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To explore the origins and possible behavioral consequences of
structural plasticity in an insect brain, we have taken advantage
of the following: (1) the highly compartmentalized nature of the
primary antenno-sensory centers (antennal lobes) of the brain,
(2) the ease with which individual compartments, or glomeruli,
within the antennal-lobe neuropil can be identified, and (3) the
predictability of changes to readily identifiable glomeruli in the
antennal lobes of the adult worker honey bee. Treatment with
the juvenile hormone analog methoprene and hive manipulation
techniques are used to induce precocious foraging behavior in
young worker honey bees. The impact of these treatments on
the ontogeny of olfactory learning performance and on the
volumes of readily identifiable glomeruli in the antennal lobes of

the bee brain are examined in parallel. The study reveals that (1)
significant changes in glomerular volume are activity dependent
and (2) associative learning of floral odors improves with expe-
rience. Improvements in associative learning performance co-
incide temporally with increases in glomerular volume. This
raises an important question: are changes in glomerular volume
that result from shifts in behavior simply a consequence of
changes in the use of peripheral sensory pathways, or are they
associated with events that underlie learning and the formation
of long-term memories?
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The antenno-sensory system of the honey bee plays a key role in
the life and survival of this highly social insect. The antennae of
the bee house a diverse array of receptors that includes not only
olfactory receptors but also receptors sensitive to touch, taste,
temperature, and humidity (Esslen and Kaissling, 1976). Behav-
ioral activities essential to the maintenance of a honey bee colony,
including nursing, comb building, and foraging, all rely on sensory
information from these multifunctional organs.

The principal termination sites within the insect brain of olfac-
tory neurons housed in the antennae are the antennal lobes,
structures that bear a strong morphological resemblance to the
vertebrate olfactory bulb (Masson and Mustaparta, 1990; Boeckh
and Tolbert, 1993). The antennal lobes are highly compartmen-
talized: each compartment, or glomerulus, consists of a small
sphere of densely packed synaptic neuropil that contains the
terminal arbors of primary sensory afferent neurons, processes of
local interneurons, the dendrites of projection (output) neurons,
and ramifications of centrifugal neurons from other regions of the
brain (Christensen and Hildebrand, 1987). In the honey bee,
many glomeruli can be identified on the basis of their size,
location, and position with respect to anatomical “landmarks” in
the antennal-lobe neuropil (Arnold et al., 1985; Flanagan and
Mercer, 1989), and recent studies have shown that odors evoke
specific patterns of activity across the glomeruli of the antennal
lobes (Lieke, 1993; Joerges et al., 1997). During the lifetime of the
adult worker bee, antennal-lobe glomeruli exhibit significant
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changes in volume (Withers et al., 1993; Winnington et al., 1996),
but whether these structural changes are activity dependent or
hormonally driven has yet to be resolved.

There is a shift with age in the activities that an adult worker
bee is most likely to perform. These activities fall into four
relatively distinct age-related categories: (1) cell cleaning, (2)
brood and queen tending, (3) comb building and food handling,
and (4) guarding and foraging (Winston, 1987). Honey bee be-
havior, however, is as plastic as it is predictable. In response to the
needs of the colony, young bees exhibit precocious foraging be-
havior, and foragers will revert, if necessary, to tasks within the
hive. The shift to duties outside the hive, such as guarding and
foraging, is mediated by increasing juvenile hormone (JH) titers.
Young bees treated with JH analogs or JH mimics begin foraging
at an earlier age than normal, display premature regression of
milk-producing (hypopharyngeal) glands, and prematurely pro-
duce and respond to alarm pheromones (Robinson, 1987a, 1992).
These responses mimic those induced in young bees as a result of
removing workers of normal foraging age from the colony.

It has been suggested that JH may act directly on the brain
neuropil, giving rise to changes in brain volume in anticipation of
shifts in behavior (Withers et al., 1995; Fahrbach and Robinson,
1996). An alternative explanation is that the behavioral changes
themselves lead to structural changes in the bee brain (Withers et
al., 1993, 1995; Durst et al., 1994; Winnington et al., 1996). Here
we examine in parallel the effects of hive manipulation and
treatment with the JH analog methoprene, not only on behavior
but also on the structure of three readily identifiable glomeruli in
the antennal lobes of the brain: glomerulus T1-44, a large glo-
merulus on the dorsal surface of the lobe (Fig. 14), and two
prominent glomeruli, T4-2(1) and T4-3(1), located at the poste-
rior of the antennal-lobe neuropil (Fig. 1B). These glomeruli are
among the easiest to identify in the antennal lobes of the bee
(Arnold et al., 1985; Flanagan and Mercer, 1989), and each shows
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a unique pattern of growth during the lifetime of the adult worker
(Winnington et al., 1996).

Our results suggest that although hormone treatment may
contribute to structural plasticity of the antennal-lobe neuro-
pil, significant changes in glomerular volume are activity de-
pendent. Improvements in olfactory learning performance also
appear to be experience-dependent and correlate temporally
with changes in glomerular volume induced by precocious
foraging behavior.

Figure 1. Frontal sections (5 wm thick) of the antennal lobe
of a worker honey bee brain. A, Section 90 um from the
anterior surface of the antennal lobe showing the glomeru-
lar neuropil (GN), the fibrous (aglomerular) neuropil (FN),
and glomerulus T1-44. B, Section 245 wm from the anterior
surface of the antennal lobe showing the positions of the
T4-2(1) and T4-3(1) glomeruli. Scale bar, 100 uwm.

MATERIALS AND METHODS

Animals. The experiments described in this study were performed over
two consecutive summers. Bees were collected from six hives located at
the Department of Zoology, University of Otago. Each hive contained a
naturally mated queen. For experiments in which bees of a known age
were required, newly emerged bees were marked on the thorax with
nontoxic paint. Bees were considered to be 0 d old for the first 24 hr after
emergence, and their age was recorded in daily increments thereafter.
For identification of individual foragers, numbered tags were glued to the
thorax.
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Induction of precocious foraging behavior. Two well established tech-
niques were used to induce precocious foraging behavior: treatment with
the JH analog methoprene (Robinson, 1985, 1987b) and hive manipula-
tion (Lindauer, 1961; Winston and Fergusson, 1985). Methoprene [iso-
propyl (2E,4E,7S)-11-methoxy-3,7,11-trimethyl-2,4-dodecadienoate]| was
kindly donated by Sandoz Agro (Basel, Switzerland). After each use the
methoprene was resealed under nitrogen gas and stored at —20°C.
Methoprene (200 ug) dissolved in 5 ul of acetone was applied topically
to the abdomen of 1-d-old bees. Bees of the same age treated with 5 ul
acetone alone served as a control. A third group of bees received no
treatment at all. For ease of identification, number tags of different colors
were used for each of these three groups.

To induce precocious foraging behavior in a manner more closely
resembling the effects of natural perturbations, three nucleus hives were
established, and bees of normal foraging age (>3 weeks old) were
removed from the colonies. Each of the nucleus hives established for this
purpose contained two frames of sealed brood, one frame of unsealed
brood, and one frame of honey. In addition, each hive was colonized with
a queen, a small number of drones, and several thousand workers. The
nucleus hives were placed some distance from the parent hive, and bees
of foraging age were removed from the colony by lifting each frame above
the nucleus hive and shaking it gently. The shaking action stimulated
older (foraging age) bees to fly from the frames and return to the parent
hive. Young bees would cling to the frames or fall into the nucleus box
below. Newly emerging adults in the nucleus hives were tagged with
numbered tags or marked with paint, as required.

Estimating age of first flight. The age at which control bees, bees treated
with methoprene, acetone-treated bees, and bees from the manipulated
hives first began foraging was estimated using methods similar to those
described elsewhere (Jaycox, 1976; Robinson, 1985; Page et al., 1992). If
weather conditions permitted flying activity, the entrance to each hive
was observed for a 30 min period each day, and the number of each bee
seen entering or leaving the hive was recorded, along with the time of the
observation. Daily observations were continued until the tagged bees in
the hives were between 19 and 31 d of age. The same colony was used, not
only for the experiment in which bees of normal foraging age were
removed, but also for observations of methoprene-treated, acetone-
treated, and untreated control groups.

Hypopharyngeal gland measurements. Gland weights were used as an
additional indicator of the impact of methoprene treatment and the
behavioral activities of 2-, 4-, and 10-d-old bees in each of the four
treatments. Hypopharyngeal glands are largest in nurse bees but regress
once the bees switch to duties outside the hive, such as foraging (for
review, see Winston, 1987). Methoprene-treated bees, acetone-treated
bees, untreated controls, and bees from manipulated hives in which
foraging-age bees had been removed were cold-anesthetized before the
hypopharyngeal glands were dissected from the head capsule and
weighed.

Histology and volumetric analysis. Bees (10 d old) from all four treat-
ments that were collected for analysis of hypopharyngeal gland weights
were used also for the stereological analysis of the primary antenno-
sensory centers (antennal lobes) of the brain. Once the hypopharyngeal
glands had been removed, the entire head capsule containing the brain
was placed into aged alcoholic Bouin’s fixative for 3 d and then trans-
ferred for 2 d to 70% alcohol. The brain was then removed from the head
capsule, dehydrated, and embedded in paraffin wax. Serial sections of 5
pm thickness were cut and mounted on gelatin-coated slides and stained
using a modification of the Kliiver-Barrera method (Kliiver and Barrera,
1953) with luxol fast blue and cresyl fast violet. Although the original
method calls for sections to be stained for 6 min in cresyl fast violet
preheated to ~57°C, it was found in this study that stronger contrast
between the luxol fast blue and cresyl fast violet stains could be obtained
if sections were placed in cresyl fast violet preheated to ~30°C for 45-60
sec only.

Cavalieri’s direct estimator of volume (Gundersen et al., 1988), a
technique that allows the volume of an object in serial histological
sections to be estimated with an error of <5%, was used to estimate the
volume of the antennal-lobe neuropil and three readily identifiable
antennal-lobe glomeruli. Estimates were made of the total volume of the
antennal-lobe neuropil and of its two major divisions, the outer glomer-
ular layer and the central core (Fig. 1). The three glomeruli examined in
this study have been identified elsewhere as T4-3(1), T4-2(1), and T1-44
(Flanagan and Mercer, 1989) (Fig. 14,B). Volumetric measurements
were taken from the right antennal lobe wherever possible, although
occasionally the left lobe was used. Winnington et al. (1996) found no
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significant difference between the volume of the left and right antennal-
lobe neuropil of the bee brain.

Images of frontal sections of the antennal lobe were projected from an
Olympus BHS system microscope to a Panasonic WV-CM140 video
monitor using a Panasonic WV-CL500 video camera. An acetate sheet
with a grid pattern of known dimensions was taped to the monitor at an
angle specified by random number tables and a protractor. The number
of grid intersections falling on the structure of interest was counted. This
was repeated at 25 um intervals using a 25 mm? grid on sections
magnified ~690X for whole antennal-lobe volumes, and at 5 um intervals
using a 20 mm? grid on sections magnified ~1830X for the measurement
of individual glomeruli. Measurements started at a random point within
the first 25 um of the beginning of the antennal-lobe neuropil for whole
lobe measurements and at the first 5 um section for individual glomeruli.
In this way a minimum total of 100 points were counted over at least 10
serial sections for each brain structure in question (Winnington et al.,
1996). Total grid counts for each structure were converted to estimates of
volume using the following equation from Gundersen et al. (1988):
Vol gpjecty = £ * A(py * ZP(opject), Where £ is the distance between sections,
a, the area associated with each point (grid size divided by the mag-
nification, all squared), and 2P,y is the total number of grid points
counted for the object.

In a first set of experiments, antennal-lobe volumes were examined in
10-d-old methoprene-treated, acetone-treated, and untreated controls
collected from the same hive. It was not clear whether the methoprene-
treated bees used in this experiment had been foraging precociously. At
the same time, however, a group of 10-d-old precociously foraging bees
from a hive in which bees of normal foraging age had been removed also
was examined. The experiment was repeated the following summer to
examine further the effects of foraging experience on glomerular vol-
umes. In the second set of experiments, four groups of 10-d-old bees were
examined: (1) untreated control bees that had never been observed
foraging, (2) methoprene-treated bees that had never been observed
foraging, (3) methoprene-treated bees that were prevented from forag-
ing, and (4) methoprene-treated bees in which foraging behavior had
been observed. To determine with reasonable certainty that bees from
groups 1 and 2 had not been foraging, the bees used in this study were
observed in the hive at 6, 8, and 10 d of age, and their position on the
comb was recorded. Because forager bees tend to move to the outer
frames, which are used for storing food (Jaycox et al., 1974), only bees
observed on brood comb toward the center of the hive were collected.
The methoprene-treated bees that were prevented from foraging were
placed on a frame containing food as well as sealed and unsealed brood.
The frame was then placed in a wire and mesh enclosure in the center of
the hive. The mesh size was large enough to ensure that bees on either
side of the enclosure could touch and feed one another, but small enough
to prevent the bees within the enclosure from leaving. To obtain
methoprene-treated foragers, the hive was monitored as described above
to establish the identity of precociously foraging bees.

Olfactory conditioning. The effects of methoprene treatment and hive
manipulation on olfactory learning behavior also were examined. Honey
bees were tested for their ability to associate a floral odor with a food
reward using the proboscis conditioning paradigm first described by
Kuwabara (1957). Bees collected from the hive were chilled in a freezer
for up to 10 min to cold-anesthetize them for ease of handling. Individual
bees were set up in tubes and secured in place by a piece of tape placed
between the head and thorax. Once the bees had recovered from the
chilling and mounting procedure, they were held over a small container
of 30% sugar solution and allowed to feed to satiation. They were then
left in their tubes overnight. The following day, between 10 A.M. and 4
P.M., a single conditioning trial was used to condition the bees to
lavender.

Essential oil of lavender (2 ul) was pipetted onto a 1 cm? piece of filter
paper, which was then placed in a 60 ml syringe. The syringe was used to
apply a puff of lavender-scented air (the conditioned stimulus) directly
onto the antennae of the bee. Approximately 3 sec later, a droplet of 30%
sugar solution (the unconditioned stimulus) was touched to the antennae,
inducing the bee to extend its proboscis to feed. The bee was then
allowed to feed from the sugar solution for ~6 sec while still being
exposed to the scent of lavender. Each bee was tested 18 min after the
single conditioning trial to determine whether it had learned to associate
lavender scent with a reward. The percentage of bees displaying the
conditioned response (proboscis extension) when presented with the
lavender scent in the absence of a food reward was recorded.

Any bee exhibiting proboscis extension in response to the conditioned
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stimulus previous to conditioning was discarded. Bees that failed to
exhibit proboscis extension in response to sugar-water stimulation of the
antennae also were not used.

The percentage of bees displaying the conditioned response after a
single conditioning trial was examined in the following: (1) methoprene-
treated bees, (2) acetone-treated bees, (3) untreated controls, and (4)
bees from a manipulated hive in which normal-age foragers had been
removed. Experiments were performed on 2-, 4-, and 10-d-old bees. Bees
belonging to the first three treatment groups were conditioned over the
same time period. Up to six groups of 18 bees were conditioned each day,
and equal numbers of bees from each treatment were spread across these
groups. Because sample sizes in the original study for 2-d-old
methoprene-treated, acetone-treated, and untreated controls were low,
the experiment was repeated with 2-d-old bees the following summer.

Statistical analysis. A modified Kolmogorov—Smirnov test (Koziol and
Byar, 1975) of the empirical cumulative distribution functions of age at
first flight was used to analyze differences over time in the numbers of
bees flying in the four treatment groups. Because <100% of bees from
each group were observed foraging when observations ceased, the test
was modified for use with data that were truncated in time. Each bee was
counted only once, on the first day it was observed flying. Multiple
two-sample tests were performed, comparing all combinations of the four
treatment groups.

Logistic regression analysis was used to examine changes with age in
the percentage of bees exhibiting associative learning. x2 analysis was
used to reveal any significant differences between treatments in the
learning levels of bees of the same age. Where a significant difference
between groups was identified, multiple planned pairwise x? tests were
performed to determine where the differences lay. SEs of the proportion
of bees exhibiting the conditioned response were calculated by taking the
square root of p(1 — p)/n, where p is the proportion of bees showing a
response and #» is the number of bees tested.

One-way ANOVA was used to compare the hypopharyngeal gland
weights of same-aged bees from different treatments. In cases in which a
significant difference between treatments was identified, post hoc Tukey’s
tests were used to determine where the differences lay. Two-way
ANOVA was used to examine the effects of age and treatment on gland
weights and to look for age-treatment interactions. One-way ANOVA
and post hoc Tukey’s tests were used also to compare volumetric esti-
mates of the antennal-lobe neuropil and identifiable antennal-lobe glo-
meruli in bees receiving different treatments.

Statistical analyses were performed using the Minitab software pack-
age (Minitab 8.2, State College, PA, 1991), and a level of significance of
5% was accepted for all tests. A Minitab macro program for the logistic
regression analysis, written by Mr. Raymond Webster (University of
Otago), was kindly supplied by Mr. John Harraway (Mathematics and
Statistics Department, University of Otago) (Harraway, 1995).

RESULTS

Precocious behavioral development

Both treatment with the JH analog methoprene and removal of
normal foraging-age bees from the colony induced young bees to
begin foraging at an earlier than normal age. The empirical
cumulative distribution functions of the age of first flight are
presented in Figure 2A. Individual two-sample Kolmogorov—
Smirnov tests reveal that the first-flight distribution of
methoprene-treated bees differs significantly from both that of the
untreated controls (K = 1.98; p < 0.001) and that of bees treated
with acetone (K = 1.82; p < 0.001). The flight distribution of bees
from the manipulated hive also differs significantly from that of
untreated controls (K = 2.95; p < 0.001) and acetone-treated bees
(K = 2.53; p < 0.001). There is no significant difference, however,
between the untreated control and acetone-treated groups (K =
0.40; p > 0.90), nor is there a difference between the first-flight
distributions of methoprene-treated bees and bees from the ma-
nipulated hive (K = 1.20; p > 0.05). Overall, bees treated with
methoprene and bees exposed to hive manipulation began flying
at an earlier age than either of the two control groups.
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Hypopharyngeal gland weights: a useful indicator of
methoprene effects

In all age groups examined in this study the hypopharyngeal
glands of untreated control bees and controls treated with ace-
tone were at least twice as heavy as those of methoprene-treated
bees (Fig. 2B). Gland weights of workers collected from hives in
which bees of normal foraging age had been removed (the ma-
nipulated hives) were intermediate between these two extremes.
One-way ANOVA reveals significant differences between the
gland weights of bees in the four treatment groups at 2 d (F; 43,
= 15.70; p < 0.001), 4 d (F(5.44y = 19.65; p < 0.001), and 10 d of
age (F(344y = 8.86; p < 0.001). Furthermore, post hoc Tukey’s
tests show that at all ages, the gland weights of bees treated with
methoprene are significantly lower than those of controls (un-
treated and acetone-treated bees), whereas the gland weights of
2- and 10-d-old bees from the manipulated hive are not signifi-
cantly different from same-age control values. In 4-d-old bees, the
mean gland weight of bees from the manipulated hive is signifi-
cantly smaller than the gland weights of controls, but significantly
greater than the mean gland weight of methoprene-treated bees.
A similar trend is apparent in 10-d-old bees, but in this age group
differences between the gland weights of bees from the manipu-
lated hive are not significantly different from those recorded in
bees belonging to the other three treatments.

Two-way ANOVA revealed that the mean gland weights of
bees from all four treatment groups increased significantly with
age (Fo131y = 19.50; p < 0.001). There was also a significant
interaction between age and treatment on the gland weights of
bees from all four treatment groups (F 131y =15.14; p < 0.001).
The interaction suggests that although the mean gland weights
increased significantly with age in all four treatments, the rate of
increase was not the same for the four groups.

Structural plasticity of the antennal lobes

The structure of the antennal-lobe neuropil and the positions of
the three readily identifiable antennal-lobe glomeruli examined in
this study are shown in Figure 1. Figure 34 shows the mean
volumes of the antennal-lobe neuropil of 10-d-old methoprene-
treated, acetone-treated, and untreated bees, as well as the mean
antennal-lobe volume of 10-d-old bees from a manipulated hive in
which bees of normal foraging age had been removed. One-way
ANOVA revealed no significant differences between these treat-
ments in the volume of the glomerular neuropil (F;,4) = 0.67;
p > 0.5), the central fibrous core (F; 4y = 0.61; p > 0.6), or the
antennal-lobe neuropil as a whole (F;,4) = 1.12; p > 0.3).
Analysis of identifiable antennal-lobe glomeruli, however, re-
vealed site-specific effects of hive manipulation in the glomerular
layer of the antennal lobes (Fig. 3B).

Although there is no significant difference between the mean
volumes of glomerulus T1-44 recorded in the four treatment
groups (F 3 5oy = 0.40; p > 0.7) or T4-3(1) (F(3 52y = 0.40; p > 0.7),
the volume of glomerulus T4-2(1) is significantly larger in preco-
cious foragers from the manipulated hive than in untreated con-
trols (F (3 51y = 3.29; p < 0.05). In this first set of experiments, the
mean volume of T4-2(1) in bees treated with methoprene did not
differ significantly from the volumes of this glomerulus recorded
in bees receiving other treatments. It was not clear in this exper-
iment, however, whether bees treated with methoprene had been
foraging precociously. For this reason, the experiment was re-
peated the following summer so that the volume of glomerulus
T4-2(1) in 10-d-old methoprene-treated bees exhibiting foraging
behavior could be compared directly with volumes of the same
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Figure 2. A, Cumulative distribution of the percent-
age of marked bees seen foraging. Each bee was
counted only once, on the first day it was seen flying
from the hive. The first-flight distributions of
methoprene-treated bees and bees from the manipu-
lated hive differed significantly from the first-flight
distributions of the acetone-treated and control
groups (p < 0.001). There were no significant differ-
ences between the two control groups or between the
methoprene-treated bees and bees from the manipu-
lated hive, respectively. Sample sizes: 100 bees from
the manipulated hive and 80 bees for each of the other
three treatment groups. B, Mean (=SE) wet hypopha-
ryngeal weights in 2-, 4-, and 10-d-old bees. At each
age, bars marked with different letters differ signifi-
cantly. Letters do not represent significant differences
across age groups. The hypopharyngeal glands of
methoprene-treated bees were significantly reduced in
all three age groups ( p < 0.001). In the 2- and 4-d-old
groups, the hypopharyngeal gland weights of bees
from the manipulated hive were significantly larger
than those of the methoprene-treated bees. Hypopha-
ryngeal gland weights of 4-d-old bees from the manip-
ulated hives were also significantly smaller than those
of the control groups. Sample sizes: 11 bees in the
2-d-old acetone-treated group and 12 bees for all
other groups.

w

Mean Gland Weight (mg)

glomerulus in methoprene-treated bees that were never observed
foraging, as well as in bees treated with methoprene that were
prevented from foraging (Fig. 4). For purposes of comparison,
Figure 4 includes also the mean T4-2(1) volume of precociously
foraging bees from the manipulated hive recorded the previous
summer (also see Fig. 3 B).

ANOVA reveals that the T4-2(1) volumes recorded in the two
groups of precocious foragers (methoprene-treated bees and bees
from the manipulated hive) are significantly larger than those of
nonforaging controls (F, ,5) = 3.55; p < 0.02) and that there is
no significant difference between the T4-2(1) volumes of
methoprene-treated foragers and precocious foragers from the
manipulated hive. Methoprene-treated bees that did not take part
in foraging activities, or were prevented from doing so, exhibited

8 12 16 20 24 28 32
Age (days)
. Control E Methoprene

Acetone [ Manipulated Hive

A

Age (days)

T4-2(1) volumes not significantly different from those of preco-
cious foragers or controls.

Influences on associative learning behavior

Figure 5 shows the percentage of 2-, 4-, and 10-d-old bees in each
of the four treatment groups (untreated controls, controls treated
with acetone, methoprene-treated bees, and bees exposed to hive
manipulation) that displayed a conditioned response to lavender
after a single conditioning trial. x? tests reveal no significant
differences between the four treatments in the response levels of
2- and 4-d-old bees (x*; = 6.90, p > 0.07; x?; = 6.46, p > 0.09,
respectively). Multiple pairwise x? tests of 10-d-old bees, how-
ever, show that the learning levels of bees from the manipulated
hive are significantly higher than those of the untreated bees and
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= Figure 3. A, Mean (*SE) antennal-lobe neuropil vol-
~ umes for 10-d-old bees from each of the four treatment
g groups. Together, the glomerular neuropil and the fi-
B brous (central, aglomerular) neuropil comprise the total
o antennal-lobe neuropil. There were no significant differ-
> ences (NS) between treatments for each of the three
g neuropil measurements. Numbers in parentheses are sam-
g ple sizes. B, Mean (+SE) glomerular volumes for 10-d-
old bees from each of the four treatment groups. Bars
with different letters differ significantly. There were no
significant differences (VS) between treatment groups in
the volumes of either the T1-44 or the T4-3(1) glomeru-
lus. The mean volume of glomerulus T4-2(1), however,

M (M ©) ©
T4-3(1)

® N 6) ©
T1-44

acetone-treated controls (x%; = 12.24; p < 0.007). Logistic re-
gression analysis reveals that the overall increase in learning
levels with age also is highly significant (x?, = 25.09; p < 0.0001).

Although not statistically significant, there appeared to be a
strong trend in the learning levels of 2-d-old bees across the four
treatment groups (Fig. 5). To determine whether the lack of a
statistically significant difference between the four groups of
2-d-old bees could be attributable to the small sample sizes, the
experiment was repeated the following summer using larger num-
bers of bees. Once again, however, x> analysis revealed no sig-
nificant differences (x%; = 1.68; p > 0.6) between the levels of
conditioned responses observed in 2-d-old methoprene-treated
bees (49.2%; n = 59), acetone-treated bees (37.7%; n = 61),
untreated control bees (44.8%; n = 67), and bees from a hive
manipulated as described above (45.5%; n = 66).

(M (© ©) (©)
T4-2(1)

was significantly smaller in the untreated control group
than in bees from the manipulated hive (p < 0.05).
Numbers in parentheses are sample sizes.

DISCUSSION

Significant increases in glomerular volume are
activity dependent
The results of this study provide strong evidence for activity-
dependent enhancement of glomerular volumes in the antennal
lobes of the brain of the adult worker honey bee. We show for the
first time that precocious foraging behavior in young worker bees
is accompanied by premature enlargement of the T4-2(1) glomer-
ulus and that activity-dependent changes in the volume of this
glomerulus are site-specific and highly predictable. Bees that
failed to show precocious foraging behavior, or were prevented
from performing such tasks, exhibited T4-2(1) volumes that were
not significantly different from those of controls.

Under normal colony conditions, the rate of growth of glomer-
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Figure 4. Mean (=SE) volumes of the T4-2(1)
glomerulus for (1) nonforaging untreated bees
(Control NF'), (2) nonforaging methoprene-treated
bees (Methoprene NF ), (3) methoprene-treated bees
prevented from foraging (Methoprene Caged), and
(4) methoprene-treated bees observed foraging
(Methoprene Foragers). The mean glomerular vol-
umes of bees from the manipulated hive observed
foraging (Manip. Hive Foragers) has been included
for purposes of comparison (also see Fig. 3B). Bars
with different letters differ significantly. The mean
volume of the T4-2(1) glomerulus was significantly
larger in both groups of precocious foragers when
compared with the mean volume of the control
group (p < 0.02). Glomerular volumes of the two
groups of methoprene-treated bees that did not
forage did not differ significantly from those of

0.5

Mean Volume (x10° um?)

[ s B

(6)
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either the control group or the two groups of
precocious foragers. Numbers in parentheses are
sample sizes.

Figure 5. Percentage of 2-, 4-, and 10-d-old bees show-
ing the conditioned response (*SE of the proportions)
from the four treatment groups. Bars with different
letters differ significantly. There were no significant dif-
ferences between treatments in the levels of conditioned
responses recorded at 2 or 4 d of age. At 10 d of age,
however, bees from the manipulated hive exhibited a
significantly higher level of responses than bees from
either of the two control groups ( p < 0.007). Numbers in
parentheses are sample sizes. NS, Not significantly
different.

Conditioned Response (%)

ulus T4-2(1) in bees 4-10 d of age is slow, but rapid increases in
the volume of this glomerulus occur later in life and are corre-
lated temporally with a shift to foraging duties (Winnington et al.,
1996). If the volume of T4-2(1) is enhanced as a consequence of
foraging activities, precocious foraging behavior should be ac-
companied by premature enlargement of this glomerulus. As is
evident in the present study (Fig. 24), worker bees normally
begin foraging at ~3 weeks of age (for review, see Seeley, 1982;
Winston, 1987); however, treatment with JH analogs, such as
methoprene (Robinson, 1985, 1987c; Robinson et al., 1989), or
removal of foraging-age bees from the colony (Lindauer, 1961;
Winston and Fergusson, 1985; Robinson et al., 1989) induces bees
to begin foraging precociously (Fig. 24). Here we show that there

Control
NF

Methoprene Methoprene Methoprene Manip. Hive
NF Caged Foragers  Foragers

. Control
Acetone

E Methoprene
Eﬂ Manipulated Hive

(26) (30) (28) (66)

(36) (34) (35) (50)
4

Age (days)

(35) (33) 41) (24)

2 10

is a significant and premature enlargement of glomerulus T4-2(1)
in 10-d-old precocious forager bees (Figs. 3, 4). This premature
increase in glomerular volume seems not to be driven by JH titers
alone but to be dependent on shifts in behavior.

Evidence that the growth of glomerulus T4-2(1) is enhanced by
activities performed while foraging is supported by behavioral
reversion experiments. Foragers forced to revert to nursing duties
exhibit significantly smaller T4-2(1) volumes than bees that con-
tinue to forage (Winnington et al., 1996). Interestingly, the hive
manipulations used in these earlier experiments, like those de-
scribed in the present study, had no effect on the volumes of either
T1-44 or T4-3(1) (Fig. 3B). In striking contrast, removal of the
queen from a colony early in the adult life of a worker has a
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significant impact on T1-44 and T4-3(1) volumes, but no effect on
the volume of the T4-2(1) glomerulus (Morgan et al., 1997).

On the basis of the earlier study by Winnington et al. (1996),
which revealed that T1-44 grows rapidly during the first 6-10 d of
adult life but shows little change in volume thereafter, we pre-
dicted that the volume of T1-44 would be similar in all 10-d-old
bees, regardless of whether they were foraging. This proved to be
correct; however, the impact of precocious foraging behavior on
the T4-3(1) glomerulus was less predictable. T4-3(1) is remark-
ably similar in volume in nectar foragers, nurses, comb builders,
and normal 10-d-old bees, but the volume of this glomerulus in
pollen foragers is significantly larger than in all other behavioral
groups (Winnington et al., 1996). The precocious foragers exam-
ined in the present study showed no evidence of premature
enlargement of glomerulus T4-3(1), suggesting that methoprene
treatment induced nectar-foraging rather than pollen-foraging
activities in these young bees. Bees that forage for nectar and
pollen are generally thought to belong to the same age class
(Winston, 1987), but the glomerular volumes of these two behav-
ioral castes suggest that pollen foragers may belong to a slightly
older age class than nectar foragers.

Are there also nonactivity-dependent changes?

Trends toward increasing T4-2(1) volumes in methoprene-treated
bees that did not exhibit precocious foraging behavior (Figs. 3B,
4) should not be ignored. Direct hormonal actions have been
proposed as a mechanism underlying structural plasticity in the
mushroom bodies of the bee brain (Fahrbach et al., 1995; Withers
et al., 1995; Fahrbach and Robinson, 1996) and may complement
the indirect effects of JH that result from behavior-related mod-
ifications of the brain neuropil. Preliminary observations in our
laboratory suggest, however, that bees that fail to show precocious
foraging behavior as a result of methoprene treatment nonethe-
less exhibit behaviors that differ markedly in some cases from
those of untreated controls. The contribution of these less dra-
matic shifts in behavior to activity-related changes in glomerular
volume requires further investigation before it can be concluded
that hormonal treatment has a direct impact on the antennal-lobe
neuropil of the bee.

A role for the antennal lobes in memory formation?

Significant changes in T4-2(1) volume were apparent only in those
bees that had shifted to duties outside the hive. How could such
shifts in behavior lead to structural changes in the antennal-lobe
neuropil? One possibility is that the pattern of neuronal activity
across the diverse array of sensory neurons housed in the anten-
nae is altered by shifts in behavior leading to activity-dependent
changes in the structure of the antennal-lobe neuropil (Winning-
ton et al., 1996). This would be reminiscent of structural plasticity
reported in the primary somatosensory cortex of the vertebrate
brain, the dynamic properties of which reflect changes in the use
of peripheral sensory pathways (Merzenich et al., 1983 a,b; Jen-
kins et al., 1990). Experience-dependent plasticity has been dem-
onstrated recently in an elegant study of the optic lobes of the
fruitfly Drosophila melanogaster (Barth et al., 1997), and depriva-
tion experiments in bees support the view that changes in the use
of peripheral sensory pathways can have a significant impact also
on the antennal lobes of the insect brain (Gascuel and Masson,
1987). Volume changes in the antennal-lobe neuropil, however,
could also reflect the formation of long-term memories (Bailey
and Kandel, 1993), events associated more commonly with mush-
room bodies of the insect brain (Hammer and Menzel, 1995).
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Involvement of the antennal lobes in olfactory learning is well
established, but their role in memory formation has yet to be
resolved (Hammer and Menzel, 1995). Although most honey bees
learn rapidly to associate floral odors with a food reward, an ability
that is fundamental to their success as foragers (Mauelshagen and
Greggers, 1993; Menzel, 1993; Hammer and Menzel, 1995; Menzel
and Miiller, 1996), young adult workers 0-3 d of age have been
found to be very poor learners (Fig. 5) (Morgan et al., 1997).
Improvements in olfactory learning performance during the first
week of adult life correlate temporally with rapid increases in the
volume of the glomerular neuropil of the antennal lobes (Withers
et al., 1993; Winnington et al., 1996; Morgan et al., 1997). It is
possible that early maturation of the brain neuropil is a prerequi-
site for the expression of some associative learning behaviors and
that events underlying learning and memory continue to have an
impact on the structure of the antennal-lobe neuropil throughout
the lifetime of the adult worker bee. Associative learning levels in
10-d-old precocious foragers were significantly higher than in bees
of the same age performing duties within the hive, suggesting that
associative learning of floral odors improves with experience. It is
interesting to note, in addition, that bees showing significantly
higher than normal learning levels (Fig. 5) also exhibited T4-2(1)
volumes significantly larger than those of controls (Fig. 3B). The
possibility that learning and memory contribute to the structural
plasticity that is so prevalent in the antennal lobes of the bee brain
clearly warrants further attention.

Underlying mechanisms

The development of olfactory learning performance in honey bees
is significantly altered in mutant bees that exhibit abnormal bio-
genic amine synthesis (Lopatina et al., 1985). Furthermore, if
dopamine is applied to the antennal lobes of the honey bee, before
or after one-trial conditioning, the percentage of bees that respond
to a conditioned olfactory stimulus is significantly reduced (Mac-
millan and Mercer, 1987). Recent studies have revealed also that
biogenic amines modulate the excitability (Kloppenburg and
Hildebrand, 1995; Mercer et al., 1995, 1996a), as well as the growth
(Merecer et al., 1996b; Kirchhof and Mercer, unpublished data), of
insect antennal-lobe neurons. Taken together, these results suggest
that in insects, as in vertebrates (Keverne and de la Riva, 1982;
Brennan et al., 1990; Kendrick et al., 1992; McLean et al., 1993;
Moriizumi et al., 1994; Jiang et al., 1996), biogenic amines contrib-
ute to the structural and functional plasticity of primary olfactory
centers of the brain. The recent identification and pharmacological
characterization of two distinct dopamine-receptor subtypes in the
brain of the bee (Kokay and Mercer, 1996) and analyses of their
expression in situ (Kokay and Mercer, 1995) and in antennal-lobe
neurons in vitro (Kirchhof and Mercer, 1997) provide important
first steps toward defining more clearly the roles played by biogenic
amines in the brain of the bee.

The highly compartmentalized nature of the antennal lobes,
the ease with which individual compartments can be identified,
and the predictability of changes to this highly structured neuropil
make this an ideal system for examining the mechanisms and
behavioral consequences of structural plasticity in the brain.
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