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The belief that experience leaves a physical trace in the brain,
while long-standing (1), has been difficult to substantiate.
Among the many difficulties inherent in searching for such a
trace is that, because a given experience could hardly encompass the totality of both potential sensory stimulation and its behavioral importance, any particular experience should not produce a wholesale anatomical change throughout the brain. An
experience may produce many small changes in the brain that
are widely distributed across a complex network, reflecting the
multiple perceptual, emotional, motor, and other features that
are involved in an event. Such “distributed-localized” changes
may be difficult to detect, especially if structural changes are on
a very small—for instance, subsynaptic—scale. It would seem
that one would need to greatly reduce the size of the “haystack”
to find such mnemonic “needles.” On the other hand, broad and
prolonged complex experience might leave a larger residue,
thus increasing the size or number of “needles.”
Memory’s impact on the brain need not be only anatomical;
it might additionally (or only) be chemical. Thus, in principle,
gross assays of the levels of central nervous system (CNS) neurotransmitters, such as glutamate, or neuromodulators, such as
acetylcholine, could reflect the effects of experience, and perhaps denote something about memory itself. Indeed, pioneering
studies used prolonged “environmental enrichment” (EE) to detect both anatomical and chemical changes that occurred in response to experience (2–4). Groups of rats (for instance, n = 12)
were housed in large cages containing “toys,” mazes, and the
like, which were changed daily; this constituted the EE condition. Comparison groups included “social housing” (three animals in a plain cage) as well as isolated rats in standard cages.
After a period as short as about 30 days, the EE treatment, in
both newly weaned and adult animals, produced both thicker
cerebral cortices and increased levels of acetylcholinesterase,
the enzyme that degrades acetylcholine (ACh) (5, 6). (Measurement of acetylcholinesterase was more feasible at the time than
measurement of ACh.) Further experiments revealed that the increase in cortical width involved both increased numbers of
glial cells and the growth of dendrites (7–10).
Both anatomical and chemical lines of inquiry converged in
a recent study of the mushroom bodies in the brain of the honeybee, which has proven to be an excellent model system for
understanding the neurobiology of learning and memory (11).
Ismail et al. (12) exploited the precisely timed change of honeybees from workers to foragers to determine both the effects of
extensive foraging experience on the size of the mushroom bodies and the involvement of acetylcholine in the associated structural changes. The findings and their implications are best appreciated within a larger framework.
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Acetylcholine, among all neurotransmitters, has proven particularly intriguing because of its roles in brain plasticity and in
learning and memory. For example, cholinergic agonists can facilitate memory, whereas cholinergic antagonists can impair
memory (13–17). Studies of the effects on brain plasticity of
cholinergic agents, particularly those engaging muscarinic receptors, have provided a good deal of information about neurochemical substrates underlying learning and related processes.
Thus, cholinergic agonists applied directly to sensory cortex
produce atropine-sensitive enhancement of responses to environmental stimuli in the auditory (18), somatosensory (19), and
visual (20) systems. The major source of ACh to the cerebral
cortex is the nucleus basalis of Meynert (NBM) (21, 22). Stimulation of the NBM paired with somatosensory or auditory
stimulation induces prolonged facilitation of responses in the
somatosensory (23) and auditory (24) cortices, respectively.
Direct neurophysiological studies have further implicated
muscarinic receptors in associative learning. Notably, auditory
classical and instrumental (operant) conditioning produce tuning shifts toward and to the frequency of the tone used as the
conditioned stimulus (25, 26). Associative learning is also correlated with an expansion of the representation of behaviorally
important frequencies in the primary auditory cortex (27), such
as sounds that predict forthcoming food or water. Additionally,
these learning-induced increases in area may serve as a “memory code” for the degree of the behavioral importance of sounds
(28). The NBM cholinergic system can mimic the effects of associative learning by inducing the same specific shifts in receptive
f ield plasticity as those that develop during classical and
instrumental conditioning (29), and this plasticity requires the
engagement of muscarinic receptors in the auditory cortex (30).
Lesions of the NBM and blockade of muscarinic receptors
impair tuning shifts during classical conditioning procedures
(31). In humans, specific associative plasticity develops in the
auditory cortex, and this is also blocked by cholinergic antagonists (32). Finally, pairing a tone with stimulation of the NBM
induces actual conditioned stimulus (CS)–specific behavioral
memory, although subjects received neither reward nor punishment (33). Thus, acetylcholine apparently can mimic the normal
effects of experience-dependent memory.
Thus, there is a great deal of evidence that acetylcholine may
trigger cellular events that produce memory storage and that
enriched experience can produce increases in both neural structures and cholinergic activity. Within this context, the study by
Ismail et al. can be viewed as one of using enriched experience—
foraging—in the honeybee to investigate the involvement of
acetylcholine in structural enlargement of the mushroom
bodies. However, in contrast to most environmental enrichment
studies, the authors used a developmentally timed natural
behavior in a natural environment. Honeybees (Apis mellifera)
typically live about 6 weeks as adults. They first work in the
hive and then spend approximately the last 4 weeks of their
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lives as foragers. Their mushroom bodies (MBs) are prominent,
paired midline structures that receive conspicuous olfactory and
visual input. The MBs consist largely of interneuron Kenyon
cells and their associated neuropil (the unmyelinated processes
that lie between the cell bodies). Previous research indicated
that the volume of MB neuropil increases during foraging (34).
Ismail and co-workers hypothesized that this increase is triggered by the greatly augmented and complex sensory input associated with foraging. Furthermore, as sensory input to the
MBs is muscarinic, they hypothesized that the signaling of sensory input by acetylcholine is sufficient (and perhaps necessary) for MB growth in the adult honeybee.
To test these hypotheses, the authors detected and marked
new foragers at the entrance to the hives and permitted them to
forage for 1 week. The bees were then divided into two groups:
those that were permitted to forage for a second week, and
those that were tested in the laboratory. The latter were further
subdivided and were fed a muscarinic agonist (pilocarpine), a
muscarinic antagonist (scopolamine), or nicotine, all in a
sucrose solution. The bees lived in the hive for a second week
but were prevented from foraging. At the end of the 2-week
period, the MBs of all bees were examined. The main findings
were that MB size did not increase after 1 week of foraging,
but 2-week foragers showed an increase of approximately 14%
in volume relative to age-matched caged controls. These findings
are essential replications of prior observations and necessary to
test the authors’ “cholinergic hypothesis.”
Bees that could not forage during the second week but were
fed pilocarpine developed the same amount of growth of the
MBs as those that did forage. This effect of the muscarinic agonist was blocked by scopolamine; nicotine had no effect. Thus,
confirming the hypothesis, acetylcholine—probably acting at
muscarinic receptors in the mushroom bodies—is sufficient to
mimic the effects of extensive foraging experience (Fig. 1).
These findings break new ground in several ways. First, this
appears to be the first report that a muscarinic agonist can produce
gross structural changes. Previously, Woolf had hypothesized
that acetylcholine released from cholinergic axon terminals in
the vertebrate brain produces postsynaptic structural reorganization during memory storage. She postulated that acetylcholine release begins a cascade of intracellular signaling
events that culminate in the proteolysis of the structural protein
MAP-2 (microtubule associated protein–2), destabilizing the
postsynaptic cytoskeleton and “thereby favoring dendritic plasticity” (35). The present findings are generally consistent with
Woolf ’s formulation, although elucidation of the intracellular
mechanisms and detailed structural changes that take place in
the neurons of the honeybee MB remain for future investigation. Second, Ismail and co-workers have linked a natural, complex behavior to both large-scale neuroanatomical plasticity and
its likely neurochemical signal. This neuroethological approach
to attack the problem of the imprint of experience on neural tissue demonstrates how basic neurobiological findings from the
laboratory can be used to elucidate “real world” situations and
can serve as a paradigm in this field of inquiry. Third, to the extent that natural foraging behavior can be considered “enriched
experience”—which is reasonable when considering the marked
increase of experiential complexity and behavior outside of the
hive—the field has in some sense come full circle from the
dawn of such studies. Thus, as noted at the outset, EE was
found to increase both markers for ACh activity and cortical
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Fig. 1. (A) Whimsical representation of honeybees and acetylcholine, which mediates the structural changes in the honeybee
brain that take place in response to foraging. (B) Experiments
implicating muscarinic acetylcholine receptors in honeybee
memory (12).

width, the latter reflecting growth of the neuropil. The apparent
convergence of mechanisms is striking.
One caveat for the present findings is that, as the authors
note, it is unclear which aspects of foraging behavior are linked
to growth of the mushroom bodies; controls for increased motor
activity (flying) remain for the future. The EE studies in rats
showed that the induced dendritic plasticity was not caused by
increased activity itself (36). Thus, those with a preference for
greater universality of learning and memory mechanisms may
hope that the same will hold true for the honeybee. However,
regardless of the ultimate identity of mechanisms across diverse
phyla, each species has its own problems to solve. By learning
how they achieve success, we gain a more encompassing understanding of how experience is represented, stored, and used in
the service of adaptive behavior.
References
1. W. James, The Principles of Psychology (Holt, New York, 1890), pp.
110–115.
2. D. Krech, M. R. Rosenzweig, E. L. Bennett, B. Krueckel, Enzyme concentrations in the brain and adjustive behavior-patterns. Science 120,
994–996 (1954).

www.stke.org/cgi/content/full/sigtrans;2006/336/pe23

Page 2

PERSPECTIVE
3. D. Krech, M. R. Rosenzweig, E. L. Bennett, Dimensions of discrimination
and level of cholinesterase activity in the cerebral cortex of the rat. J.
Comp. Physiol. Psychol. 49, 261–268 (1956).
4. D. Krech, M. R. Rosenzweig, E. L. Bennett, Effects of environmental complexity and training on brain chemistry. J. Comp. Physiol. Psychol. 53,
509–519 (1960).
5. E. L. Bennett, M. C. Diamond, D. Krech, M. R. Rosenzweig, Chemical and
anatomical plasticity of brain. Science 146, 610–619 (1964).
6. M. R. Rosenzweig, E. L. Bennett, M. C. Diamond, Effects of differential
environments on brain anatomy and brain chemistry. Proc. Annu. Meet.
Am. Psychopathol. Assoc. 56, 45–56 (1967).
7. M. C. Diamond, D. Krech, M. R. Rosenzweig, The effects of an enriched
environment on the histology of the rat cerebral cortex. J. Comp. Neurol.
123, 111–120 (1964).
8. M. C. Diamond, F. Law, H. Rhodes, B. Lindner, M. R. Rosenzweig, D.
Krech, E. L. Bennett, Increases in cortical depth and glia numbers in rats
subjected to enriched environment. J. Comp. Neurol. 128, 117–126 (1966).
9. W. T. Greenough, F. R. Volkmar, J. M. Juraska, Effects of rearing complexity on dendritic branching in frontolateral and temporal cortex of the rat.
Exp. Neurol. 41, 371–378 (1973).
10. M. C. Diamond, Enriching Heredity: The Impact of the Environment on the
Anatomy of the Brain (Free Press, New York, 1988).
11. R. Menzel, Searching for the memory trace in a mini-brain, the honeybee.
Learn. Mem. 8, 53–62 (2001).
12. N. Ismail, G. E. Robinson, S. E. Fahrbach, Stimulation of muscarinic receptors mimics experience-dependent plasticity in the honey bee brain.
Proc. Natl. Acad. Sci. U.S.A. 103, 207–211 (2006).
13. J. A. Deutsch, The cholinergic synapse and the site of memory. Science
174, 788–794 (1971).
14. A. E. Power, A. Vazdarjanova, J. L. McGaugh, Muscarinic cholinergic influences in memory consolidation. Neurobiol. Learn. Mem. 80, 178–193 (2003).
15. R. W. Russell, in Drugs and Behavior, L. M. Uhr, J. G. Miller, Eds. (Wiley,
New York, 1960).
16. L. O. Stratton, L. Petrinovich, Post-trial injections of an anti-cholinesterase
drug and maze learning in two strains of rats. Psychopharmacologia 5,
47–54 (1963).
17. J. F. Flood, D. W. Landry, M. E. Jarvik, Cholinergic receptor interactions
and their effects on long-term memory processing. Brain Res. 215,
177–185 (1981).
18. J. H. Ashe, T. M. McKenna, N. M. Weinberger, Cholinergic modulation of
frequency receptive fields in auditory cortex: II. Frequency-specific effects
of anticholinesterases provide evidence for a modulatory action of endogenous ACh. Synapse 4, 44–54 (1989).
19. R. Metherate, N. Tremblay, R. W. Dykes, Transient and prolonged effects
of acetylcholine on responsiveness of cat somatosensory cortical neurons.
J. Neurophysiol. 59, 1253–1276 (1988).
20. A. M. Sillito, J. A. Kemp, Cholinergic modulation of the functional organization of the cat visual cortex. Brain Res. 289, 143–155 (1983).
21. M. M. Mesulam, E. J. Mufson, B. H. Wainer, A. I. Levey, Central cholinergic pathways in the rat: An overview based on an alternative nomenclature
(Ch1–Ch6). Neuroscience 10, 1185–1201 (1983).

22. M. V. Johnston, M. McKinney, J. T. Coyle, Evidence for a cholinergic projection to neocortex from neurons in basal forebrain. Proc. Natl. Acad. Sci.
U.S.A. 76, 5392–5396 (1979).
23. H. H. Webster, D. D. Rasmusson, R. W. Dykes, R. Schliebs, W. Schober,
G. Bruckner, D. Biesold, Long-term enhancement of evoked potentials in
raccoon somatosensory cortex following co-activation of the nucleus
basalis of Meynert complex and cutaneous receptors. Brain Res. 545,
292–296 (1991).
24. J.-M. Edeline, B. Hars, C. Maho, E. Hennevin, Transient and prolonged facilitation of tone-evoked responses induced by basal forebrain stimulations
in the rat auditory cortex. Exp. Brain Res. 97, 373–386 (1994).
25. N. M. Weinberger, Dynamic regulation of receptive fields and maps in the
adult sensory cortex. Annu. Rev. Neurosci. 18, 129–158 (1995).
26. N. M. Weinberger, Specific long-term memory traces in primary auditory
cortex. Nat. Rev. Neurosci. 5, 279–290 (2004).
27. G. H. Recanzone, C. E. Schreiner, M. M. Merzenich, Plasticity in the frequency representation of primary auditory cortex following discrimination
training in adult owl monkeys. J. Neurosci. 13, 87–103 (1993).
28. R. G. Rutkowski, N. M. Weinberger, Encoding of learned importance of
sound by magnitude of representational area in primary auditory cortex.
Proc. Natl. Acad. Sci. U.S.A. 102, 13664–13669 (2005).
29. J. S. Bakin, N. M. Weinberger, Induction of a physiological memory in the
cerebral cortex by stimulation of the nucleus basalis. Proc. Natl. Acad. Sci.
U.S.A. 93, 11219–11224 (1996).
30. A. A. Miasnikov, D. McLin III, N. M. Weinberger, Muscarinic dependence of
nucleus basalis induced conditioned receptive field plasticity. Neuroreport
12, 1537–1542 (2001).
31. W. Ji, E. Gao, N. Suga, Effects of acetylcholine and atropine on plasticity
of central auditory neurons caused by conditioning in bats. J. Neurophysiol. 86, 211–225 (2001).
32. C. M. Thiel, K. J. Friston, R. J. Dolan, Cholinergic modulation of experience-dependent plasticity in human auditory cortex. Neuron 35, 567–574
(2002).
33. D. E. McLin III, A. A. Miasnikov, N. M. Weinberger, Induction of behavioral
associative memory by stimulation of the nucleus basalis. Proc. Natl. Acad.
Sci. U.S.A. 99, 4002–4007 (2002).
34. S. M. Farris, G. E. Robinson, S. E. Fahrbach, Experience- and age-related outgrowth of intrinsic neurons in the mushroom bodies of the adult
worker honeybee. J. Neurosci. 21, 6395–6404 (2001).
35. N. J. Woolf, A structural basis for memory storage in mammals. Prog.
Neurobiol. 55, 59–77 (1998).
36. J. E. Black, K. R. Isaacs, B. J. Anderson, A. A. Alcantara, W. T. Greenough, Learning causes synaptogenesis, whereas motor activity causes
angiogenesis, in cerebellar cortex of adult rats. Proc. Natl. Acad. Sci.
U.S.A. 87, 5568–5572 (1990).

Citation: N. M. Weinberger, Food for thought: Honeybee foraging, memory, and acetylcholine. Sci. STKE 2006, pe23 (2006).

www.stke.org/cgi/content/full/sigtrans;2006/336/pe23

Page 3

