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Table 3. Several significant positive correlation coefficients were found between 
biogenic amine levels within the upper part (a), within the lower part o f the brain (b), 
between the upper and lower part of the brain (c). Person correlation coefficient and 
probability (p) are reported.

a) Upper part o f the brain

Resting bees Followers Dancers

DA NBAD OA DA NBAD OA DA NBAD OA

NBAD 0.575 0.711 0.934
P 0.136 0.048 0.001

OA 0.749 0.226 0.312 0.019 0.390 0.391
P 0.032 0.591 0.452 0.964 0.340 0.338

5HT 0.624 0.633 0.586 0.664 0.913 -0.052 0.672 0.452 0.146
P 0.098 0.092 0.127 0.073 0.001 0.901 0.068 0.261 0.731

b) Lower part o f the brain

Resting bees Followers Dancers

DA NBAD OA DA NBAD OA DA NBAD OA

NBAD 0.881 0.732 0.604
P 0.004 0.039 0.113

OA 0.749 0.662 -0.375 -0.039 -0.001 0.099
P 0.032 0.074 0.361 0.928 0.998 0.816

5HT 0.785 0.850 0.893 0.496 0.876 0.357 0167 0.126 -0.374
P 0.021 0.008 0.003 0.211 0.004 0.385 0.692 0.767 0.362

c) Correlation between upper part of the brain (left labels: DA, NBAD, OA, 5HT) to 

the lower o f the brain (top labels)

Resting bees Followers Dancers

DA NBAD OA 5HT DA NBAD OA 5HT DA NBAD OA 5HT

DA 0.546 0.841 0.382 0.417 0.985 0.613 0.081 0.568 0.604 0.720 0.093 0.083
P 0.161 0.009 0.350 0.304 0.001 0.106 0.850 0.142 0.112 0.044 0.827 0.845

NBAD 0.422 0.956 0.161 0.596 0.730 0.952 -0.136 0.912 0.889 0.976 0.452 0.369
P 0.297 0.000 0.703 0.119 0.040 0.000 0.749 0.001 0.003 0.000 0.260 0.369

OA 0.114 0.503 0.392 0.384 -0.090 0.226 0.524 0.116 0.025 0.005 0.422 -0.193
P 0.788 0.204 0.337 0.348 0.832 0.590 0.182 0.785 0.954 0.991 0.298 0.647

5HT 0.283 0.724 0.383 0.684 0.644 0.950 -0.002 0.927 0.407 0.237 -0.503 0.632
P 0.497 0.042 0.348 0.062 0.085 0.000 0.995 0.001 0.317 0.572 0.204 0.093
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compared to the upper part o f the brain in all activity groups. The NBAD levels in the 

upper pari o f the brain correlated significantly with the levels o f  DA in the lower part o f 

the brain in dancers and followers, but not in resting bees. In followers, the NBAD 

level was correlated to the 5HT level between the upper and lower parts o f  the brain, 

but in resting bees NBAD level in the upper part was correlated only to 5HT in the 

lower part o f the brain.

DISCUSSION

Some of correlations between biogenic amine levels o f  the upper and lower 

brain and the activity groups o f mature bees found in this study can be explained based 

on the known mechanism o f action and/or metabolism of biogenic amines. The higher 

OA levels in the upper brain o f dancers, compared to followers or resting bees, might 

result from a higher sensory input involved or a learning associated with collection of 

nectar. It was shown that the sugar collected on a foraging trip stimulates a bee to 

increase foraging activity (von Frisch 1965). When sucrose was offered as a reward, 

sucrose stimulated an associative learning behavior that was mediated by VUMmxI 

neurons (Hammer 1993), where OA was identified as the principal neurotransmitter 

(Kreisel et al. 1994). VUMmxl neurons have a wide arborization over the entire brain 

but are more concentrated in the calix o f  the mushroom bodies. It was also shown that 

OA neurons had stimulatory effects in the processing o f olfactory (Mercer and Erber 

1983) and visual information (Mercer 1987; Erber and Kloppenburg 1995;

Kloppenburg and Erber 1995) associated with learning.
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The correlation o f  NBAD levels to DA levels indicated that the highest DA 

metabolism occurred in the dancers and lowest in the resting bees. The high slope of 

the regression o f NBAD to DA levels in the upper part o f  the brain o f  dancers also 

suggest that a higher amount o f DA was synthesized in this group compared to 

followers and resting bees. It is possible that DA regulates the nervous activity related 

to recruitment behavior in the calyx o f the mushroom bodies, wherein the highest level 

of nervous processing is found (Menzel 1993; Hammer and Menzel 1995).

Though no difference o f brain DA levels were found in the current study in the 

different activity groups o f mature bees (dancers, followers or resting bees), some 

studies indicate a relationship of brain DA levels to behavior. Higher DA levels were 

found in the brain o f mature bees than in younger hive bees (Taylor et al. 1992). 

Injection o f DA into the brain between the mushroom bodies o f  bees reduced the 

retrieval o f learned response to laboratory conditioning o f  olfactory stimuli (Michelsen 

1988). This reduced learning response was correlated with reduced action potentials in 

the individually identified neurons involved in conditioning (Mercer and Erber 1983). 

Such neurophysiological studies suggested that DA was not involved in memory 

formation, but rather in the expression of the motor response associated with learned 

conditioning of proboscis extension (Menzel et al. 1994). DA had basically an 

inhibitory modulation, however, such neurophysiological studies were done with bees 

mounted on a holder in a laboratory with a different motivational state than foraging 

bees. It would be unwise to extrapolate results from associative learning of laboratory
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restrained bees to the latent learning o f dancers (Menzel 1993). DA may be important 

in the foraging activity o f honeybees tluough the modulation o f activity in the 

mushroom bodies. Fine arborization o f DA neurons occur in the collar ring of the calix 

o f the mushroom bodies (Schafer and Rehder 1989). The collar ring has mainly visual 

input (Bicker et al. 1987), that can be correlated with processing o f visual information 

during foraging.

The high levels of biogenic amines observed in the brain o f bees collected in 

March may be related to elevated foraging activity associated with a large intake of 

fresh nectar into the hive. A similar elevation o f brain biogenic amine was also thought 

to be related to a strong nectar flow in the spring (Chapter 3; Harris and Woodring, 

1992). This hypothesis is supported by the finding of a reduced levels o f biogenic 

amines in the brain o f foragers one month later, in April. In this particular April I 

observed a greatly reduced nectar flow, which is not uncommon in Louisiana. The 

observed correlations of biogenic amines in the brain to the activity groups of mature 

bees might have only been apparent under the conditions o f elevated foraging activity 

associated with the high nectar flow.
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SUMMARY AND CONCLUSIONS

EFFECT OF ACTIVITY ON THE HEMOLYMPH SUGAR TITERS IN 
HONEYBEES

Foraging dancers had significantly lower hemolymph trehalose titers than 

followers or resting bees when sampled in the hive at the same time o f day. Followers 

and dancers had a higher glucose titer than resting bees, probably because o f elevated 

activity. Dancers had elevated fructose titers compared to followers, probably because 

dancers recently collected nectar. During absconding, almost all o f the hemolymph 

trehalose disappeared. This decreased trehalose possibly resulted from the high energy 

demands taking place during the long periods o f hovering flight in front o f the hive. 

However, intense shaking and agitation o f small groups o f bees in a cage could not 

duplicate the very high level o f activity during absconding. The reason why absconding 

bees and swarming bees come to rest in the immediate vicinity o f the hive might be to 

regenerate hemolymph trehalose titers. Using the food in the honey stomach, the 

trehalose titer is restored within an hour after absconding. Shaking resulted in reduced 

glycogen in the flight muscle and an increased hemolymph fructose titer, but not 

decreased trehalose titers. On the first clear day following rainy days, foragers were 

more excited, as noted by more vigorous running about, and they had higher glucose 

titers and lower trehalose titers than after a sunny day. This excited state increased 

ingestion o f food, leading to increased glucose titers. Bees sampled in the fall had
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higher trehalose and lower glucose titers than bees sampled in the spring, and this

finding may be due to more intense foraging activity in the spring.

VARIATION OF JH SYNTHESIS RATE IN MATURE HONEYBEES 
AND POSSIBLE REPROGRAMMING OF HYPOPHARYNGEAL 
GLAND FUNCTION

JH synthesis was higher in followers than in dancers, which suggests that higher

JH levels in followers might be an internal motivational stimulus to induce them to

leave the hive to search for food. The in vitro juvenile hormone (JH) synthesis rate of

foraging bees was higher in the fall than in the spring, higher during the day than in the

evening, and had greater variation in older than in younger bees. The a-glucosidase

activity in the hypopharyngeal gland increased with age and with an increased JH

synthesis rate. JH is possibly involved in the reprogramming o f the hypopharyngeal

gland from producing larval food to production of a-glucosidase. The size o f the

hypopharyngeal gland decreased with age as the enzyme activity increased because the

function changes from the synthesis o f royal jelly to that of a-glucosidase. The gland

activity was lower in the evening (after foraging ceased) compared to during the day

and was the highest in followers, a-glucosidase activity in the hypopharyngeal gland

correlated well with the feeding and foraging activities o f mature bees.

LEVELS OF BIOGENIC AMINES IN THE BRAIN AND THEIR 
POSSIBLE EFFECTS ON FORAGER RECRUITMENT IN MATURE 
HONEYBEES

DA pathways in the brain o f honeybees are involved in regulation o f forager 

recruitment. Brain DA and NBAD levels in the dancers were always higher than in
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followers, and an increased number o f dancers was observed after feeding the colony 

DOPA. Dunng the morning (before 7;00 A.M.) or during the day, brain levels o f  5HT 

was the same in all three activity groups, but brain levels o f 5HT were higher in the 

evening (resting bees). Though there was no daily variation in hemolymph or brain DA 

levels in any activity group of mature bees, higher hemolymph levels o f DOPA were 

observed in the morning compared to the day. Higher brain levels o f DA, OA and 5HT 

were observed in all activity groups in the fall compared to the spring. In the fall, these 

biogenic amines were higher in dancers than in followers. This seasonality o f biogenic 

amine levels might be a response to a shortening photoperiod, to decreasing 

temperature or to type o f available food. Hemolymph DA and the metabolite N-P- 

alanyldopamine (NBAD), and brain NBAD levels were higher in the spring in all 

activity groups, which could be related to more active tanning processes in the spring. 

Brain levels o f OA, DA and 5HT o f mature bees were lower on the first clear day 

following a rainy period than on the second clear day.

DOPAMINE METABOLISM IN RELATION TO THE ACTIVITY OF
MATURE HONEYBEES AND TO HEMOLYMPH SUGAR TITERS

The levels o f the NBAD was positively related to the DA levels in both the 

brain and hemolymph in the three activity groups o f mature bees. A higher regression 

slope (/?) o f the statistical dependance o f NBAD on DA was observed in spring than in 

fall, that may indicate a less efficient transport o f NBAD from the brain to the 

hemolymph in the spring. In the spring, dancers had a higher /? than followers, 

indicating higher synthesis rates o f NBAD in the dancers. Resting bees in the evening
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had a higher hemolymph /3 than found in bees during the day. This may indicate the

continued transport o f NBAD from the brain to the hemolymph after DA levels fell.

The regression models suggest the following pathways of DA metabolism in

honeybees: 1) DOPA from the hemolymph diffuses across the blood brain barrier and is

used for DA synthesis, 2) DA is metabolized in the brain to NBAD, 3) NBAD is

actively transported into the hemolymph and used for tanning and sclerotization o f the

cuticle. Higher energy demands in the brain are correlated to elevated brain DA which

was negatively correlated with hemolymph glucose.

RELATIONSHIPS OF BIOGENIC AMINE LEVELS IN THE UPPER 
AND LOWER PARTS OF THE BRAIN TO THE ACTIVITY GROUPS 
OF MATURE HONEYBEES

The activity o f mature bees was associated with the distribution o f biogenic 

amines in the upper part of the brain, containing the calyx of the mushroom bodies, and 

the lower part o f the brain, containing the alpha and beta lobes of the mushroom 

bodies. It is suggested that the higher OA levels found in the upper part o f  the dancers’ 

brains, compared to that o f followers or resting bees, might be associated with the 

processing o f visual and olfactory information and learning involved with foraging. DA 

metabolism was highest in the upper part o f the brain in dancers and lowest in resting 

bees. DA is hypothesized to modulate the neural activity in the calyx o f  the mushroom 

bodies related to recruitment behavior.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

Throughout this dissertation correlation analysis and regression models were 

used to study relationships between sugars and biogenic amines in the brain and 

hemolymph. Some of these correlations can be explained, or at least an explanation can 

be suggested, based on known metabolic mechanism, but as with correlations in 

general, there may be no relation and the correlation is spurious. The value o f the 

correlations and regression models in this dissertation is that they can provide some 

direction to the design of experiments in which the sugar and biogenic amine can be 

manipulated, either through brain infusion, injection into the hemolymph or addition to 

the diet.

Most o f brain and hemolymph samples were collected from bees o f one colony, 

that was not requeened during the entire time of the dissertation study. Different 

colonies were used in experiments with absconding bees, with the study o f 

a-glucosidase activity in the hypopharyngeal gland, and the experiments involving 

feeding colonies DOPA. Since many results were based on samples from one colony, 

the results in these cases cannot be extended or generalized to honeybees in general. 

Experiments are planned in the near future utilizing populations o f bee colonies to 

verify the postulated hypothesis generated in this study.
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