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Abstract-l.
In the brains of worker honeybees (&is mellifera curnica) corresponding
to different stages
in the life span, we measured the content of GABA, glutamate,
acetylcholine,
choline, norepinephrine,
dopamine and serotonin.
2. The highest concentrations
were found for GABA, glutamate
and acetylcholine.
3. Biogenic amines occur in considerably
lower concentrations
in comparison
to the above mentioned
transmitters.
4. Age-correlated
changes were found for different neuroactive
substances.
5. GABA and glutamate show a well marked rise and fall of their concentrations
with a maximum at
day 10.
6. The results are discussed in comparison
to other species and with respect to age polyethism of worker
honeybees.

Because of their short life span and the dramatic
behavioural changes, honeybees represent good models for investigating postimaginal alterations. For our
study, we chose free-living non-laboratory
animals
and followed the concentrations of seven putative
neurotransmitters/neuromodulators
in whole brains
of worker honeybees at different ages representative
of the worker bee’s imaginal life (Lindauer, 1952).

INTRODUIXION

Structural and physiological changes correlating with
development and affecting various parts of the body
are well-known in both vertebrates and invertebrates.
Embryonic and postembryonic changes due to cell
differentiation as well as growth and decline of
cell populations implicate the dynamic nature of
neuronal equipment and alterations of putative
transmitters; neuromodulators
(for definition see
Hoyle, 1985). Thus, GABAergic neuron populations
undergo a substantial programmed decline after a
period of embryonic augmentation and growth in the
vertebrate brain (Wolff, 1981). Biogenic amines in the
vertebrate brain show fetal as well as considerable
neonatal alterations (Coyle and Henry, 1973; Vaccari, 1980; Fliigge et al., 1986; for review see Coyle,
1973). Changes in concentrations of putative transmitters accompanying
metamorphosis
have been
documented for a number of insects (Sanes and
Hildebrand, 1976; Prescott et al., 1977).
The knowledge concerning putative transmitter/
modulator distribution and actions in the peripheral
and central nervous system of invertebrates is steadily
accumulating especially with regard to arthropodes
(for review see Murdock, 1971; Klemm, 1976; Evans,
1980; Walker, 1982; David and Coulon, 1985; O’Shea
and Schaffer, 1985). However, no particular attention
has been paid to quantitative changes of neuroactive
compounds in insect brains during the course of the
life cycle. In a number of investigations, considerable
and
partially
behavioural
neuromorphological
changes in adult holometabolous insects could be
shown (Bieber and Fuldner, 1979; Technau, 1984; for
review see Schiirmann, 1987).
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MATERIALS AND METHODS

All experiments
nica,

were performed

with Apis mellifern

car-

queen right worker bees of one stock, kept in the

Institute for Bee Research of Lower Saxony, Celle, FRG.
Six different charges of freshly emerged bees were marked
by a colour dot on the dorsal thorax between 27 June
19868 August 1986. Marked bees were not separated from
the stock but kept in the same hive. Samples of up to 10 bees
for each age group (I, 6, 10, 19, 30, and 40 days old) were
obtained
between 1&12a.m.
Though not more than 10
animals were normally
used for a given age group for
biochemical measurements,
a multitude of several hundred
bees had to be marked to compensate for loss of bees caused
by various reasons. Only five bees were left for the 40 day
group. No six-week-old bees could be found in the hive on
8 August 1986 or later.
Animals were cooled on dry ice, the brains were rapidly
removed and cleaned from surrounding
tissue. Fresh wt was
determined in 150 p 1 ice-cold 0.1 N HCIO,. After weighing
they were frozen and stored at -70°C.
For determination
of transmitter
and protein concentrations,
the individual
brains were sonicated. In duplicates of 5 ~1 aliquots of the
homogenate
protein concentrations
were determined
according to Lowry et al. (1951). Then the homogenates
were
centrifuged
at 10,000g for 10min at 4°C. In the supernatants y-aminobutyric
acid (GABA) and glutamate
were
determined
by microfluorimetric
assays (Mansky
et al.,
1982; Mansky and Wuttke, 1983). The detection limit in the
GABA specific microfluorimetric
assay was approximately
15 pmol/pg
protein,
and in the glutamate
specific assay
20 pmol/pg
protein. Norepinephrine
and dopamine
were
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measured with internal standards by a radioenzymatic assay
(Sailer and Zigmond, 1978). The detection limit for both
catecholamines was 2.53.0 fmol/ng protein. Epinephrine
was not detected (detection limit 2.5 fmol/ng protein). Serotonin was determined in 20 pl aliquots by a high performance liquid chromatography (HPLC) method with
electrochemical detection. The HPLC system consisted of a
solvent delivery pump (LKB) and a Rheodyne injector.
Serotonin was separated on a Lichrospher RP-18 column
(125 x 4 mm) from Merck, Darmstadt, FRG. The mobile
phase was 0.02 M citric acid, 0.02 M hydrogen phosphate,
pH 3.5 with 6% methanol as organic modifier (Tusell et al.,
1982). The flow rate was 1 ml/min. Column effluents were
monitored with coulometric detector (ESA 5100 A). The
optimal working potential was +0.35 V, the potential of the
guard cell was set to +0.4V. Quantiation was made by
reference to a calibration curve run at the beginning and at
the end of each series of assays. The standard working
solution was prepared freshly in weekly intervals from
serotonin-creatinine sulfate (Sigma, Munich, FRG) stored
at -20°C and thawed immediately before use. The
detection limit was 0.15 pmol per injection.
For determination of choline and acetylchohne (ACh),
aliquots of the supematants were brought to pH 4.0 with
1 M KOH and after standing on ice for 10 min they were
centrifuged at 10,000 g for 10 min at 4°C. Samples of 20 ~1
of these supematants were analysed directly by a HPLC
method described recently (Stadler and Nesselhut, 1986). In
short, acetylcholine and choline were first separated by
HPLC, then reacted in a biosensor (Biometra, Gottingen,
FRG) with acetylcholinesterase and choline oxidase immobilized on sepharose. The resulting H,O, produced by
choline oxidase is subsequently detected electrochemically
(Biometra, Giittingen, FRG). With this method, amounts as
low as 0.1 nmol of choline or acetylcholine can be detected.
The results for all neurotransmitters are expressed as
pmol/pg protein. For statistical evaluation, all data were
subjected to the two-dimensional analysis of variance for
repeated measures followed by a multiple r-test.
RESULTS AND DISCUSSION

We detected different quantities of neuroactive
compounds (neurotransmitters/neuromodulators)
in
brains of adult worker bees (Table 1, Figs 2-4).
Most studies do not cover a wide range of neuroactive compounds. In spite of the wide range of
differences in the magnitude of compounds between
species and even between brain and thoracic ganglia
(Breer, 1981; Breer and Heilgenberg, 1985), GABA
and ACh appear to be the predominant neuroactive
compounds in the bee brain as well as in the nervous
systems of all insects and spiders (Meyer et al., 1984).
The concentration of ACh is relatively low in bee
brains (2.56 pmol/pg protein) in comparison to
housefly brains (7.643 pmol/pg protein), and locust
(9.5-25 pmol/pg
protein)
(Clarke
and
brains
Donellan, 1982) but still a magnitude higher than in
vertebrates (Breer, 1981). The concentrations
of
GABA far exceed those of ACh in the brain of bees
(ratio 1: 18, this paper) and of locusts (ratio 1:28;
Breer and Heilgenberg, 1985). On the other hand,
very similar ranges for ACh and GABA have been
reported for brains of Musca, Sarcophugn, and
for the cotton leaf worm Spodoptera (Clarke and
Donellan, 1982). As the transmitter layout varies
from species to species and even within nervous
system and brain parts (Prescott et al., 1977; Mercer
et al., 1983) a general statement as to the preponderance of GABA or ACh cannot be made. The

al.

=gF;
ddd

5222

d

6

d

Rqsij
006

d

t-4

339

Neuroactive compounds during imaginal life

18

6
0
O/l2 O/l6

6

10

19

30

LO

Fig. 1. Amount of protein in pg/brain (mean k SEM) of
different age stages (04Odays), O/12 and O/16 animals
obtained at 12 a.m. and 4 p.m. respectively. The number of
brains per sample is given at the bottom of each column.

choline/ACh ratio varies considerably in different
species (Clark and Donellan, 1982).
Glutamate is known to be an excitatory transmitter
in the nerve-muscle junction of insects and likely to
be a transmitter in the insect central nervous system
(Walker, 1982). In the bee brain the amount of
GABA and glutamate were found to be very similar.
Glutamate is a precursor of GABA and occurs in
similar concentration in the vertebrate nervous system (Breer and Heilgenberg, 1985).
A relatively low concentration of indolamines and
catecholamines has been consistently reported in
comparison to the above-mentioned
transmitters.
Our results are in accord with those of Clarke and
Donellan (1982) on the brain of Schistocercu. Norepinephrine contents are considerably lower than
those of 5-HT and dopamine. The ratios of these
amines appear very similar for different species (for
review see NHssel, 1987; David and Coulon, 1985).
The small amount of measured 5-HT is reflected by
the low percentage of immunoreactive cells (100
somata or 0.03% of brain cells) (Schiirmann and
Klemm, 1984; Klemm, 1985), whereas some thousand GABAergic cells occur in the bee brain (Schifer
and Bicker, 1986). Epinephrine could not be detected
in the bee brain.
It is difficult to compare the concentrations of
different transmitters/neuromodulators
in various insect species as the data collected have been gathered
using different methods or are expressed in different
manners (see discussion in Evans, 1980; Clarke and
Donellan, 1982; NBssel and Laxmyr, 1983).
One aim of this study was to investigate agedependent transmitter changes during imaginal life of
an insect. Worker bees progress through four stages
during their 4-7 week life: after hatching they start
with cell cleaning, followed by food and queen care,
food storage and, finally, foraging (Lindauer, 1952;
Robinson, 1987). Each new stage requires dramatic
changes in behaviour. Following the sequence of hive
life in the first three weeks, the subsequent foraging
imposes a change in behaviour in worker bees which
is usually not reversable (Robinson, 1987), in contrast to previous tasks in the hive which are not
strictly age-correlated and subject to transitions. Behavioural changes are accompanied and supported
by morphological, hormonal, and other biochemical

changes (Fluri et al., 1982; Robinson, 1987). Thus,
juvenile hormone titer changes may be correlated
with functional
brain and behavioural changes
(Robinson, 1987).
This study demonstrates for the first time agedependent transmitter changes during the imaginal
life span in an insect. We analysed seven neuroactive
compounds in the bee brain from four different
stages, as determined by their social functions in the
hive period and foraging activities.
There is substantial evidence that GABA and
acetylcholine are the major transmitters in the insect’s
central nervous system, exerting inhibitory and excitatory influences respectively on postsynaptic cells
(Breer and Heilgenberg, 1985). The cellular function
of amines in the central nervous system of insects
remains, for the most part, obscure. Only a few
studies have reported on the effects of biogenic
amines in the honey bee brain (Mercer, 1987).
During whole imaginal life, protein amounts in
the brain of honey bees were found to be constant
(Fig. 1). We set the neuroactive compounds in relation to brain protein, as we noticed a considerable
variation in wet wt values for samples of all selected
ages, despite careful preparation and cleaning from
adhesive tissues. The wet wt of nervous tissues is
subject to considerable variations dependent upon
age and/or physiological state (Evans, 1980).
GABA and glutamate concentrations (Fig. 2) followed an U-shaped curve with a maximum at day 10.
At the beginning and at the end of the imaginal life,
concentrations were comparable. The GABA concentrations at day 10 were significantly different from
those at day 0 (P < 0.004) or day 40 (P < 0.005).
Glutamate levels differ between day 0 and day 6, day
6 from day 10 (P < 0.02,O.Ol) whereas day 0 and day
40 levels appear to be similar. Newly emerged workers showed up to the sixth day of their life a more or
less constant ACh concentration. There may be a
correlation between acetylcholine amount and hypopharyngeal/mandibular
gland activity producing larval food in bees 6-12 days old. With increasing age,
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Fig. 2. GABA and glutamate concentrations (pmol/pg
protein, mean f SEM). Note concentration peak at day 10.
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Fig. 3. Acetylcholine and choiine concentrations. Compare
with legends to Figs I and 2.

ACh concentration decreases (Fig. 3). In the oldest
brains investigated (day 40) ACh concentrations were
considerably lower than for day 0, day 6, day 10
(P < 0.002, 0.01, 0.05). Differences between day 0
and day 10 could not be verified statistically. Interestingly, choline levels (Fig. 3) have been found to be
lower in comparison to ACh in newly emerged
workers. Later they show an irregular pattern.
Among the biogenic amines (Fig. 4) investigated,
norepinephrine concentrations demonstrated apparently the ctearest alterations in correlation with the
different age stages. The highest concentrations were
measured in freshly emerged workers. Between day 6
and day 40, a rise and fall in concentrations can be
observed, with a statistically significant difference
between day 6 and day 19 (P < 0.05). For dopamine,
a difference could only be verified between day 40 and
the earlier stages, indicating a decline for the oldest
workers whereas the concentrations
of serotonin
remained stable during imaginal life.
We consider our measurements to be a first step in
gaining new knowledge on life span transmitter
changes in the insect brain. Basically, we assumed
that age-related transmitter changes occur due to
turnover and/or availability in the course of altered
physiological and behavioural needs. These might
include recruitment of additional, large cell populations not required or only partially used during
certain life periods, for instance during the dark hive
period of worker bees. In fact, this assumption could
be plausible in view of the large masses of optic lobe
cells representing about 60% of the 1 million worker
bee brain neurons (Witthoft, 1967). Extensive GABAand GAD-immunoreactive
neuropil strata have been
recently described in the optic lobes stemming from
local globule cells whereas GABAergic eye receptor
cell endings do not occur (Schafer and Bicker, 1986).
The maxima of GABA and glutamate concentrations

at day 10 do not coincide with outdoor life but rather
mark the onset of nest building activities. Bees
lO-12days old perform their first orientation flights
only in special situations of the colony. Normally,
wax production and building of comb cells falls into
that stage of worker bees 12-16 days old. At present,
we cannot offer a sound explanation for the decline
in acetylcholine levels. High amounts in young adults
(hive bees) might reflect activities in cholinergic networks different from GABA-systems. There is evidence for a cholinergic nature of chemosensitive and
mechanosensitive afferents in peripheral neuropils
such as the antenna1 lobes (primary input center)
and a widespread cholinergic interneuron system
(Walker, 1982; Buchner et al., 1986). These cholinergic cells may be involved intensively in the orientation
within the hive.
The age-related decline of GABA, glutamate, and
ACh levels may as well be due to neuronal degeneration and replacement of neurons by glial cells
(Schiirmann, 1980). The relatively low amine levels
are a consequence of the small cell populations in the
bee brain, e.g. 100 serotonergic neurons, which can be
considered mainly as wide field neurons (Schtirmann
and Klemm, 1984). The lack of substantial amine
level changes could signal that these systems react
differently to behavioural changes and aging. If indeed the availability of neuronal amines is important
for vital functions, then a loss of only a few nonredundant aminergic neurons could be crucial for
survival and mortality, so that a gradual loss could
not be expected or detected for the different stages
under examination here.
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Fig. 4. Biogenic amines. Compare with legends to Figs I
and 2.

Neuroactive compound Is during imaginal life
Changes
in transmitter concentrations
accompanying aging have been reported for different mammalian species (see Giacobini et al., 1982), mainly
dealing with brain area specific alterations from the
juvenile period up until maturity. A tendency to
postembryonic augmentation of GABA and glutamate is obvious in various mammal brains (Agrawal
et al., 1968). These results cannot, however, be directly compared with ours as the data expression is
not equivalent. Moreover, vertebrate brains show
considerable growth of neurons as well as a decline
in extracellular space, something not seen in the
imaginal bee brain. Changes in the concentration of
aminergic compounds in vertebrate brains comprise
regional and age-dependent alterations (Hoffman
and Sladek, 1980).
Our results clearly show that age-related changes
of transmitter concentrations occur in mature worker
bees. The meaning of these changes, especially in vital
young animals, is obscure and cannot yet be satisfactorily ascribed to gross behavioural changes
imposed by polyethism. Changes in transmitter layout may be important for the interpretation
of
morphological
findings
based
on transmitter
immunocytology such as neuron mapping. Further
biochemical studies on transmitters should focus on
a comparison of bee brain areas especially involved
in sensory processing and in the organization of
behavioral programs.
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