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Invertebrate learning and
cognition: relating phenomena
to neural substrate
Clint J Perry, Andrew B Barron and Ken Cheng∗
Diverse invertebrate species have been used for studies of learning and
comparative cognition. Although we have gained invaluable information from
this, in this study we argue that our approach to comparative learning research
is rather deficient. Generally invertebrate learning research has focused mainly
on arthropods, and most of that within the Hymenoptera and Diptera. Any true
comparative analysis of the distribution of comparative cognitive abilities across
phyla is hampered by this bias, and more fundamentally by a reporting bias
toward positive results. To understand the limits of learning and cognition for a
species, knowing what animals cannot do is at least as important as reporting what
they can. Finally, much more effort needs to be focused on the neurobiological
analysis of different types of learning to truly understand the differences and
similarities of learning types. In this review, we first give a brief overview of the
various forms of learning in invertebrates. We also suggest areas where further
study is needed for a more comparative understanding of learning. Finally, using
what is known of learning in honeybees and the well-studied honeybee brain,
we present a model of how various complex forms of learning may be accounted
for with the same neural circuitry required for so-called simple learning types.
At the neurobiological level, different learning phenomena are unlikely to be
independent, and without considering this it is very difficult to correctly interpret
the phylogenetic distribution of learning and cognitive abilities. © 2013 John Wiley &
Sons, Ltd.
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INTRODUCTION

W

hile there is still no universally accepted
definition of learning, most important aspects
of learning are captured in the following definition by
Domjan (Table 1, Ref 181). Learning is an enduring
change in the mechanisms of behavior involving
specific stimuli and/or responses that results from prior
experience with those or similar stimuli and responses.
Cognition is an even more problematic term. While
there is no consensus definition for cognition, the
term is most often applied to the subset of learning
phenomena that somehow involve more than basic
associative processes.183
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Most research on learning has been performed
with vertebrate species. Over the past several decades,
however, invertebrate models have become key in propelling the study of the mechanisms of learning. They
make effective, inexpensive, and arguably more ethical
study subjects, for which experimental conditions are
more easily controlled. They have generally smaller
nervous systems than vertebrates, but yet exhibit a
broad repertoire of behavior and learning abilities.
The range of learning abilities explored and documented in invertebrates spans from the simplest nonassociative forms (habituation and sensitization) to
well-known associative learning (both classical and
instrumental), to other forms of learning variously
described as more cognitive, complex, or specialized, such as number-based learning and relational
learning.183
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1 Sea Quirt, Ciona intestinalis.Stimulus: light exposure or light cessation.
Response: phototaxis—swimming.
2 Sea-urchin, Arbacia punctulata.Stimulus: light exposure. Response:
phototaxis.
3 Sea-urchin, Centrostephanus longispinus.Stimulus: shadow. Response: spine
raising.
4 Sea cucumber, Cucumaria pulcherrima.Stimulus: touch. Response:
contraction of tentacle.
5 Honeybee, Apis mellifera.Stimulus: Sucrose applied to antennae. Response:
proboscis extension.
6 Cockroach, Gromphadorhina portentosa.Stimulus: handling by humans.
Response: hissing.
7 Cockroach, Periplaneta americana.Stimulus: air puff. Response: escape
reflex—running.
8 Drosophila. Drosophila melanogaster.Stimulus: odor. Response: startle
response—running.
9 Drosophila. Drosophila melanogaster.Stimulus: visual stimuli simulating
approach—vertical stripes moving from middle of vision to lateral edges.
Response: landing response—extend forelegs forward.
10 Drosophila. Drosophila melanogaster.Stimulus: sugar applied to foot.
Response: proboscis extension response.
11 Drosophila. Drosophila melanogaster.Stimulus: shock. Response: electroshock avoidance—spatially avoiding a copper grid.
12 Drosophila. Drosophila melanogaster.Stimulus: exposure to sexually
immature males. Response: courtship behavior.
13 Drosophila. Drosophila melanogaster.Stimulus: air puff applied to thoracic
bristles. Response: cleaning reflex—pattern of legs movements over area
stimulated area.
14 Ant. Pheidole tucsonica and Pheidole gilvescens.Stimulus: exposure to
worker from different colony. Response: aggressive behavior—fighting.
15 Bumblebee. Bombus impatiens. Stimulus: Colored and patterned artificial
flowers in a maze. Response: approach behavior.
16 Cricket, Teleogryllus oceanicus.Stimulus: ultrasound from a speaker.
Response: startle response—rapid turn during flight.
17 Blowfly, Calliphora vomitoira.Stimulus: rotation of patterned disc.
Response: cardiac response—inhibition of forward beating of heart; and
motor response—body movement.
18 Hawkmoth, Manduca sexta. Stimulus: tactile deflection of hairs on proleg.
Response: Proleg withdrawal reflex.
19 Wasp, Hymenoptera, Pteromalidae.Stimulus: exposure to receptive and
non-receptive females. Response: duration of courtship and pattern and
number of patterned head movements during courtship.
20 Locust, Schistocerca gregaria.Stimulus: exposure to small crowd of conspecifics. Response: escape response—walking away or jumping.
21 Locust, Schistocerca gregaria.Stimulus: feeding deterrent—nicotine hydrogen tartate. Response: avoidance of food—not feeding.
22 Crab, Chasmagnathus granulatus.Stimulus: shock. Response: escape
response—running.
23 Crab, Uca vomeris.Stimulus: approaching dummy predators. Response:
escape response: running.
24 Crab, Uca annulipes.Stimulus: approaching human. Response: escape
response—running.
25 Crayfish, Procambarus clarkii.Stimulus: brief lateral compression of the
abdomen. Response: tail-flip escape reflex.
26 Crayfish, Procambarus clarkii.Stimulus: bright light. Response: tail-flip
escape reflex.
27 Lobster, Panulirus argus.Stimulus: chemical mixture—artificial crab
mixture. Response: food-search response.
28 Spider, Cyclosa conica.Stimulus: sounding with a tuning fork. Response:
escape—falling from web.
29 Horeshoe crab, Limulus polyphemus.Stimulus: tactile stimulation of the
gills with puffs of air. Response: Muscle activity measured via chronically
implanted electrodes.
30 Milipede, Orthoporus texicolens.Stimulus: vibration. Response: coiling.
31 Barnacle, Balanus improvisus.Stimulus: shadow. Response: shadow
reflex—withdraw of cirri and closing the opercular plates.
32 Barnacle, Balanus improvisus.Stimulus: shadow. Response: shadow
reflex—withdraw of cirri and closing the opercular plates.
33 Octopus, Octopus vulgaris.Stimulus: food and non-food objects. Response:
exploration.

34 Squid, Lolliguncula brevis.Stimulus: predator model. Response: escape

jet.
35 C. elegans, Caenorhabditis elegans. Stimulus: tap (tactile). Response:

withdrawal.

36 C. elegans, Caenorhabditis elegans.Stimulus: water soluble chemicals.

Response: locomotion towards/away from stimulus.
37 Leech, Helobdella stagnalis.Stimulus: shadow. Response: ventilatory
response.
38 Leech, Hirudo medicinalis.Stimulus: touch. Response: shortening.
39 Leech, Hirudo medicinalis.Stimulus: tactile—light stroking. Response:
swimming reponse.
40 Earthworm, Lumbricus terrestris.Stimulus: shock. Response: twitching
response.
41 Earthworm, Lumbricus terrestris.Stimulus: air puff. Response: backward
movement.
42 Earthworm, Lumbricus terrestris.Stimulus: light. Response: contraction
response.
43 Polychaeta, Branchiomma vesiculosum.Stimulus: shadow. Response:
withdrawal reflex.
44 Polychaeta, Nereid diversicolor. Stimulus: touch, light, shock. Response:
withdrawal reflex:
45 Sea slug, Aplysia californica.Stimulus: touch. Response: gill-withdrawal.
46 Sea slug, Pleurobranchaea californica.Stimulus: light. Response: withdrawal.
47 Sea slug, Tritonia diomedea.Stimulus: chemical—NaCl. Response: escape
response—swimming.
48 Pond snail, Lymnaea stagnalis.Stimulus: touch and shadow. Response:
withdrawal response.
49 Chiton, Chiton tuberculatus.Stimulus: shadow. Response: retraction of
tentacles.
50 Clam, Mya arenaria.Stimulus: sudden light decrease. Response: siphon
withdrawal.
51 Land Snail, Helix albolabris.Stimulus: jerking of sibstratum. Response:
withdrawal of tentacles.
52 Flatworm, Stimulus: touch. Response: contraction.
53 Flatworm, Stimulus: touch. Response: convulsive movement.
54 Philodina, Rotifer philodina. Stimulus: touch. Response: body contraction.
55 Jellyfish,
Aurelia aurita.Stimulus: touch. Response: protective
response—contraction.
56 Sea anemone, Actinia equina.Stimulus: exposure to conspecifics. Response:
aggressive behavior—inflation and attacking with tentacles.
57 Sea anemone, Stolchactis helianthus.Stimulus: water droplet. Response:
body contraction.
58 Sea anemone, Adamsia rondeletii, Bunodes gemmaceus, Helliactis bellis
and Eudendrium.Stimulus: touch. Response: body contraction.
59 Sea anemone, Stimulus: fish juice on paper. Response: feeding
response/acceptance of paper.
60 Honeybees, Apis mellifera. Stimulus: sucrose applied to antennae and/or
proboscis. Response: proboscis extension response motor program measured
through electrophysiological recording of M17 muscle activity.
61 Cockroach, Blabera craniifer.Stimulus: air puff onto the terminal
appendices of the abdomen with body fixed and legs free. Response: escape
response measured via electromyographic recording
62 Drosophila, Drosophila melanogaster.Stimulus: intermittent doses of
cocaine. Response: multiple reflexive motor responses—e.g. intense grooming,
paralysis.
63 Hawkmoth, Manduca sexta. Stimulus: poking or pinching of prolegs.
Response. defense response—rapid bending that accurately propels the head
towards the stimuli.
64 Wasp, Leptopilina boulardi.Stimulus: odor. Response: oviposition probing.
65 Crab, Chasmagnathus granulatus. Stimulus: shadow. Response: escape
response—running.
66 Crayfish, Procambarus clarkii.Stimulus: shock. Response: escape
response—tail flip.
67 Squid, Loligo pealeii.Stimulus: touch (and visual stimulus of impending
touch). Response: escape jetting and ink release.
68 C. elegans, Caenorhabditis elegans.Stimulus: odor. Response: avoidance.
69 Leech, Hirudo medicinalis.Stimulus: touch. Response: bending reflex.
70 Earthworm, Lumbricus terrestris.Stimulus: light and vibration. Response:
shortening reflex.
71 Polychaete, Stimulus: light and shock. Response: withdrawal response.
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72 Sea slug, Aplysia californica.Stimulus: touch. Response. withdrawal.
73 Sea slug, Aplysia californica. Stimulus: touch. Response: withdrawal.
74 Sea slug, Tritonia diomedea.Stimulus: chemical—NaCl. Response:

105 Leech, Hirudo medicinalis. CS: touch. US: shock. Behavior: shortening

swimming response.
75 Pond snail, Physa acuta, P. heterostropha, and P. gyrina. Stimulus: light,
mechanical shock and electrical shock. Response: withdrawal.
76 Flatworm,
Dugesia dorotocephala.Stimulus: cocaine. Response:
hyperactivity—number of c-like movements.
77 Starfish, Luidia clathrata. CS: darkness. US: food. Behavior: food search
(normally done in light).
78 Honeybee, Apis mellifera. CS: odor. US: sucrose. Behavior: proboscis
extension response.
79 Honeybee, Apis mellifera. CS: heat—applied via water to antennae. US:
sucrose. Behavior: proboscis extension response.
80 Honeybees, Apis mellifera. CS: vibration or airpuff. US: shock. Behavior: avoidance of shock by temporary interruption of feeding—releasing
from feeder momentarily. This study was the first to show
latent inhibition in honeybees—that preexposure to the CS retarded
conditioning.
81 Cockroach, Periplaneta americana. CS: odor. US: sucrose or NaCl.
Behavior: visiting odor source.
82 Drosophila, Drosophila melanogaster. CS: odor. US: shock. Behavior: odor
avoidance.
83 Ant, Myrmica sabuleti. CS: colored shapes or odor. US: sucrose. Behavior:
approaching and drinking sucrose.
84 Ant, Cataglyphis fortis, Melophorus bagoti CS: color—black and white
visual stimuli in a decision chamber. US: access to entrance—transport by
human back to nest. Behavior: approaching visual stimuli.
85 Bumblebee, Bombus terrestris. CS: odor. US: sucrose. Behavior: proboscis
extension response.
86 Cricket, Gryllus bimaculatus. CS: odor. US: sucrose or NaCl. Behavior:
visiting odor source.
87 Blowfly, Phormia regina. CS: water and saline. US: sucrose. Behavior:
proboscis extension response.
88 Hawkmoth, Manduca sexta. CS: odor. US: sucrose. Behavior: cibarial
pump reflex measured by electrophyographic recordings of their cibarial
pump muscle.
89 Locust, Schistocerca gregaria. CS: odor. US: food. Behavior: opening of
their maxillary palps.
90 Wasp, Microplitis croceipes. CS: host—host faeces. US: odor—natural,
vanilla or unattractive. Behavior: host-seeking flight responses.
91 Butterfly, Battus philenor. CS: two different colors. US: presence of host
plant leaf extract and presence of sucrose. Behavior: oviposition and feeding.
92 Crab, Chasmagnathus granulatus. CS: light and dark compartments. US:
food. Behavior: exploratory behavior.
93 Crab, Chasmagnathus granulatus. CS: context—specific changes in light
patterns within testing area (box). US: opaque figure ahead. Behavior: escape
response—quantified via microphones recording amount of vibrations within
box.
94 Crayfish, Procambarus clarkii. CS: toxic chemical. US: food. Behavior:
food avoidance.
95 Lobster, Panulirus argus. CS: food odor. US: predator odor. Behavior: food
avoidance.
96 Spider, Phidippus princeps. CS: color cues. US: food—prey. Behavior:
approaching food.
97 Spider, Hasarius adansoni. CS: colored paper. US: heat—part of floor via
hotplate. Behavior: avoidance of color.
98 Whip spider, Phrynus marginemaculatus. CS: coarse and fine tactile cues.
US: refuge—holes in floor. Behavior: escape to refuge in response to bright
light.
99 Horseshoe crab, CS: light. US: shock. Behavior: tail-spine movement
measured by a kymograph and a string attached to the tail-spine.
100 Octopus, Octopus vulgaris. CS: visual orientation of shapes. US: food.
Behavior: attacking food.
101 Cuttlefish, Sepia officinalis. CS: plastic spheres. US: food. Behavior:
attacking food (autoshaping with spheres).
102 C. elegans, Caenorhabditis elegans. CS: ion solutions—Na+ or Cl− US:
food—E. coli. Behavior: presence near stimulus.
103 C. elegans, Caenorhabditis elegans. CS: acetic acid. US: odor of diacetyl
(organic volatile molecule they are attracted to). Behavior: tracking/avoiding
diacetyl.
104 Leech, Macrodella ditetra. CS: light. US: shock. Behavior: contraction or
extension.

reflex. This study showed that latent inhibition occurs in the leech during
classical conditioning. If leeches were preexposed to the CS, learning was
degraded.
106 Earthworm, Lumbricus terrestris. CS: light. US: vibration from
loudspeaker. Behavior: extend their anterior body segments.
107 Sea slug, Aplysia californica . CS: light touch to siphon. US: strong electric
shock to tail. Behavior: contraction of whole body.
108 Sea slug, Aplysia californica . CS: light touch to lip. US: food. Behavior:
biting.
109 Pond snail, Lymnaea stagnalis. CS: light touch to lip. US:
electrophysiological stimulation of a modulatory interneuron. Behavior:
fictive feeding movements.
110 Land snail, Limax maximus. CS: food odor. US: quinine (bitter tasting
solution) on food. Behavior: avoidance of food.
111 Flatworm, Dugesia dorotocephala. CS: light. US: shock. Behavior: sharp
turning and contraction of body.
112 Sea anemone, Cribrina xanthogrammica. CS: light. US: shock. Behavior:
folding of oral disc and tentacles.
113 Honeybee, Apis melifera. CS: odor. US: sucrose. Behavior: Proboscis
extension.
114 Honeybee, Apis melifera. CS: odor. US: sucrose. Behavior: Proboscis
extension.
115 Cockroach, Periplaneta americana. CS: home cage (safety). US: shock.
Behavior: running to home-cage.
116 Drosophila, Drosophila melanogaster. Flies learned to solve a T-maze
using odors to avoid shock
117 Ant, Formica subsericea and Formica exsectoides.Ants learned to solve a
maze between foraging and returning home.
118 Moth, Macroglossum stellatarum. CS: color US: sucrose. Behavior:
feeding.
119 Locust, Schistocerca gregaria.Locusts learned to solve a T-maze to find
food using the color of the walls.
120 Butterfly, Battus philenor. CS: color. US: sucrose. Behavior: feeding.
121 Crab, Gecarcinus lateralis. CS: safety. US: water. Behavior: escape
response in a spatial situation.
122 Crayfish, Orconectes propinquus.Crayfish learned to solve a T-maze to get
to a comfortable situation (wet/cool) and avoid a negative situation (hot/dry)
using spatial configuration.
123 Lobster, Homarus americanus.Lobsters learned to grip a sensor bar when
presented with light of different intensities to obtain food.
124 Octopus, Octopus vulgaris. CS: shapes. US: food. Behavior: food attack
response.
125 Cuttlefish, Sepia officinalis.Cuttlefish learned to escape a maze.
126 Earthworm, Lumbricus terrestris.Earthworms learned to solve a T-maze
using light, touch and shock as reinforcers.
127 Honeybee, Apis melifera. CS: odor. US: sucrose. Behavior: proboscis
extension.
128 Honeybee, Apis melifera.Honeybees learned to discriminate flowers using
odors.
129 Honeybee, Apis melifera.Honeybees learned to discriminate flowers using
complex mixtures of odors.
130 C. elegans, Caenorhabditis elegans. Stimulus: chemical. Response:
withdrawal.
131 Honeybee, Apis melifera.Honeybees learned to discriminate artificial
flowers based on color to obtain sucrose.
132 Honeybee, Apis melifera. CS: odor. US: sucrose. Behavior: proboscis
extension.
133 Honeybee, Apis melifera. CS: odor. US: sucrose. Behavior: proboscis
extension.
134 Bumblebee, Bombus impatiens.Bumblebees learned to discriminate
artificial flowers based on color hue to obtain sucrose.
135 Moth, Manduca sexta. CS: odor. US: sucrose. Behavior: feeding response.
136 Honeybees, Apis mellifera.Honeybees learned to touch silver plates with
their antennae (more frequently) to obtain sucrose.
137 Cockroach, Periplaneta americana.Cockroaches learned to move their leg
to a specific position in order to avoid a shock.
138 Drosophila, Drosophila melanogaster.Drosophila learned to turn their
body (via wing movement) to avoid heat applied to one side of their body.
139 Drosophila, Drosophila melanogaster.Drosophila learned to move their
leg to a specific position in order to avoid a shock.
140 Drosophila, Drosophila melanogaster.Drosophila learned to move their
leg to a specific position in order to avoid heat.
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141 Ant, Myrmica sabuleti.Ants learned to find food in an apparatus.
142 Ant, Myrmica sabuleti.Ants learned to use odors to navigate and find

170 Lobster, Panulirus argus.Lobsters learned through aversive conditioning

food.
143 Bumblebees, Bombus terrestris.Bumblebees learned to land on artificial
flowers that possessed conspecifics in order to obtain reward from the
flower.
144 Cricket, Zealandosandrus gracilis.Crickets learned to move their body
and leg into a specific position in order to turn off an aversive loud sound.
145 Blowfly, Protophormia terrae novae.Blowflies learned to enter and reneter
a hole to obtain food.
146 Hawkmoth, Manduca sexta.Hawkmoths learned to probe at odorless
feeders to obtain reward.
147 Locust, Schistocerca americana.Locusts learned to move their leg to a
specific position in order to avoid heat applied to their head.
148 Crab, Carcinus maenas.Crabs learned to suppress natural eye extension
after withdrawal reflex through aversive training with an air puff.
149 Crab, Carcinus maenas.Crabs learned to press a lever to obtain food.
150 Crayfish, Procambarus elarkii and Cambarus diogenes.Crayfish learned
to move their claw to a specific position in order to avoid a shock.
151 Crayfish, Procambarus clarkii.Crayfish learned to pull a lever for food.
152 Crayfish, Procambarus clarkii.Crayfish learned to walk forward to avoid
a shock rather than naturally tail-flipping.
153 Lobsters, Homarus americanus.Lobsters learned to apply force with their
claw to a sensor bar to obtain food.
154 Octopus, Octopus cyanea.Octopi learned to move down a runway to
obtain food.
155 Octopus, Octopus cyanea.Octopi learned to extend their arm into a tube
and out of the water in order to obtain food.
156 Sea slug, Aplysia californica.Aplysia learned to bite to receive
electrophysiological stimulation to the anterior branch of the esophageal
nerve (which presumably conveys information about the presence of food
during ingestive behavior).
157 Pond snail, Lymnaea stagnalis.Snails learned to suppress their aerial
respiratory behavioral drive through aversive training with touch.
158 Pond snail, Lymnaea stagnalis.Snails learned to suppress their naturally
occurring behavior of escape from a water tank through aversive training
with KCl.
159 Honeybees, Apis mellifera.Honeybees learned that when a certain color
was presented to them, one odor predicted sucrose reward and another
predicted no reward. However, when a different color was presented, these
relationships switched.
160 Honeybees, Apis mellifera.Honeybees learned that specific scents were
rewarding at specific times of the day.
161 Honeybees, Apis mellifera.Honeybees learned that artificial flowers of a
certain color were rewarding on certain times of the day and that they had to
approach these flowers from a certain angle in order to obtain reward—land
on a specific petal first.
162 Honeybees, Apis mellifera.Honeybees learned that in one of two identical
(outside and inside) huts sucrose was located between two yellow cylinders,
while in the other the sucrose was located between two blue cylinders.
163 Honeybee, Apis mellifera. Honeybees learned that different colored
checkered patterns alone were predictive of reward, but when paired together
they were not rewarding.
164 Honeybee, Apis mellifera.Honeybees learned that certain odors alone
were predictive of a reward, but together they were not.
165 Cockroach, Periplaneta americana.Cockroaches learned to associate one
odor (vanilla) with water and another (peppermint) with saline under
illumination, but in the dark to associate the opposite—vanilla with saline
and peppermint with water.
166 Drosophila, Drosophila melanogaster.Drosophila learn that in one
context (presence of a specific color—green) one of two different patterns (‘‘T’’
or inverted ‘‘T’’) predict punishment, while in a different context (presence of
a different color—blue) this predictive relationship is switched.
167 Ant, Camponotus aethiops.Ants learned to associate a certain cuticular
hydrocarbon profile (the scent of an ant from another colony) with food
reward and approached the food accordingly. But when another ant was
present the profile indicated an ‘enemy’ ant and became aggressive.
168 Bumblebee, Bombus terrestris.Bumblebees learned to approach one of a
pair of patterns (a 45◦ grating) and to avoid the other (a 135◦ grating) to
reach a feeder, and to do the opposite to reach their nest (approach a 135◦
grating and avoid a 45◦ grating).
169 Cricket, Gryllus bimaculatus.Crickets learned to associate one odor
(vanilla) with water and another (peppermint) with saline under illumination,
but in the dark to associate the opposite—vanilla with saline and peppermint
with water.

to not search for food when presented with a mixture of two food-related
odors (AX). However, they could still learn that when either odor was
separately presented with a novel odor (AY or XY), they could search for
food without aversive reinforcement.
171 Honeybee, Apis mellifera. Honeybees learned to discriminate visual
patterns that contained two and three elements and without any further
training generalized this discrimination to patterns with three and four
elements.
172 Honeybee, Apis mellifera.Honeybees learned that a feeder was located
between the third and fourth landmark in a series of landmarks that changes
size and position.
173 Honeybee, Apis mellifera.Honeybees learned to stop and receive a reward
after passing a specific number of landmarks and to generalize this to novel
landmarks.
174 Beetle, Tenebrio molitor.Mealworms learned to discriminate filter papers
containing odors from one or three females and from one or four females.
175 Review of arthropod navigation.
176 Navigation in lobsters.
177 Review of cephalopod navigation.
178 Honeybee, Apis mellifera.Honeybees learned to solve a delayed matching
to sample task, where they had to respond to a stimulus that matched a
previously encountered stimulus. They also learned to grasp the opposite
relationship, difference, by responding to the sample that was different than
a previous stimulus. .
179 Honeybee, Apis mellifera.Honeybees learned the concept of above/below
by discriminating between visual targets that were above or below a reference
bar in order to receive reward.
180 Bumblebee, Bombus terrestris.Bumblebees learned in a task where they
had to choose between two pairs of stimuli, that the two colors or patterns
that were identical predicted reward.
Note: Invertebrate groups are ordered phylogenetically (phylogeny from
Mallatt et al. 182 ). Learning types are grouped by supposed complexity of
learning phenomena.

Invertebrates comprise over 95% of the earth’s
animal population, in terms of numbers of individuals
and species. They are tremendously diverse and
extant species span an enormous range of body plans
and types of nervous systems, from simple nerve nets
to complex cephalized systems. For these reasons
invertebrates have also been the focus of comparative
research exploring the evolution of learning and
cognition.
Our purpose here is not to give a full review of
invertebrate learning, which would take far too much
space. Rather, we will sketch what is known of the
range of learning phenomena documented in the invertebrates. We highlight the gaps that need to be filled
for a true comparative analysis of learning abilities
across invertebrates, and suggest directions for future
research on learning. Our main arguments are that the
current approach to comparative learning research:
1. is not properly comparative enough and focuses
too much on a skewed species range.
2. is reliant on a phenomena-based classification
of learning that assumes levels of relative
complexity of learning phenomena that may
not reflect the underlying neural mechanisms.
We discuss examples of how forms of cognitive
learning can be supported by the same basic
circuitry as habituation and associative learning,
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and therefore from a mechanistic perspective it
is not clear which form of learning is the more
complex.
3. does not pay enough attention to the
neurobiology of how animals actually do
things. An important objective of modern
neuroscience is to understand learning in terms
of changes in nervous systems rather than
simply behavioral phenomena. Outside of the
classic model systems (Drosophila, Aplysia,
Apis mellifera and Caenorhabditis elegans)
mechanistic studies of invertebrate learning are
rather lacking. We make the case that by
incorporation of neurobiology into comparative
studies of learning, we can better understand
which abilities are independent of each other,
which are truly more complex than others and
thereby gain a better perspective on how forms
of learning have evolved.

COMPRATIVE STUDIES OF
INVERTEBRATE LEARNING
In Table 1, we have summarized the enormous variety
of learning phenomena (see Box 1) documented in
different invertebrate groups. Two historical research
traditions have contributed to the modern study of
invertebrate learning. The largely North American
studies of animal learning stemming from the pioneering work of Thorndike184 and Skinner185 provided
standard equipment, such as the operant chamber, and
experimental procedures, such as the classical conditional paradigm185,186 by which several now-classic
forms of learning phenomena were defined. Focusing
on a few vertebrate systems (rats, pigeons, primates)
in highly controlled, albeit artificial, laboratory conditions a catalog of types of learning has emerged. A
good chunk of invertebrate learning research involves
adapting this mode of research and the philosophy
of distinct learning paradigms to various invertebrate
animals. From crabs in operant chambers to bees in
classical conditioning paradigms, efforts to replicate
the traditional vertebrate research are immense.
BOX 1
DEFINITIONS OF TERMS
Habituation decrease in a physiological response
to a stimulus as a result of repeated exposure to
that stimulus.
Sensitization increase in a physiological response
to a stimulus as a result of repeated exposure

to that stimulus or exposure to some unrelated
stimulus (e.g., shock).
Classical/Pavlovian conditioning learning to
respond to a neutral (conditioned) stimulus by
associating it with another stimulus (unconditioned) that elicits a physiological response.
Concept learning learning about relations
between objects (e.g., same/different, above/
below) rather than about absolute physical
features (e.g., color, shape).
Contextual learning learning that in context 1
stimulus A is rewarded while stimulus B is not
(AC1+ and BC1−), whereas it is the opposite in
context 2 (AC2− and BC2+). Here, we consider
negative-pattern discrimination as a type of
contextual learning if one assumes that another
similar stimulus may set a context (Table 1).
Operant/instrumental conditioning learning
that a specific positive of negative result or
outcome is associated with a specific voluntary
behavior.
Nonelemental learning forms of learning that
go beyond simple nonassociative learning or
associative learning with links between two
stimuli (classical conditioning) or between a
stimulus and a response (operant conditioning).
Reversal learning learning a discrimination task
with particular reinforcement contingencies and
subsequently learning the same task but with
the reinforcement contingencies reversed.
Peak shift phenomenon where an animal is first
trained to respond to a positively reinforced
stimulus (S+) and withhold responding to
an unreinforced or punished stimulus (S−)
that is similar to but not identical to the
positively reinforced stimulus. Then, when tested
without reinforcement on a continuum of stimuli
including S+ and S−, animals show a maximal
response not to the S+ but to a stimulus similar
to S+ and yet more distinct from S−.

Proboscis extension response (PER) conditioning is one of the most important classical conditioning
paradigms for exploring invertebrate (insect) learning.
The assay was developed in honeybees187–189 but has
since found utility with blow flies (Phormia regina),190
bumble bees,85 and Drosophila.191 PER has most
often been used to examine associative conditioning of
odor stimuli with sugar or salt in a classical associative
conditioning paradigm. Indeed, almost everything we
know of the neurobiology of odor learning in honeybees has come from studies using this paradigm.189,192
For olfactory PER conditioning, animals are
restrained such that they can only move their
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mouthparts and antennae (and sometimes the head).
Conditioned stimuli can then be presented to the
animal in a very controlled way paired with various
unconditioned stimuli. Presentation of a droplet of
sucrose to the antennae and/or mouthparts is used
as a reward. In some studies odors have additionally
been paired with an absence of sugar reward, or
concentrated salt solution touched to the antennae, or
electroshock as punishment. The response measured
is the occurrence of proboscis extension (reward)
or withholding (punishment) to the conditioned
stimulus (CS).189
Several operant conditioning paradigms have
also been developed for invertebrates193 of which
some notable ones are operant training of Drosophila
flight direction in a tethered ‘flight simulator’ in
which flies learn to turn to avoid an infra-red heat
stress.138,194 Feeding behavior in the marine mollusc
Aplysia can also be operantly conditioned with an
appetitive protocol.195,196
From this tradition of laboratory analyses
of simple associative learning has emerged the
modern discipline of animal cognition or comparative
cognition197 in which learning forms considered to
involve more than elementary associations have been
studied in carefully controlled laboratory assays.
Areas of investigation include studies of spatial
cognition, numerical competence, timing, and others.
An investigation of the possible cognitive abilities of
invertebrates has become a significant research theme.
The second research tradition that has contributed to invertebrate learning research is the,
originally largely European, classical ethology,198,199
where animals and their behavior are studied in their
natural habitats. Their learning abilities are inferred
by devising experiments under field conditions. Some
studies of invertebrate learning, for example, most
of invertebrate navigation, reflects this tradition.
Although very limited, some efforts have also been
made to blend both traditions.
We will first describe the main types of learning
(Box 1), focusing on the phylogenetic distribution of
research within invertebrates and the resultant gaps in
a true phylogenetic analysis.

NONASSOCIATIVE LEARNING
Nonassociative learning is considered the simplest
form of learning. It consists of changes in responding
to the same (kind of) stimulus either as a result
of repeated presentations of that stimulus or else
as a function of some other kind of event that is
not associated with the stimulus. Classic forms of
nonassociative learning are habituation, the waning
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FIGURE 1 | Honeybee brain schematic highlighting the olfactory
system. When odors are sensed by the antennae (An) odorant
information is transferred via the antennal nerve to the antennal lobe
(AL). Within the AL olfactory neurons synapse with projection neurons
(PN) and interneurons within spherical glomeruli. PNs convey odor
information as a cross-fiber code to the lateral horn and the calyces of
the mushroom bodies (MB) where PNs synapse with the intrinsic
neurons of the MBs, the Kenyon cells. Kenyon cells output via the
α-lobe (α) and β-lobe (β). In these regions, Kenyon cells synapse with
extrinsic neurons (EN) which connect the MBs with the lateral horn (LH)
of the protocerebral lobe (PL) and other regions. Centrifugal neurons
(CN) also send feedback information to the antennal lobes.

of responding, and sensitization, an increase in
responding. Since these are learned changes in regard
to a single stimulus only, they are considered the
simplest possible learning phenomena.
All invertebrates so far reported, have shown
both habituation and sensitization in some modality
(Figure 1). From a defensive response to tactile stimulation in earthworms, to an odor-induced leg withdrawal in fruit flies, to an escape response from light
in squids, habituation and sensitization seem integral
behavioral mechanisms of all motile animals. It is noteworthy that animals with some of the simplest nervous
systems known are able to demonstrate forms of
nonassociative learning. Rotifers, microscopic invertebrates that contain only about 200 neurons200
(considerably less than even the much studied nematode C. elegans) were shown to reduce their contractile
response to repeated tactile stimulation over time.52,54
Sea squirt (tunicate) larvae,1 which possess
only about 100 neurons,201 also display forms of
nonassociative learning. Although as adults, these
tunicates are sessile, the larval stages are commonly
motile. Sea squirts are one of the closest invertebrate
relatives to vertebrates; belonging to the Chordates,
tunicates form a sister group to vertebrates. Upon
light cessation, sea squirt larvae begin to swim
and with light exposure they stop swimming. With
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repeated exposure to light, these behaviors showed
both habituation (weaker responses over time),
and sensitization (increased responses over time),
depending on the intensity of light.1
How does the nervous system produce nonassociative forms of learning? It seems that a neural system
can produce habituation and sensitization in a variety
of ways. In the well-studied defensive reflexes in the
sea slug Aplysia, nonassociative learning is accompanied by an alteration in post-synaptic potentials in
sensory-motor synapses. This change in synaptic efficacy results from a decrease in transmitter release by
presynaptic cells.202 Sensitization, in contrast, involves
an increase in neurotransmitter release.203 Research
in Aplysia has shown how forms of nonassociative
learning can be caused by changes at a single synapse,
but this does not necessarily mean that all observed
learning forms classified as nonassociative learning
need necessarily be caused by this single mechanism.

BASIC ASSOCIATIVE LEARNING
In associative learning, an animal learns that a
response or stimulus is associated with a given event
or consequence. Two types of associative learning
are classical (Pavlovian) conditioning186 and operant
(instrumental) conditioning.184,185 Classical conditioning involves learning the relationships between
stimuli, whereas operant conditioning involves learning about the consequences of one’s own behavior.
Both have been reported for a wide range of invertebrate animals (Table 1). In classical conditioning, animals learn a predictive link between two events, typically a neutral stimulus, also known as the CS, and a
biologically significant unconditioned stimulus (UCS).
An example would be when sugar (UCS) is associated
with the presentation of light (neutral CS) such that
post-training animals show an appetitive response to
the light stimulus alone. As a phenomenon, classical
conditioning is generally thought of as more complex
than nonassociative forms of learning because classical conditioning involves learning a relation between
two things, rather than learning about a single stimulus. But classical conditioning is considered simpler
than operant conditioning phenomena as in operant
(instrumental) conditioning, animals learn that a voluntary physical response is associated with a specific
UCS. An example might be when a rat learns to press
a lever for a food reward. Classical and operant conditionings are considered distinct forms of learning, with
operant conditioning as the more complex because it
includes a classical component.204,205
Many invertebrate animals exhibit classical
conditioning, from ants, spiders, and butterflies

learning associations between colors and presence of
food to horseshoe crabs and leeches learning that light
indicates shock (Table 1). A variety of arthropods
have been explored for this type of learning, as
well as annelids, nematodes, and molluscs. Far
scarcer, but notable are the studies of platyhelminthes,
echinoderms, and cnidarians as these groups contain
species with extremely simple nervous systems.
Platyhelminthes, or flatworms, are relatively
simple bilaterian, soft-bodied invertebrates with no
body cavity. They are protostomes and related to
annelids (round worms) and molluscs. Like these other
invertebrates, the flatworm’s nervous system is cephalized and they are very motile. Flatworms have shown
classical conditioning by learning to contract their
body to presentation of light after associating light
with shock.111 Unlike flatworms, echinoderms are
from the deuterostome lineage and as such are more
closely related to vertebrates. Echinoderms, such as
starfish, sea cucumbers, and sea urchins have a radial
nervous system lacking any central brain. Starfish
normally explore and feed when it is light, but have
been shown to associate darkness with the presence
of food and can learn, through classical conditioning,
to search for food when light is removed.77
Cnidarians are one of the most basal animal
groups. They are diploblastic, which means they have
only two germ layers in blastula development rather
than three like most other animals (including all other
invertebrates and vertebrates) and lack endoderm and
true muscles. Cnidarians have no brain or central
nervous system, and their nervous system is a simple
nerve net with interconnected sensory neurons that
respond to various stimuli, such as odors or touch.
With just this simple system, not only do jellyfish and
sea anemone habituate to light touch to their body
by contracting less and less over repeated exposure,
but sea anemones show classical conditioning as well:
they learn to contract their tentacles to presentation of
light that predicts shock.112 This would suggest that
even a simple nerve net is sufficient to support some
forms of classical conditioning.
A special case of classical conditioning that has
been documented in several invertebrate groups is
reversal learning, which is the reversal of contingencies
after the first bout of training. For example, if an
animal learned that blue indicated food and white
indicated shock, a reversal learning stage would
have the animal learn the opposite: white → food
and blue → shock. Reversal learning has long been
used as a measure of cognitive flexibility, given
the requirement to learn new associations and
suppress old associations. Many invertebrate species
have shown reversal learning, including arthropods
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(honeybees, bumblebees, cockroaches, fruit flies, ants,
crickets, moths, locusts, butterflies, crabs, crayfishes,
lobsters), annelids (earthworm), and gastropod
molluscs (octopuses and cuttlefish) (Table 1).
Latent inhibition is another special case of
classical conditioning that has been recently explored
in invertebrates. Here, a stimulus that has been often
presented alone requires more training to become a
CS than does a novel stimulus. This phenomenon
is widespread in vertebrates and has been suggested
to have adaptive advantages, such that an animal is
able to ignore stimuli that have previously had no
predictive value. There have been few reports of latent
inhibition in invertebrate species: while some early
studies suggested that both honeybees and molluscs
did not show latent inhibition, later works have
provided evidence for it in honeybees and leeches
and similar phenomena have been found in C. elegans
and Drosophila (Table 1).
In operant conditioning, animals learn that
their own action is associated with obtaining some
outcome. That outcome could be escaping or avoiding
something aversive such as a heat shock or a predator,
or obtaining something of value to the animal such
as food or sex. Operant conditioning is thought to be
more complex because the behavioral response is considered voluntary rather than reflexive. Most invertebrate examples of operant conditioning are found
in the arthropods or molluscs (Table 1). Octopuses,
for example, can learn to move down a runway154 or
reach their arm through a tube out of the water155 to
obtain food. Pond snails have been conditioned to suppress their naturally occurring respiratory behavior
through negative reinforcement,157 Drosophila can be
conditioned to modify their tethered flight behavior
in a flight simulator138,194 to avoid heat shock, and
crabs can be conditioned to modify their escape and
search behavior.206 Evidence of operant conditioning
is lacking, however, in the closely related nemotodes,
and in annelid species, such as leeches and earthworms
(Table 1). Operant and classical conditionings have
long been considered distinct learning forms,204,205
and invertebrate studies have now provided mechanistic support for this view in that in both Drosophila and
Aplysia operant and classical conditionings involve
different (but interacting) subcellular signaling
pathways.194,196,207
There have been many more reports of classical
than operant conditioning in invertebrates. Given that
these are operationally distinct processes it does not
follow that animals shown to be capable of classical
conditioning will necessarily be capable of operant
conditioning. This issue is worthy of investigation,
but a great hindrance to understanding the evolution

of learning is that it is not clear whether attempts at
operant conditioning in these cases have never been
made, or what negative results have gone unreported.
The associative learning framework is extremely
powerful and generalizable. Pioneering work by
Spence208 explained how learning about a specific
stimulus will generalize to similar stimuli. Spence208
introduced the concept of generalization gradients,
which have proved useful in explaining several
phenomena related to associative learning such as
peak shift. In peak shift, animals are trained to respond
to a positively reinforced stimulus (S+), e.g., a color
hue or odor mixture. Treatment animals are trained
with the same S+ but are in addition required to
withhold responding to an unreinforced or punished
stimulus (S−) that is similar to but not identical to
the positively reinforced stimulus. Both groups are
then tested without reinforcement on a continuum of
stimuli including S+ and S−. Having been trained with
both S+ and S−, animals show a maximal response
not to the S+ but to a stimulus similar to S+ and yet
more distinct from S–. Honeybees, bumblebees, and
moths have shown peak shift behavior (Table 1).134
Peak shift is considered to occur as a consequence of
animals learning different outcomes for two similar
stimuli. It involves learning two separate things, but
is thought to involve basic associative processes.

COMPLEX FORMS OF LEARNING
What counts as cognition or complex learning has
not been well defined. In general, complex learning
somehow goes beyond nonassociative learning and
associative processes linking two stimuli (classical
conditioning), or between a response and a stimulus/outcome (operant conditioning). These forms of
learning are thought to be complex according to our
intuitions about the tasks. We will argue that this can
be misleading because the neural mechanisms that
underlie ‘simple’ forms of learning might turn out to
be capable of mediating other more complex forms.
Further, several forms of ‘complex’ learning such as
social learning209 and basic metacognition210 have
been argued to be comprehensible within the simpler
framework of associative processes.
Navigation represents a complex form of
learning involving a combination of both classical
conditioning of landmark cues and operant conditioning of proprioceptive cues such as step counting
for path integration. Among invertebrate animals,
the eusocial hymenoptera, ants and bees, have been
most utilized when studying the complex learning
required in navigation. Most studies have taken
place in the animals’ natural habitats,211 following
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the ethological tradition. Invertebrates use many
different mechanisms to navigate, and reviews of
insect navigation are plentiful,212–214 so that we will
only discuss briefly their capabilities.
Insects use both landmark- and vector-based
forms of navigation. Landmark-based navigation
means using some terrestrial (usually visual) cues
for heading to a goal, while vector-based navigation
means keeping track of the straight-line distance and
compass direction to its starting point, typically its
nest, during outbound travel. This is also called path
integration.215 In path integration, experience during
the outbound portion of a particular journey must
form the basis for the homeward journey, which
makes it akin to one-trial learning.212
Navigating insects also learn a great deal about
their terrestrial surrounding, at present a topic of much
research. They use information such as the skyline
panorama216 to walk stereotypical routes.217,218 It is
thought that initial forays known as learning walks219
or learning flights220,221 help the insects learn the
terrestrial visual surround although what is learned
from learning walks or flights is unclear. Honeybees
may also learn to use terrestrial visual cues to form
what can be called a topographic map,222 although
such an interpretation is disputed.223
Almost all the work on invertebrate navigation has been done with arthropods and most
with hymenoptera. Some recent work has investigated short-distance navigation in crustacea177 and
lobsters.176 However, these surely cannot be the only
invertebrates with stationary homes that must be
returned to after foraging. Indeed, many invertebrates
must travel from one place to another and somehow
remember the way back, either to find food or to find
home. In order to gain a better understanding of the
evolution of navigational skills, effort must be made
to study the navigational abilities in more diverse
invertebrate phyla.
Besides feats of navigation, some invertebrates
have shown other forms of complex learning.
One well-studied example is contextual learning in
which an animal must learn that the value of a
stimulus depends on other (contextual) conditions,
for example: A+/B− in one context (C1 ), but A−/B+
in another context (C2 ). Such learning is considered
nonelemental because one cannot assign one fixed
value to a stimulus. In the example, the animal
needs to learn that the configurations of AC1 and
BC2 are rewarding, whereas BC1 and AC2 are
nonrewarding. This introduces ambiguity in terms
of reinforcement outcome as each stimulus is both
rewarded and nonrewarded. This is also considered
intrinsically more complex than simple association

because the number of elements that must be learned
is greater. Insects provide some very good examples
of this type of learning (Table 1). Crickets and
cockroaches can learn that different and conflicting
odor–food associations apply under different light
conditions.165,169 Ants, bumblebees, and honeybees
have all displayed contextual learning using specific
places, direction of flight, time of day, distinct odors,
or sides of the body as contexts.224–227
Honeybees can also learn abstract concepts.178
In a match-to-sample task, a bee encounters a sample
stimulus (e.g., blue or yellow color) in an entrance
chamber of a Y-maze. When it later faces two
comparison stimuli (e.g., blue and yellow), its task
is to choose the color that matches the sample that
they had just encountered. After learning the task
with one pair of samples, honeybees can transfer the
learned rule to other sample and comparison stimuli,
including those in a different sensory modality. This
transfer shows that they had learned the abstract rule
of choosing the same stimulus: a concept of sameness.
This form of learning is also considered inherently
more complex than simple associative processes as
a generalizable abstract property independent of the
specific stimuli must be learned and acted on.
Other forms of complex learning have been
shown in a few invertebrates, such as number-based
learning, and several forms of concept learning
(Table 1). But as the classification of learning types
becomes more complex, efforts become focused on
fewer and fewer species, and almost always on a
few or single species of hymenopteran arthropods.
Honeybees and ants have proven to be excellent
models for studying complex learning. But we again
call for far wider comparative research so that we
may better establish which taxonomic units come
up negative for different forms of learning and
cognition. The reporting of negative results, such as
the honeybee’s failure to show transitive inference,228
as well as positive ones is essential for understanding
the phylogenetic distribution of cognitive abilities and
the evolution of complex learning.
Defining different forms of learning phenomena
makes a useful starting point for the study of learning.
However, classifying two learning phenomena as
distinct does not imply that these phenomena are
mechanistically independent. A simple neural mechanism may support multiple different forms of learning.
Consequently, these different learning and cognitive
capacities are unlikely to have evolved independently.
To illustrate these points we focus on the well-studied
circuitry of odor learning in honeybees, and show
how this elementary neural mechanism can support
multiple forms of learning and cognition.
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THE HONEYBEE OLFACTORY
LEARNING PATHWAY
The anatomy of the honeybee olfactory learning
pathway has been well mapped229 (Figure 1).
Approximately 50,000 olfactory sensory cells project
from the periphery to the antennal lobes.230 The
antennal lobes contain about 160 densely packed
spherical neuropilar regions, the glomeruli. Antennal
nerve cells form connections with dendrites of local
interneurons, which synapse both within and between
glomeruli, as well as about 950 projection neurons,
which output to the mushroom bodies and lateral
protocerebrum.231 Axons from olfactory receptors
sensitive to the same chemicals converge on the same
glomerulus. Different odors activate different sets of
glomeruli to varying degrees, and odor identity is
encoded as a specific spatiotemporal pattern of output
across the 950 projection neurons.232–234 Odor codes
overlap in the projection neurons as the representation
of each odor engages a relatively high proportion of
the limited number of projection neurons.
The projection neurons form synaptic connections with dendrites of the 170,000 Kenyon cells
within each of the two mushroom bodies. Responses
of Kenyon cells to odors are highly selective,235–238
with a far smaller proportion of the Kenyon cell population responding to a given odor than the projection
neuron population. In honeybees, axons of the Kenyon
cells project to the α - and β -lobes of the mushroom
bodies where they synapse with dendrites of small
populations of extrinsic neurons. In the α -lobes of
the mushroom bodies, Kenyon cells connect with just
400 extrinsic neurons, which output to various parts
of the brain, including the premotor descending neuropil of the lateral horn.239 The extrinsic neurons
are thought to organize motor responses based on
the recognized odor, such as proboscis extension or
retraction.240,241

PLASTICITY IN THE HONEYBEE
OLFACTORY LEARNING PATHWAY
RELATED TO MULTIPLE DIFFERENT
FORMS OF LEARNING
Although the honeybee olfactory learning pathway
is structurally simple, it is highly plastic. Learning
changes patterns of neural activity in response to odor
stimuli at each level and these changes presumably
reflect plastic changes in synaptic connectivity and/or
excitability. Changes in antennal lobe and Kenyon
cell neural activity have been seen as a result
of nonassociative odor presentation, but the most
pronounced changes have been seen following

association of an odor with reward or aversive
stimulus, i.e., classical conditioning. Throughout this
circuit, reward, punishment, or a lack of reward
are encoded by neuromodulatory signals such as
octopamine, dopamine, and γ -aminobutyric acid
(GABA) released from specific cell populations.242–244
The actions of these neuromodulators contribute
to long-term changes in synaptic strength between
neurons in the circuit, and thereby learned changes in
neural connectivity.192,243,245,246
Processing of odors within the antennal lobe
(AL) is highly plastic and modifiable by learning such
that pairing odor stimuli with reward or punishment
changes the odor coding within glomeruli and the
projection neurons.233,247 Differential conditioning
with two odors (one associated with reward and
one unrewarded) causes the patterns of honeybee AL
glomerular activation for the two odors to diverge,
making the patterns for these odors more distinct
after training.233,248,249 Additionally, overall activity
for the reward-associated odor increases in both
the antennal lobes248 and the projection neurons,250
resulting presumably in increased discriminability
and possibly salience of rewarded odors.249
Plastic changes in odor coding are also found
within the population of Kenyon cells in the mushroom bodies.251 Nonreinforced odor presentations
lead to a decrease in the strength of Kenyon cell
responses to the odor, suggesting a neural correlate
of a habituation-like process.251 Presenting an odor
paired with sucrose reward strengthens Kenyon cell
responses.251 Furthermore, associative conditioning
of odor with sugar or water causes a change in the
neural coding of odor within the Kenyon cell population with changes in coding being more pronounced
for nonrewarded odors than for rewarded odors.251
Both associative and nonassociative learning processes occur within the same population of neurons,
and as in the antennal lobes the learned changes in
neural activity serve to enhance neural responses to
environmentally significant odor stimuli.
Mushroom bodies output to the extrinsic
neurons where yet another layer of plasticity has
been uncovered. With far fewer extrinsic neurons
than Kenyon cells, each extrinsic neuron receives
input from about 2000 Kenyon cells.239 Extrinsic
neurons output to premotor areas and are important
in organizing the behavioral response. Most extrinsic
neurons have low stimulus specificity, typically showing some firing activity in response to a wide range
of stimuli,239,240 but change their response profile
as a consequence of olfactory learning.240,252–254
Following associative conditioning of an odor with
sucrose as reward or water as punishment or
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FIGURE 2 | Schematic of the honeybee olfactory learning pathway. Neuron cell bodies are shown as spheres, diamonds mark points of synaptic
contact between projections. Lights gray neurons are active, dark gray inactive. The diagram highlights the organizational structure of the honeybee
olfactory pathway as three serial connection matrices (1) between the olfactory receptor neurons (ORN) and the projection neurons (PN) within the
glomeruli (G), (2) between the PN and the Kenyon cells (KC) within the calyx of the mushroom bodies (MB) and between the KC and extrinsic neurons
(EN) within the lobes of the MB. The ENs output to premotor regions, including the lateral horn of the protocerebral lobe (PL), considered important
for organizing the conditioned response. Odor information is encoded as a cross-fiber code within the PNs and KCs. Reward and punishment cause
release of neuromodulators that change the pattern of activity within the KCs and ENs as a neural engram of the learning process.

deterrent, the population of neurons responding to a
rewarded odor increases in number and intensity.240
The population of extrinsic neurons responding
to odor paired with water also changes.240 These
changes may be driven in part by learning related
changes in odor coding in the upstream Kenyon cell
population (described earlier), but also very likely
reflect plasticity in the properties of the extrinsic
neurons themselves.240 Because the extrinsic neurons
terminate in premotor regions this neuron population
is considered particularly important in determining
and organizing the conditioned response to a stimulus, and plastic changes in the extrinsic neurons
may contribute to learned changes in behavioral
response.240,241,255

HOW THE NEURAL ARCHITECTURE
OF THE HONEYBEE OLFACTORY
LEARNING CIRCUIT SUPPORTS
MULTIPLE DIFFERENT FORMS OF
LEARNING AND COGNITION
Learning involves first recognizing a specific stimulus and responding in a manner most appropriate to

the environmental consequence of the stimulus, which
may be as simple as learning to not respond to inconsequential stimuli. The architecture of the bee brain
appears to be exquisitely evolved to solve this general problem. The processing of olfactory stimuli in
bees is structured as a series of three serially arranged
neural codes within the projection neuron, Kenyon
cell, and extrinsic neuron populations (Figure 2). Each
population of neurons is serially connected by connection matrices. Connectivity in this pathway is initially
divergent as odor information is passed from the compact code of the projection neurons to the sparse code
of the Kenyon cells. It then converges as odor information progresses from the Kenyon cells to the extrinsic
neurons. Huerta et al.241 have argued that computationally, these are the optimal design principles for a
self-organizing classifier of complex sensory information. The output of the classifier must be a consensus
decision, and models of information processing suggest that a key mechanism by which such a consensus
decision can emerge from a neuronal population is
mutual inhibition.255–257 The most common form of
mutual inhibition in neuron populations is lateral inhibition, where broadly ramifying inhibitory afferent
connections link spatially proximate cells in a neuron
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population. Lateral inhibition provides a mechanism
to resolve competition among the extrinsic neurons to
arrive at a single output.241,255 For example, if activity in extrinsic neurons causing proboscis extension
exceeded that of extrinsic neurons causing proboscis
retraction then the outcome of mutual inhibitory
interactions between these neurons would be a single
behavioral response: proboscis extension.
Organized in this way, the honeybee olfactory
learning pathway could support multiple different
forms of learning such as several different forms of
olfactory PER conditioning (Figure 3). For simplicity,
we consider the case of PER learning of odor
and assume only two possible behavioral responses:
activation of muscles that extend the proboscis or
activation of muscles that withhold the proboscis.
When not extended the bee proboscis needs to be
actively supported in the retracted position, or actively
retracted and then withheld.255,259–261
It is assumed that the usual ‘default’ response to
novel odors is withholding the proboscis. As a result
of the synaptic plasticity described above, associative
conditioning of an odor with sucrose reward will
increase responses to the odor in extrinsic neurons
causing proboscis extension. With enough activation
of these extrinsic neurons, lateral inhibition then
works to ‘silence’ the extrinsic neurons causing
proboscis withholding, and conditioned proboscis
extension can result. Conditioning with an aversive
stimulus or an absence of reward will decrease activity
in extrinsic neurons causing proboscis extension in
response to the odor and increase activity in extrinsic
neurons causing proboscis withholding.255 The
degree of reorganization of synaptic weights in the
extrinsic neuron population determines acquisition
rate. Similar odors (or odor blends with components
in common) activate more similar patterns of activity
in projection neurons, Kenyon cells, and extrinsic
neurons than do dissimilar odors (or blends).255
These simple assumptions, which are well
supported by experimental data, have been the basis
of a computational model of olfactory learning in
the mushroom body circuit capable of habituation,
association, and latent inhibition255 and we propose
that conceptually the same circuit operation could
explain phenomena of reversal learning and peak
shift (Figure 3). The model assumes simply that
learning occurs as a result of changes in the
connectivity matrix linking a sensory representation
to neurons organizing motor output. Second, the
motor output occurs as the net output of a neuronal
population self-organized by mutual inhibition within
the population. Such a neurocomputational model
may provide a neurophysiological instantiation of

Spence’s208 abstract gradients of excitation and
inhibition underlying peak shift. These different
learning phenomena then manifest as intrinsic
properties of this circuit. The resulting inference is
that if operationally defined learning phenomena can
share neural circuitry it is very unlikely that different
forms of learning evolved independently, and some
forms of cognition considered complex in terms of
information processing may be emergent properties
of quite simple plastic connection matrices relating
sensory input to motor output.

CONCLUSIONS
The simplicity of many invertebrate nervous systems
has enabled tremendous progress to be made in
analyzing mechanisms of learning and memory with
various now-classic invertebrate model systems. Many
of the identified mechanism have been found to be
conserved with vertebrates,262 which further enhances
the utility of studying invertebrate learning and raises
some interesting questions about the evolutionary
history of learning. But the potential of invertebrates
for a true comparative and phylogenetic analysis of
learning abilities has not been fully realized. We have
emphasized the need for much wider comparisons
of learning, in order to trace evolutionary roots.
The same can be said of the comparison of nervous
systems. Our approach to the study of the evolution
of learning takes Domjan’s181 definition of learning to
heart: learning is understood as changes in underlying
mechanisms, specifically changes in neural activity and
synaptic connectivity. Learning, as a cognitive capacity, should therefore evolve as changes in the capacity
and connectivity of neural substrates. We suggest that
the simple circuits available in honeybees, and no
doubt many other invertebrates, can support various
forms of learning. If this is true, many cognitive
abilities are unlikely to have evolved independently
because they can emerge from architecturally simple
circuits serving what has been called basic learning.
These simple circuits need not be any more complex than those required for simple nonassociative
learning.
We argue that the study of comparative
cognition needs to move beyond simple cataloging of
what different species are capable of to examine how
nervous systems actually solve different problems.
In order to understand how cognition evolved we
need to test basal groups across phyla, including
cnidarians, echinoderms, and invertebrate chordates
that have already been shown to have the neural
circuitry required for nonassociative learning. Along
with touting the cognitive abilities of animals with
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FIGURE 3 | This simple conceptual model of how different forms of learning can be supported by the same neural system is developed from a

series of formal mathematical models of the bee olfactory learning pathway.255,257,258 Changes in the activity of extrinsic neurons (ENs) to odors drive
both nonassociative and associative learning. The panels show the populations of ENs responding above threshold to a given odor, with neurons
colored white activating proboscis extension, and neurons colored black activating proboscis retraction. Reciprocal lateral inhibition in this population
makes the behavioral outcome of the inhibitory interactions into a ‘winner takes all’ situation, in which the behavioral response is determined by
whether the extension or retraction groups are numerically dominant in the active EN population. The default response of ENs to an odor is that
‘retraction’ neurons dominate. Consequently bees do not normally extend their proboscis to a novel odor. (a). Single odor conditioning. After
association of the odor with sucrose reward, the pattern of activation of ENs changes such that additional neurons of the proboscis extension group
are recruited. The ‘winner takes all’ feature resulting from lateral inhibition results in, post-training, bees extending their proboscis to the odor.
Associative conditioning with an aversive stimulus also changes the response of ENs to the odor such that fewer ‘extension’ neurons are activated
and more ‘retraction’ neurons are activated. Repeated presentation of an odor alone with no consequence (habituation) causes similar, but less
extreme, changes as training with an aversive stimulus.255 Latent inhibition describes the observation that appetitive conditioning with reward takes
longer if animals have been first preexposed to the odor (CS) alone. This outcome is a natural consequence of the model because following
preexposure of odor alone the number of extension group ENs activated by the odor is reduced, therefore requiring more conditioning trials with
reward to bring the extension response to dominance255 . For similar reasons, our model explains why the process of reversal learning (pairing an
odor with reward after first pairing an odor with an aversive stimulus) is slower than simple appetitive conditioning: a greater shift in the pattern of
active ENs is needed to bring proboscis extension to an odor to dominance in a reversal learning paradigm than in simple reward conditioning. (b)
Discriminating two dissimilar odors. Odors X and Y are perceptually distinct and activate fully distinct populations of Kenyon cells. The compact
nature of odor coding in the ENs results in some degree of overlap of EN populations responding to initial presentations of X and Y, meaning some
neurons will respond to both odors. On initial odor presentation the retraction group dominates the response to both odors. Following differential
conditioning of X with sucrose reward (CS+) and Y with an aversive stimulus (CS−) the populations of ENs responding to the two odors diverge. As a
result of Hebbian processes extension group neurons are recruited to odor X, such that the extension group now dominates the EN response. The EN
population responding to odor Y also shifts such that the retraction group is now even more dominant. (c) Discriminating two similar odors. Odors X
and Z are perceptually similar and activate overlapping Kenyon cell populations. As a result, a significant number of extrinsic neurons will initially
respond to both odors. Following differential conditioning to X (CS+) and Z (CS−), the extrinsic neuron populations activated by the two odors
diverge, but cannot become completely distinct because of the high degree of odor similarity. For the extension EN neurons responding to both odors,
strengthening of connections as a consequence of training with X is counteracted by training with Z. For the retraction EN neurons responding to
both odors strengthening of connections as a consequence of training with Z is counteracted by training with X. These antagonistic processes will
slow learning: it takes more training for the extension group to dominate the response to the CS+ odor X, and after training the extension group will
dominate the response to X less than when following training with distinct CS+ and CS− in (b). This process also explains peak shift. After
differential conditioning of similar stimuli, the maximal response occurs not to the CS+ odor X, but to a new odor (W) that is similar to X but more
distinct from the CS− odor (Z). ENs responding to W are expected to overlap significantly with ENs responding to X, but overlap less with extrinsic
neurons responding to Z. As a consequence of training with X and Z, the EN response to W may be more dominated by the extension group than the
response to X. Consistent with empirical results, this interpretation suggests the occurrence of peak shift if X and Z (CS+ and CS−) are very similar.
The distinct X and Y described in (b) would not produce peak shift.
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simple neural architectures, we also need to report
what these animals cannot do. The negative cases are
required for inferring in which lineage or lineages a

trait might have arisen. This in turn is vital for our
understanding of the limitations of any neural circuit
and for piecing together how learning has evolved.
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