plug
behavior. Furthermore, by degrading the contingency andith two electrode leads was permanently attached. Multiple
temporal contiguity of the CS-US relationship through thensect preparations could then be plugged into a magazine for
random pairing of CS and US, little or no predictive value willconditioning.
be provided by the CS and, hence, excitatory associations will The subject was placed in the tube from the bottom and
not form. In this randomly paired condition, there is aforced to the top. Once the head and part of the thorax had
possibility of excitatory associations forming because randoramerged from the top of the tube, a length of pipe cleaner was
patterns can offer some predictability. However, with repeatedrapped around the thorax, and the subject was twist-tied to
trials, this effect becomes increasingly small. A decrease ithe plastic tab extending from the tube. This procedure
response strength produced by random pairing, over and aboefectively restricted the subject without harming it. An
that seen in backward pairing, could also indicate inhibitoryadditional piece of masking tape was placed just under the head
processes. and over the exposed portion of the thorax, further restricting
A second approach that can be used in assessing associative subject and preventing the legs from disturbing the
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electrode preparations. The proboscis was then extended awacdhat described by Smith and Menzel (1989) in the honeybee.
threaded through a 4cm length (0.05 in inner diameter) dbubjects were scored according to detected changes in feeding
Tygon flexible surgical tubing, leaving the distal portion of thebehavior in response to presentation of the conditioned
proboscis exposed. This tubing was then affixed to the front aftimulus (CS). This score was based on three indicators: output
the preparation tube with a soft wax. Mounting the proboscifom the audio output device attached to the amplifier,
in this manner made it easier to deliver the sucrose solutionsualization of the EMG recording during a trial on the
with greater temporal accuracy. oscilloscope, and extension of the tip of the proboscis that
A Teflon-coated fine silver wire electrode was placed jusprotruded from the end of the plastic tube. Specifically, if any
under the surface of the head capsule, between the compouwfdhese indicators showed an increase in activity as a result of
eye and the sagittal mid-line, bringing it into contact with thepresentation of the CS, a response was recorded for that trial.
cibarial pump muscle. A reference electrode was placed infbhese observational data are used below only as an index of
the contralateral compound eye. The preparation tube wagquisition of the learned response. However, this measure is
plugged into a multi-port magazine used to train up to fivenecessarily confounded by the US presentation 3s after CS
animals in sequence. onset and therefore underestimates the conditioned response.
The magazine was built from a 10%€6b5cm length of In addition, we do not expect a correlation between the
Plexiglas. Attached to the Plexiglas sheet were five 1cm taficquisition data and the test or extinction trials (below) because
Plexiglas dowels around which the plastic preparation tubeke increase in latency of the conditioned response increases as
could be mounted. Also attached to the Plexiglas sheet was thefunction of repeated conditioning trials. Acquisition data
male end of the plug where leads from each preparation tulveere only collected during trials that were forward-paired or
made contact. Leads from the magazine connected to an A-tliring test trials that involved presentation of odor without
Systems (model 1700) differential AC amplifier. Output fromreinforcement. Other types of pairing, which varied the
this amplifier led to an oscilloscope, to an audio output deviceemporal relationship between the CS and US, inflate estimates

and to an A/D board in a computer. of the conditioned response (CR) by confounding it with the
The conditioning stage consisted of an odor cartridge madenconditioned response (UR).
from a 1 ml tuberculin glass syringe. Either geraniqilf3r During test trials, EMG activity of the cibarial pump muscle

1-hexanol () was placed on a piece of filter paper andwas digitized at 2.5kHz and stored on disk. Recordings were
inserted into the syringe. These two floral compounds wermade at three points during conditioning on both day 1 and
selected because of their prior successful use in studies ddy 2 (see below): once prior to conditioning, once midway
conditioning in honeybees (Thorn and Smith, 1997; Smith anthrough conditioning and once immediately following
Cobey, 1994; Bhagavan and Smith, 1997; Smith, 1998) rathepnditioning. Each recording was 10s in duration, so that EMG
than any potential biological relevanceMosexta In addition,  activity was sampled for approximately 3s before odor
we chose arbitrarily high concentrations of each odor solely opresentation, for the 4s of odor presentation and for
the basis of the work on bees and irrespective of what miglapproximately 3s after the termination of odor presentation.
be regarded as ‘biologically relevant concentrations’Mor  Pre- and post-presentation recording times varied slightly as a
sexta The odorant cartridge was then placed in the front of theunction of computer performance.
stage and connected to an aquarium pump air supply. A Spikes were counted for each EMG recording using a spike-
computer-controlled shunt allowed airflow either to an exhaustounting application created in HP-VEE. A |30 threshold
or through the odor cartridge. The cartridge was then aimed atas used to differentiate activity of the cibarial pump muscle
an exhaust port located approximately 10 cm away. from noise and other activity (see Fig. 2). Detection of a spike
During conditioning trials, subjects were placed in the centewas based on a positive then negative threshold crossing within
of the stage so that the odor cartridge was aimed directly at tiaeset time. The number of spikes was counted over two time
head approximately 9 cm away. The exhaust produced a genfleriods: one prior to the onset of the CS, and one from the
air stream in which the subject was centered. When the shummset of the CS until the end of the trial. Spike counts were
was opened, odorant was blown gently into the air stream oveonverted to pre-CS and post-CS frequencies by dividing the
the head and antennae of the subject and then into the exhamsmber of spikes by the respective time period.
vent. An auditory signal indicated the initiation and A small increase in the pre-CS frequency was detected
termination of the presentation of sucrose, which was applieacross trials. This increase could have been due to a number
to the proboscis by hand. During test trials, odor was controlledf factors, including sensitization to CS/US and/or residual
in the same manner, but sucrose solution was not presentegucrose in and around the proboscis. We could not
conclusively demonstrate the underlying causes of this change
Response measurements in baseline responsiveness from the post-CS data, so we chose
The cibarial pump reflex was elicited by application of theto extract it by subtracting the pre-CS frequency from the post-
unconditioned stimulus (US; sucrose solution) directly onto th€S frequency. By subtracting the pre-CS activity, a net change
partially extended proboscis. Responses were measured iascibarial pump reflex activity in response to the CS is
changes in the rate of electromyographic (EMG) activityproduced. All statistical analyses were performed on the basis
recorded from the cibarial pump muscle, a procedure similasf this change in frequency from pre- to post-CS presentation.
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A Forward-paired and air-paired CS-US relationship for 4s. Most of the subjects were able to consume the entire
4s droplet during that period. Note that there was a 1s overlap
cs— Off On Off between the CS and US.
4s The air-paired (AP) treatment (Fig. 1A) investigates the
us Off On Off context-specific learning effects of mechanosensory and
otherwise unspecified stimuli that accompany odorant and
sucrose delivery. Individuals in the AP treatment condition
received the identical forward-pairing conditioning described
B Backward-paired CS-US relationship above. However, no odorant was placed in the cartridge.
4s Hence, the AP group experienced only the airflow that
cs Off On Off normally occurs with the onset of the CS presentation and
4s experimenter movement that occurs prior to and during US
us Off On Off presentation.
In the backward-paired (BP) treatment group (Fig. 1B),
subjects received 4 s of sucrose deliveryl (haximum) prior
_ - to 4s of odor presentation. There was no explicit overlap of
C Rendom-paired CS-USrelationship - ©g and US presentations in the backward-paired treatment.
255 lé—zl +255 However, it is likely that residual sucrose was §til| present on
Cs _ L - the proboscis after sucrose presentation terminated, creating
4s some stimulus overlap.
us off [ on | of The fourth treatment group received random-paired (RP)

presentations of sucrose and odorant (Fig. 1C). In this treatment
_ _ ditioned stimul . il Eroup, presentations of the CS were randomly spaced, between
F|g_|._1. Basic _c_on itioned stimulus/unconditioned stlml_J us (CS-US 25 and-25s, around presentations of the US. Thus, on
pairing conditions used to assess olfactory learning. (A) Th%wera h s . o
ge, half the conditioning trials were forward-paired and

forward-paired (FP) and air-paired (AP) treatments first receive . . -
stimulus from the odor or blank cartridge (conditioned stimulus, CSBaIf were backward-paired. Note that, in the forward-paired and

4s) and are then presented with sucrose (unconditioned stimul/@lr-Paired groups, US delivery is contingent on prior CS
US; 4s). Note the 1s overlap between CS and US. (B) Théelivery and thatin the backward-paired group the contingency
backward-paired (BP) condition received the US first (4s) followedS reversed. However, temporal contiguity is maintained in the
by the CS (4s) with no overlap. (C) The random-paired (RPforward-paired, air-paired and backward-paired groups. In the
condition received the CS at a random interval (+25s) with respect tandom-paired group, there is neither consistent positive
the US. contingency nor temporal contiguity between CS and US. The
advantage of this approach is that the same number of CS and
US stimuli are given over the same total training period, making
Experiment 1: analysis of associative and non-associative direct comparison between the random-paired treatment
effects condition and other conditions more meaningful. Note too that
In total, 160 subjects were conditioned using a traditionalhis procedure differs from explicit unpairing (Hartlieb, 1996;
Pavlovian-style conditioning paradigm. The proceduré=an et al., 1997) in which the CS and US are randomly
described below was adapted from the proboscis extensigiesented in separate trials. One disadvantage with our method
response (PER) conditioning protocol in the honeybee (Menzés that, because it is roughly equivalent to the truly random
and Bitterman, 1983). Groups of 20 subjects were assigned pocedure (Rescorla, 1969), there were trials in which close
one of four groups and conditioned with one of the twoCS-US contiguity and positive CS-US contingency occur,
odorants. On the first day, all groups received the followingvhich could produce some excitatory learning.
series of three test (T) and ten conditioning (C) trials, On the second day, all groups of subjects received the same
T1-C1-C2-C3-C4-C5-T2-C6-C7-C8-C9-C10-T3. Theombination of test and conditioning trials as on day 1;
test (extinction trials) measured the baseline responsivenessttowever, all conditioning trials were forward-paired. On day
the CS (T1) and subsequent acquisition after either five (T2), the purpose was to differentiate the efficacy of the various
or 10 (T3) conditioning trials. During test trials, the CS wadreatment conditions. Day 2 was used to demonstrate that
presented alone, and EMG activity was recorded to disklifferences between groups on day 1 were due to the different
Conditioning trials were treatment-specific (see below). treatment conditions and not to chance inter-individual
Fig. 1 illustrates the four treatment-specific conditioningdifferences (recognizing, however, that treatment received on
schemes used in this experiment. The forward-paired (FRiay 1 affects the efficacy of the treatment given on day 2).
treatment group (Fig. 1A) received a 4 s pulse of air from the
odorant cartridge (CS) directed at the antennae of the subject. ~ EXperiment 2: discrimination learning analysis
At 3s into CS presentation,pl of a 1.25molf! sucrose The goal of this experiment was to demonstrate
solution (US) was touched to the exposed tip of the probosciliscrimination learning. Specifically, when subjects are
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reinforced with sucrose to one odor (A+) they should increasgays (post-eclosion) at the initiation of treatment. AGE ranged
responsiveness to that odor while simultaneously ndrom 5 to 9 days, with a mean of 7.25 days. Most subjects,
increasing responsiveness to a second ode) (Bat they however, were between 6 and 7 days old at the start of the
experienced as often as the A+ odor but without reinforcemengxperiment. ODOR was a continuous variable (coded 0 or 1)
Twenty subjects received pseudo-randomized trials exposirdjfferentiating 1-hexanol from geraniol. Each subject was
them to both 1-hexanol and geraniol for an equal number afiven a unique identification number, which formed a class
times. Ten of the subjects received 1-hexanol followed byariable accounting for individual differences (INDIVIDUAL
sucrose (A+) in six forward-paired trials exactly as describe®IFF). The logarithmic function of the number of trials was
in experiment 1. Pseudo-randomly interspersed with the Atised in the analyses because typically in conditioning
trials, the subjects received six additional trials during whiclexperiments the initial learning is fast and then tapers to a
they were exposed to geraniol alone-BThe second group maximum. Thus, a logarithmic function more accurately
of 10 subjects received the same procedure; however, in thisodels acquisition curves than a linear function.
group, geraniol was paired with sucrose (A+) and 1-hexanol From these variables, a number of transformations and
was presented alone {B The patterns of pseudo-random interactions were produced to test specific hypotheses.
presentation used were as follows: AB—-ABBABAABABBA— TREATMENT(1) was a rank-ordered variable that
AB-AB and BA-ABBABAABABBA-BA-BA. Note that the differentiated the four conditioning groups for day 1. Forward-
pre- and post-tests, separated from conditioning trials bgaired groups were coded 2, random-paired groups 1,
dashes, were reversed as a counterbalancing measure. backward-paired groups 1 and air-paired groups 0. This rank
As in experiment 1, a 6min inter-trial interval was ordering reflects two points. First, the forward-paired treatment
maintained. Observational data (recorded as O or 1, see belo#i¥played an elevated initial response relative to the other
were collected for all trials in the same manner as describegtoups in spite of the fact that all groups were treated
for experiment 1. Cibarial pump muscle activity in response tadentically at this point. Here, by explicitly coding for this
extinction trials with both the A+ and-Bodors was also difference in initial responsiveness, we extract variance that
recorded at three times: 6 min prior to conditioning, 6 min aftemight covary with our measurement of acquisition and thereby
completion of conditioning, and 24 h after conditioning. Theremove this as a possible confounding effect. The second
initial measurements recorded prior to conditioning provideeason for creating the TREATMENT(1) ordinal scale effect
the baseline responsiveness to each odor, while the postas because the air-paired group did not receive a highly
conditioning measurements, taken both immediately andalient olfactory cue, and their baseline responsiveness should
24h post-conditioning, provide a measurement of bothherefore be weak. A significant effect would support the above
discrimination learning and its retention. In addition, on thetheoretical assumptions.
second day, 12 unconditioned extinction trials (no sucrose On day 2, different expectations arise. TREATMENT(2) is
reinforcement), six for each odor, were given to all subjectsa second rank-ordered variable that reflects the hypothesis that
In these trials, A and B odors were presented in the santke air-paired and backward-paired groups will express the
pseudo-randomized order. Again, 6 min inter-trial intervalssame intercepts if the absence of response in these groups
were maintained and 0/1 observational data were recorded fagflects an absence of learning on day 1. Furthermore, subjects
each trial. in the random-paired group should have learned that the
presentation of the CS does not predict the coming presentation
Statistical analyses of sucrose. Thus, the TREATMENT(2) variable was coded as
Electromyographic data were analyzed using the gener&llows: forward-paired, 2; backward-paired, 1; air-paired, 1;
linear model (GLM) and regression (REG) procedures in SA&nd random-paired, 0. Again, a significant TREATMENT(2)
(SAS Institute, 1996). The GLM procedure was used becausdfect would support the above theoretical assumptions.
it hierarchically partitions variance components, which Because learning curves typically display a ceiling effect
allowed us to pre-specify causal priority while eliminating theacross trials, the effect of trials was log-transformed (LOG
need forpost-hocdata analysis (Cohen and Cohen, 1983)TRIAL) to model an asymptotic function for acquisition. To
Furthermore, in GLM analysis, the theoretical assumptionexplore whether the forward-paired group showed an increase
about transformations of variables can be hierarchically testeth response level relative to the air-paired, backward-paired
The regression procedure was used to provide slope amdd random-paired groups, the CONTRAST variable was
intercept information. Data were subdivided by day andreated. Here, the forward-paired treatment was juxtaposed to
analyzed separately. Where some data were missinthe backward-paired, random-paired and air-paired groups. As
individuals were excluded from the analysis, leaving eacla main effect, CONTRAST is collinear with the ordinal
group with at least 18 complete records. variable TREATMENT(1) and therefore was not used as such.
A number of additional variables were collected for theHowever, the interaction between CONTRAST and LOG
analysis. SEX, was coded 0 for a male or 1 for a female antRIAL specifically tests the hypothesis that the slope of the
was treated as a continuous variable. Treating this main effefdrward-paired group across trials is different from those of the
as a continuous variable enabled us to investigate the effectather three groups.
sexvia differences in ther-intercept. AGE represents age in  Additional transformations were created for the second
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Pre: Post A Pre : Post B

Fig. 2. Electromyographic (EMG) recordings
displaying examples of conditioned responses
(A) prior to training for all groups, (B) for
forward-paired (FP) mid-training on day 1 and
for forward-paired, backward-paired (BP) and
air-paired (AP) mid-training on day 2, (C) for
forward-paired 24 h post-training, and (D) for
backward-paired and Random-paired (RP)
conditions mid-training on day 1. Pre and post
delineate activity prior to the onset of the I

conditioned stimulus (CS) and after CS onse | —I\—
The step in the lower trace indicates that thg 5 10 0 5 10

CSisonfor4s. Time (s) Time (s)

Pre

experiment. First, a contrast-coded variable, BASELINE V&arry on for a few minutes. In this figure, there was also some
B-, was created to test the hypothesis that the response of tBBIG activity prior to CS onset. As discussed above, these
subjects to the B odor does not change as a function ofrandom bursts of activity may be due to residual sucrose from
repeated trials. This variable was contrasted as follows: afirior trials or possibly to the accrual of sensitization. Fig. 2C
initial recordings, irrespective of odor received, were coded as an example of a learned response to the initial CS
-1, all B- post-test measurements, irrespective of the odoranpresentation on day 2. Note that, unlike Fig. 2B, there is no
were coded as +1; all other trials were disregarded. POST U8e-CS activity and subjects have not received sucrose or
B—, BASELINE is a contrast-coded variable that juxtapose®dorant for 24h. Nevertheless, upon presentation of the
the A+ conditions to all other trials and is coded as followsodorant, a strong conditioned response occurs.
A+ is coded as +1; baseline is coded-asB- is coded as1. Fig. 2D is typical of the responses recorded in the backward-
The theoretical assumption here is that there is no differengmired treatment group upon presentation of the CS after
between baseline and the Bondition, an assumption that was training. Note that, in this recording, the onset of the CS
tested empirically (see above). demarcated a decrease in activity. This pattern of decreasing
activity was more frequent in the backward-paired group, but
also occurred in the random-paired group. The important point
Results to note is that, while some increase in spontaneous activity
Fig. 2 displays four 10s examples of EMG recordings thamight have been detected prior to CS presentation, CS
demonstrate a number of points. The first recording (Fig. 2Apresentation frequently had either no effect or a negative effect
is typical of activity prior to conditioning, when there is little on response strength in these groups.
or no change in activity in response to the CS odorant. There
were occasional exceptions in which subjects responded Day 1:an increase in response to odorant is specific to
spontaneously to the CS, but the magnitude of this response forward pairing
was typically small relative to the response produced by the The percentage of subjects that increased their feeding
US. The second recording (Fig. 2B) illustrates a typicahctivity in response to geraniol (Fig. 3A) and 1-hexanol
response to the CS after forward-paired conditioning. Note théFig. 3C) presentation for day 1 was calculated from the
there is a very short latency between the onset of the CS anliservational data and is displayed by treatment condition. No
a dramatic increase in EMG activity lasting for many secondslata were displayed for the backward-paired treatment group
After the termination of the recording session, this activitybecause acquisition data could only be collected during the test
frequently continued in increasingly shorter bursts that coulttials. Fig. 3A,C shows a distinct increase in response to the
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Fig. 3. Measurements of the conditioned cibarial pump muscle reflex response to odor presentation on day 1. (A,C) Acqtiistiain- for
paired (AP) N=23), forward-paired (FPN=18) and random-paired (RRY£19) (backward-paired, B™=18, not applicable) conditions as a
percentage of subjects responding to geraniol (A) or 1-hexanol (C) after the onset of the conditioned stimulus (CSphuregeatdtion of
the unconditioned stimulus (US). (B,D) Mean change in spike activity from the cibarial pump muscle in response to odoioprpgents
trial 1, after trial 5 and after trial 10 for geraniol (B) and 1-hexanol (D). Note that the initial mean change in spilefarcthe air-paired
group was zero (B). Values are mearseim.

odorant in the forward-paired condition up to trial 6, after whichstrength to odor presentation increased in the forward-paired
the response drops off. This appears to contradict the EMG dategatment across trials, while the other treatment conditions
which show a general increase in CR response strengtand to vary around a zero response.
(Fig. 3B,D). This apparent discrepancy may be due to the Statistical analysis of the EMG data collected from the
increasing latency of the CR over trials. On reinforced trials, asibarial pump muscle support the above observations. Table 1
the CR latency increased beyond 3s after CS onset, it becamtieplays the results from GLM models for day 1. The overall
confounded with the US presentation and the ensuing UR; thusiodel for day 1 produced a significaRtvalue of 3.14
we were unable to score a positive CR. On test trials, the U$<0.005) and explained 62.1% of the total variation in the
was not presented, so additional time was given during whictesponse of the subjects to the CS. The main effects of AGE,
the CR could be registered. These two response measuremeBEX and ODOR were not significant. The absence of statistical
are therefore not completely comparable. interactions between SEX, AGE and ODOR with LOG TRIAL
Fig. 3A,C shows that the air-paired and random-pairedndicates that acquisition rate does not change as a function of
conditions show very little change as trial number increaseshese variables. However, TREATMENT(1) was significant,
Furthermore, the generally weaker response in the air-pairexkplaining 4.6% of the model variance. The regression
group on day 1 signifies the importance of odor in this learningquation at the bottom of Table 1 reveals a positive increase
procedure. Fig. 3B,D also shows the mean change in spile intercept, indicating that the forward-paired condition had
frequency in response to CS presentation during the test triglse highest intercept, followed by those for the backward-
for geraniol (Fig. 3B) and 1-hexanol (Fig. 3D). The responsgaired and random-paired groups. As expected, INDIVIDUAL
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Table 1.Results of general linear modeling and analyses for experiment 1, day 1

Variable NDF, DDF Type | SS R SQ Fvalue Probability
Model 161 8792.79 0.623 3.14 0.0001**
Error 309 5447.28

SEX 1,152 26.76 0 0.51 NS
AGE 1,152 12.89 0 0.25 NS
ODOR 1,152 1.38 0 0.03 NS
TREATMENT(1) 1,152 661.77 0.046 12.87 0.0005**
INDIVIDUAL DIFF 152, 309 7910.83 0.555 2.95 0.0001**
LOG TRIAL 1, 309 0 0 0 NS
SEXx LOG TRIAL 1, 309 19.08 0 1.08 NS
AGE x LOG TRIAL 1, 309 2.46 0 0.14 NS
ODORx LOG TRIAL 1, 309 4.95 0 0.28 NS
TREATMENT(1) x LOG TRIAL 1, 309 241.45 0.017 13.87 0.0002**
Regression:

Delta frequency = 0.71+0.27TREATMENT(1) + 1.18(CONTRASIOG TRIAL)

SEX is coded 0 for male and 1 for female.

AGE is a continuous variable representing age at the start of training, ranging from 5 to 9 days post-eclosion.

ODOR is coded 0 for 1-hexanol and 1 for geraniol.

TREATMENT(1) is a rank-ordered scale that is formatted as follows: forward-paired, 2; backward-paired, 1; random-paiped;ed, dr

INDIVIDUAL DIFF is a categorical variable representing individual differences.

LOG TRIAL is the log-transformed function of trial.

CONTRAST is contrast-coded variable that juxtaposes the forward-paired group with all control groups.

The regression analysis displays the intercept and the standardized \&foe af significant continuous variables.

NS, not significant. *P<0.005.

NDF, numerator degrees of freedom; DDF, denominator degrees of freedom; SS, sum of squares; R SQ, proportion of total variance
explained. Delta frequency, change in response frequency.

DIFF was also significant and accounted for 55.5% of thehowed a rapid increase in response strength to CS presentation
explained variance, indicating that a substantial amount of thecross trials. In addition, the air-paired group displayed a
variability in cibarial pump reflex activity is attributable to stronger initial response to the CS than on day 1, and the
individual differences. The TREATMENT(® LOG TRIAL subjects in this group progressively increased their
interaction was also significant, explaining 1.7 % of the totafesponsiveness when exposed to more forward pairings of
variance. The strong positive slope of the regression indicateslorant and sucrose. This increase in responsiveness reflects
that the forward-paired group showed a much greater increatiee addition of a salient olfactory cue. In contrast, the random-
in response strength to the CS across trials compared with tpaired group displayed a retarded response to CS presentation
other groups. This relative difference indicates that associatiwdat persisted across trials. This pattern can also be seen in
processes contribute strongly to behavior. EMG recordings during test trials (Fig. 4C,D). The high initial
response strength, observed in the forward-paired group,
Day 2: air-paired, backward-paired and random-paired  reveals robust 24h retention of learned response. The air-
groups increase response strength with forward pairing of Cpaired and backward-paired groups showed a low initial
and US response that then increased to levels comparable with that of
Fig. 4A,C displays the percentage of subjects exhibitinghe forward-paired group on day 1. The random-paired group,
increased feeding behavior in response to geraniol and hewever, showed substantially lower response levels.
hexanol presentation by group for day 2. Note that, while Table 2 displays the GLM and regression analysis for day 2
groups are referred to as air-paired, backward-paired, etc., data. This model was significant, with &avalue of 2.26
day 2, all groups received the forward-paired treatment tP<0.0001), and explained 54.1 % of the total variance in moth
confirm that it was the differential treatment on the previoudeeding behavior on the second day. The model on day 2 is
day that had produced observed differences in behavior and remewhat different from that used on day 1. First, the model
an effect of individuals within the groyger se For both odors incorporated the hypothesis that subjects in the random-paired
on the second day, the forward-paired group started at a poicindition display a retarded response level to the CS,
near the peak response level for day 1 and well above the firiaticative of inhibitory learning. For this reason, we created the
response level for day 1. This group continued to maintain BREATMENT(2) variable as opposed to the TREATMENT(1)
relatively constant level of response throughout the remainingariable used in the analysis of day 1. TREATMENT(2) was
trials. Both the air-paired and the backward-paired group®und to be significant, accounting for 2% of the total model
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Fig. 4. Measurements of the conditioned cibarial pump muscle reflex response to odor presentation on day 2. (A,C) Acqtiistiain- for
paired (AP) N=23), backward-paired (BPNE18), forward-paired (FPNE18) and random-paired (RRI£19) conditions as a percentage of
subjects responding to geraniol (A) and 1-hexanol (B) after the onset of the conditioned stimulus (CS) but prior to presfetitatio
unconditioned stimulus (US). (B,D) Mean change in spike activity from the cibarial pump muscle in response to odor presentttittal

1, after trial 5 and after trial 10 for geraniol (B) and 1-hexanol (D). Values are means. +

variance. Regression analysis indicates that the forward-pairéorward-paired treatment group displayed strong learning, as
group has the highegtintercept, followed by the backward- indicated by the sharp increase in response strength, regression
paired and air-paired groups and then by the random-pairehalysis on day 2 indicates a steeper positive slope in the air-
group. Second, the expectation on day 2 is that all subjects jpaired, backward-paired and random-paired groups which are
all groups should exhibit an increase in responsiveness to thew receiving the forward-paired regime. This reversal
CS. While LOG TRIAL was not significant on day 1, it wasoccurred because the forward-paired treatment group had
on day 2 P<0.005), explaining 1.3% of the variance. Thisalready attained a maximum response level on day 1. This
reflects the fact that response strength did not increase acresgygestion is further supported by the higher intercept for the
trials for the backward-paired, random-paired and air-pairetbrward-paired group on day 2.
groups on day 1, but it did increase on day 2. The regression
analysis indicates a strong positive effect of LOG TRIAL on Moths can discriminate between odors
day 2. Fig. 5 displays the percentage of subjects that responded to the
INDIVIDUAL DIFF was again significant, explaining A+ and B- conditions for geraniol and 1-hexanol, respectively,
48.5% of the total variance and further indicating theon day 1 (acquisition phase) and on day 2 (retention/extinction
importance of individual differences in feeding behavior.phase) for the second experiment. For both odorants, the A+
Finally, there was a significant interaction betweencondition yields an increase in response that is retained through
TREATMENT(2) and LOG TRIAL. This interaction is an to the following day, while the Bcondition produces no such
index of differences in slope between the forward-paired grouimcrease. This pattern is indicative of discrimination learning.
and the other groups. Regression analysis indicates that, on dayrig, 6A,B shows changes in spike frequency before and
2, there is a reversal of relative slopes. Whereas on day 1 th#éer training for days 1 and 2. Fig. 6A displays the data with
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Table 2.Results of general linear model and analyses for experiment 1, day 2

Variable NDF, DDF Type | SS R SQ Fvalue Probability
Model 161 30501.51 0.541 2.26 0.0001**
Error 309 26341.28

SEX 1,152 254.26 0 1.40 NS
AGE 1,152 611.56 0.010 3.37 0.0683
ODOR 1,152 29.99 0 0.17 NS
TREATMENT(2) 1,152 998.33 0.018 5.50 0.0203*
INDIVIDUAL DIFF 152, 309 27579.61 0.485 2.13 0.0001**
LOG TRIAL 1, 309 786.53 0.013 9.23 0.0026**
SEXx LOG TRIAL 1, 309 3.37 0 0.04 NS
AGE x LOG TRIAL 1,309 114.58 0 1.34 NS
ODORx LOG TRIAL 1,309 25.48 0 0.30 NS
TREATMENT(2)x LOG TRIAL 1,309 327.56 0.006 3.88 0.0499*
Regression:

Delta frequency =11.02+3.71TREATMENT(2) + 7.77LOG TRIAL+0.44(CONTRASTxLOG TRIAL)

SEX is coded 0 for male and 1 for female.

AGE is a continuous variable representing age at the start of training, ranging from 5 to 9 days post-eclosion.

ODOR is a coded 0 for 1-hexanol and 1 for geraniol.

TREATMENT(2) is a rank-ordered scale that is formatted as follows: forward-paired, 2; backward-paired, 1; random-paipedreld, dr
INDIVIDUAL DIFF is a categorical variable representing individual differences.

LOG TRIAL is the log-transformed function of trial.

CONTRAST is contrast-coded variable that juxtaposes the forward-paired group with all control groups.

The regression analysis displays the intercept and the standardized fafoe af significant continuous variables.

NS, not significant. P<0.05; **P<0.005.

For further details, see Table 1.

1-hexanol in the A+ condition. There is a strong increase i Dayl Day 2
response strength to 1-hexanol after training that is largel 100
retained the following day, while responses to geranie) (B gg .Grggaiim Sgﬁ;id_ f'g‘;‘ﬁaﬁio,_ S%;?fmo,_
remain unchanged. Fig. 6B shows the same pattern wil & ® 1-Hexanol- O I-Hexanol+  m 1-Hexanol- O 1-Hexanol-
subjects demonstrating an increased response to geraniol (A & 70
after training that is retained on day 2, while the response f § 60
1-hexanol becomes weaker. Note that 1-hexanol has a r @ S0
negative spike frequency on day 1. 2 40
Table 3 displays the results of a GLM investigating § 30
discrimination learning for all subjects. The model is = 20
significant, with arF-value of 4.36 P<0.0001), and explains 101 /'\
49.7% of the total variance. Table 3 shows that there is n 0

1 2 3 4 5 6 7 8 9 10 11 12

difference in response strength to thedglor above baseline, _
Tria number

indicating that the response strength of the subjects to-the E
odorant did not change. The POST VS BASELINE Fig. 5. Measurements of the conditioned cibarial pump muscle reflex
variable is clearly significantP0.005), explaining 17 % of to A+ and B- odor presentation during conditioning on day 1
the total variance. The regression analysis indicates that tl(responses prior to presentation of the unconditioned stimulus, US)
A+ trials revealed a response to the odorant that was fand in response to the conditioned stimulus (CS) during extinction
greater than the baseline and Bieasurements. This implies trials on day 2. A+ and B(see text for an explanation) treatments
that the A+ condition produces excitatory learning, while the/Vé"€ counterbalanced by odor: geraniol A+ 1-hexanel dhd
B- condition does not. (N=20) and 1-hexanol A+ and geraniot BEN=20).

We also investigated retention of this learned excitator,
response to the CS by contrasting the first A+ post-test Discussion
measurement, taken 6 min after the last conditioning trial, and We have now established that both male and feMasexta
the second A+ post-test measurement taken 24h aftean modify the cibarial pump reflex through prior olfactory
conditioning (POST1 VS POST2). The non-significantexperience by using two different non-pheromonal odorants,
differences between the two post-test measurements cleadgraniol and 1-hexanol, both of which produce strong evidence
demonstrate 24 h retention of the learned discrimination.  of associative conditioning. We have demonstrated that it is the



Cibarial pump reflex and olfactory learning035

Table 3.Results of general linear model and analyses for experiment 2

Variable NDF, DDF Type | SS RSQ Fvalue Probability
Model 22 4179.53 0.497 4.36 0.0001**
Error 97 4225.18

BASELINE VS B- 1,19 6.07 0 0.04 NS
POST VS B, BASELINE 1,19 1439.69 0.171 0.03 0.0051**
POST1 VS POST2 1,19 1.87 0 0.04 NS
ODOR 1,19 4.69 0 10.02 NS
INDIVIDUAL DIFF 19, 97 2729.08 0.324 3.30 0.0001**
Regression:

Delta frequency = 0.318 + 7.348(POST VS, BASELINE)

BASELINE VS B- is a dummy-coded variable that juxtaposes thecBndition and the initial responses to both odors and tests the
hypothesis that the-Bcondition does not produce a change in responsiveness.
POST VS B, BASELINE is a dummy-coded variable that juxtaposes the post-trained A+ response levels to the initial andsherBe

levels.
ODOR is coded 0 for 1-hexanol and 1 for geraniol.

INDIVIDUAL DIFF is a categorical variable representing individual differences.
The regression analysis displays the intercept and the standardized \fafoe af significant continuous variables.

NS, not significant. *P<0.005.
For further details, see Table 1.

configuration of CS-US contiguity and contingency seen in thexperimenter, which co-vary with sucrose presentation, we
forward-paired condition that allows the formation of animplemented the air-paired treatment. This control protocol
excitatory learned response to a previously novel odor, whictontained all the features of the forward-paired treatment
is indicative of associative and not non-associative processamndition but lacked an odorant (CS). The fact that no
Excitatory CS—-US associations develop from forward pairingletectable learning occurred in this group suggests the

within the first few pairings and are retained for at least 24 h;
no other pairing condition used in this study developed suc

an association. Specifically, when the odorants were backwar

paired with sucrose presentation, a negative contingency w

imposed on the CS-US relationship, and this condition faile

to produce an increase in cibarial pump reflex activity ir

response to CS presentation.

We observed a high initial response to CS presentation |
the forward-paired groups in experiment 1. Although this
effect was significant, it does not detract from the centre
argument that moths in these groups increased their respor
level over a number of trials as a function of the forwarc
pairing of odor presentation followed by sucrose. Furthermore
in all control groups, subsequent forward pairing of odor thel
sucrose on the second day also produced similar increases
response strength over trials. We believe, therefore, that th
effect is attributable to inter-individual differences.

To ensure that the associative effect was attributable to od
presentation in the forward-paired treatment, and not to otht
extraneous environmental events such as movements by t

Fig. 6. Mean change in spike activity recorded from the cibaria
pump muscle in response to odor presentation prior to conditionin
and again after six conditioning trials on day 1 and prior to and afte
six extinction trials on day 2. This Figure is broken down according
to which odor is reinforced; 1-hexanol (A) or geraniol (B) Note that
the resultant measurement is zero for gerarool day 2 on both test
trials, for geraniol+ on day 1 prior to training, and for both test trials
for 1-hexanot and the second test for geraniol+ on day 2. Values ar
means +s.e.M., N=20.
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following two points. First, there was no salient stimulus tois either poor or nonexistent in the honeybee and perhaps also
signal the imminent presentation of sucrose solution. It may be other insects. More extensive analyses of conditioned
the case that other stimulus events accentuate odorhibition using intramodal stimulus dimensions are required
presentation, creating a more salient matrix of stimulus eventt resolve this issue.
But the odorant is necessary to produce a learned responseUnlike Fan et al. (1997), we observed a reduction in
Second, on the basis of the conclusion that there were mesponse strength in the forward-paired group on day 1 after a
salient extraneous stimulus events, this treatment condition cpeak response had been attained at around the sixth trial. We
be likened to a US-only treatment and thus also demonstrateave subsequently observed this reduction with an array of
that there were no substantive non-associative effectsther odorants (K. C. Daly and B. H. Smith, unpublished
attributable to sucrose presentation in relation to subsequemrsults) but have yet to confirm its cause. One possibility is that
odor presentation. This is important because animals wilhotivation decreases as the number of feedings increases,
occasionally become aroused by repeated US exposure. Thikich would produce an associated increase in response
arousal can increase responsiveness to other stimuli, giving ttency and/or decrease in response strength. This effect may
appearance of conditioning when in fact no conditioning hasot have been detected by the analysis of Fan et al. (1997)
occurred. because they allowed 30s for a response to occur. Evidence to
In the random-paired treatment group, our approach was support this hypothesis comes from our post-test
disrupt contingency by presenting the CS and US randomigeasurements, which recorded responses for approximately 7 s
with respect to one another within a trial. Furthermore, byand were not sensitive to this effect.
randomizing the interstimulus interval from +25-185s, we Alternatively, the observed reduction in response strength
were able to disrupt the contiguity between CS and US. Amsay also have been attributable to CS/US habituation. If this
expected, we failed to observe an increase in response strenggthborne out by subsequent analysis, it would imply a dual
on the first day. Unique to this study of moth olfactory learningprocess of associative learning, on the one hand, which
was the retardation of acquisition observed in the randomincreases response strength, while habituation to either or both
paired group on the second day, when odor was forward-pair¢gde CS and US, on the other hand, produces an increasingly
with sucrose solution. In comparison with the performance ofiegative effect on response strength with repeated trials.
the backward-paired and air-paired groups on day 2, thialthough this study was not designed explicitly to investigate
response decrement is profound, particularly in mothshis class of learning effect, our data from the forward-paired
conditioned with geraniol. Moths in the random-paired grougyroup are consistent with this interpretation. First, considering
learned at the approximately the same rate as moths in the aime acquisition curves for the forward-paired group on days 1
paired and backward-paired groups across all trials, suggestiagd 2 (Figs 3, 4), at least two characteristics of habituation
that the putative inhibitory effect was additive. However, notemerge. On day 1, if learning reaches an asymptote and
in Fig. 4A that values for the random-paired group climbhabituation continues to accrue (to either the CS or US), we
steadily across all trials, while values for the air-paired anevould expect a decrease in response strength with additional
backward-paired groups reach a plateau within a few trialdrials. This appears to occur not only on day 1 but also on day
indicating more rapid learning. 2, although to a lesser degree. Additional evidence comes from
These observations tempt us to speculate that the randothe spontaneous recovery of response strength seen on day 2.
paired scheme used here may have produced conditiondtean changes in response frequencies for the random-paired
inhibition to the CS. Indeed, Rescorla (1969, p. 92) defines @nd backward-paired groups on day 1 also indicate a
conditioned inhibitor as a ‘stimulus, which through learninghabituating response. This patterned effect, however, is clear
comes to control a tendency directly opposite to that of anly in the forward-paired group and is only subtly evident in
conditioned exciter’. Our random-paired conditioning protocolthe air-paired and backward-paired groups on day 2.
clearly provides an opportunity for an inhibitory association to We find general agreement with Hartlieb (1996) and Fan et
form between the CS and US. However, Rescorla (1969) aral. (1997) and with respect to characteristics of moth olfactory
Papini and Bitterman (1993) both rightly point out that simplylearning such as initial response strength and maximum
showing the retardation of subsequent acquisition to aesponse strength. Fan et al. (1997) demonstrate retention of
previously random-paired CS does not allow us to rule ouearning 120 min post-training, and we have now extended this
phenomena such as learned inattention; for that, additiontd 24 h in a moth preparation. Like Fan et al. (1997), we did
summation tests are needed. While Abramson and Bittermarot observe the sex differences in acquisition rate to odors
(1986) have observed latent inhibition, Couvillon et al. (1999noted by Hartlieb (1996) ifd. virescens This may reflect
have extensively explored and failed to find conditionecevolutionary differences in relative reliance on olfaction
inhibition using intermodal stimulus dimensions in theamong males and females of these different species.
honeybee. This has also been the case with intermodal The air-paired and backward-paired groups, which did not
blocking in the honeybee (Funayama et al., 1995), whilelemonstrate increased cibarial pump reflex activity on day 1,
intramodal blocking effects are readily producible (Smith andater showed an increase on day 2 when they received forward
Cobey, 1994; Smith, 1997; Couvillon et al., 1997). It is likelypairing of odor and sucrose solution. This control measure
then that cross-modal integration of sensory input modalitiemdicates that the change in responsiveness to odor was not due
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to differences among individuals of different groups but that 866001-98-C-8628 (to University of Arizona: J. G.
relationship exists between odor presentation and sucrostldebrand, Pl).
presentation when paired in that order; i.e. that sucrose

presentation is contingent on odor presentation. Our results

show that CS-US contiguity in the forward-paired condition is
also needed. The importance of a short inter-stimulus interv.
has previously been demonstratedimmellifera(Menzel and Bell, R. A. and Joachim, F. G.(1976). Techniques for rearing

Bitterman, 1983) and iS. littoralis (Fan et al., 1997), butis |ahorat0ry colonies of tobacco hornworms and pink bollworms.
not essential for conclusive demonstration of associative ann Ent. Soc. Ang9, 365-372.
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