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Abstract
Social experience alters the expression of genes related to synaptic function and plasticity, induces
elaborations in the morphology of neural structures throughout the brain (Volkmar and
Greenough, 1972; Greenough et al., 1978; Technau, 2007), improves cognitive and behavioral
performance (Pham et al., 1999a; Toscano et al., 2006) and alters subsequent sleep (Ganguly-
Fitzgerald et al.,2006). In this review, we discuss the plastic mechanisms that are induced in
response to social experience and how social enrichment can provide insight into the biological
functions of sleep.

I. INTRODUCTION
Although research animals in laboratory environments are often housed individually in
relatively simple enclosures, their wild counterparts must interact in more complex
environments outside of a controlled setting. In nature, they must reliably find food, avoid
enemies and predators, interact socially with conspecifics, and compete for potential mates.
While standardized lab environments allow researchers to easily control environmental and
social influences, manipulating the social environment of research animals can be a
powerful experimental tool. Social experience alters the expression of genes related to
synaptic function and plasticity, induces elaborations in the morphology of neural structures
throughout the brain (Greenough et al., 1978; Technau, 2007; Volkmar and Greenough,
1972), improves cognitive and behavioral performance (Pham et al., 1999a; Toscano et al.,
2006), and alters subsequent sleep (Ganguly-Fitzgerald et al., 2006). In this review, we
discuss the use of social enrichment/isolation as an experimental paradigm to study plastic
mechanisms in the brain and to investigate the relationship between sleep and synaptic
plasticity.

Although specific details regarding the conditions of “enriched” environments may differ
between studies (e.g., some enriched environments included novel objects that were
periodically changed, some consisted of bare enclosures), all include enhanced social
exposure. Thus, while nonsocial factors may contribute to some experimental results, it is
likely that many of the experimental outcomes can be attributed to the enhanced social
exposure. Greenough et al. (1978) compared the effect of two different social enrichment
conditions on synaptic ultrastructure. In this study, the first enrichment condition consisted
of a large cage in which 12 rats were housed and presented with toys that were changed
daily as well as a 30-min opportunity to explore a different “toy-filled field.” In the second
enrichment condition, two rats were housed together in a standard laboratory cage. After 30
days in these conditions, rats were sacrificed and tissue from the occipital cortex was
inspected for postsynaptic densities containing subsynaptic plate perforations, a marker of
increased synaptic strength. While tissue from both enriched groups exhibited approximately
25% more subsynaptic plate perforations than tissue from isolated siblings, there was no
difference detected between enriched conditions indicating that social interaction alone, not
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exposure to novel objects or a spatially larger enclosure, was likely sufficient to induce the
changes in synaptic structure. Similarly, studies of environmental enrichment using the fruit
fly Drosophila melanogaster have found significant changes in neural structure and behavior
that are associated with social interactions and cannot be attributed to differences in
enclosure volume or other physical differences in the housing conditions (Ganguly-
Fitzgerald et al., 2006; Heisenberg et al., 1995).

II. SOCIAL ENRICHMENT INDUCES PLASTIC MECHANISMS
Following a period of enriched social experience, elaborations in neural circuitry have been
characterized in a number of vertebrate and invertebrate species. Neurons in the visual
cortex of socially enriched rats have an increased number of dendritic branches (Volkmar
and Greenough, 1972) and show ultrastructural evidence of strengthened synaptic
connections (Greenough et al., 1978). Significant increases in the number of hippocampal
synapses in socially enriched rats have also been reported (Briones et al., 2006). Structural
elaboration of individual cerebellar Purkinje cells in monkeys housed in a social
environment suggests that the plastic effects of social enrichment on neural structures are
evolutionarily conserved from rodents to primates (Floeter and Greenough, 1979). Elevated
levels of neuronal growth factors may promote the increased dendritic elaboration and
synaptogenesis that have been observed in response to social enrichment; exposure to an
enriched social environment has been associated with increased expression of a number of
neurotrophic factors including nerve growth factor (NGF) (Ickes et al., 2000; Pham et al.,
1999a; Torasdotter et al., 1998), brain-derived growth factor (BDNF) (Ickes et al., 2000;
Young et al., 1999), and glial-cell-derived neurotrophic factor (GDNF) (Faherty et al., 2005;
Young et al., 1999). Neurotrophic factors, particularly NGF and BDNF, play an important
role in synaptic plasticity (Gómez-Palacio-Schjetnan and Escobar, 2008; Hennigan et al.,
2009) and impaired neurotrophin signaling results in memory impairments (Bekinschtein et
al., 2007; De Rosa et al., 2005; Heldt et al., 2007; Walz et al., 2005).

The observations of structural plasticity in response to social enrichment seem to be widely
conserved across species. Structural plasticity in response to enriched environments has
been observed not only in mammals but also in several invertebrate species. Honeybees
progress through a series of social roles within the hive structure that are associated with
experience-dependent changes in the structure of brain regions including the mushroom
bodies (MBs) (Withers et al., 1993) and antennal lobes (Winnington et al., 1996). Although
the mechanisms that control the transition between social roles are not well characterized,
these transitions are associated with extensive changes in gene expression profiles,
indicating a role for genetic regulation (Whitfield et al., 2003). While genetic studies are
difficult to conduct using honeybees, the fruit fly D. melanogaster is a widely used genetic
model for the study of behavioral genetics. Indeed, social experience does induce significant
changes in neuropil structure throughout the Drosophila brain (Heisenberg et al., 1995;
Technau, 2007). In these studies, the number of MB fibers were significantly elevated in
socially enriched animals compared to wild-type siblings housed in isolation or deprived of
visual or olfactory stimuli during social interactions. It should be noted that it is not yet clear
whether the increased number of fibers results from increased branching of projections in
existing neurons or the birth of new neurons. Interestingly, recent studies showed newly
born Kenyon cells in the MBs of socially enriched wild-type flies (Technau, 2007). While
little other evidence has been found for neurogenesis in the MBs of adult Drosophila,
observations of newly born neurons have been made in the MBs of other insect species
following social enrichment. BrdU labeling was used to reveal a significant elevation in the
rate of neurogenesis in the MBs of adult crickets that were housed in a socially enriched
environment for several days (Scotto-Lomassese et al., 2000, 2002) and subsequent
investigations found this elevation to be mediated via a nitric oxide-dependent signaling

Donlea and Shaw Page 2

Adv Genet. Author manuscript; available in PMC 2010 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanism (Cayre et al., 2005). Similar observations have been made in mice. Social
enrichment resulted in an overall increase in the number of cells in the hippocampus
including a significantly higher number of newly generated neurons and astroytes compared
to socially isolated controls (Kempermann et al., 1997). Based on their measurements,
Kempermann et al. (1997) estimated that, on average, socially enriched mice possessed
approximately 40,000 more dentate gyrus granule cells per hemisphere than their isolated
siblings. These data suggest not only that the morphology of existing neurons can be altered
by social experience but also that the generation of new neurons can be enhanced in
response to the social enrichment.

As mentioned above, an increase in the number of MB fibers were found in socially
enriched flies of a number of different wild-type strains. Interestingly, no change in fiber
number was found in flies with mutant alleles of the classical memory genes rutabaga or
dunce (Balling et al., 2007). Together, these important studies suggest that complex sensory
cues that accompany social interactions in the fly induce plastic mechanisms that alter the
structure of the MBs, an important structure for associative memory in the fly. Further
investigations have found that deprivation of visual stimuli by housing flies in complete
darkness also alters the structure of several other neuropils involved in visual processing
including the lamina, medulla, and lobula plate (Barth et al., 1997)as well as the volume of
the central complex and MB calyces (Barth and Heisenberg, 1997). Interestingly, Barth et al.
(1997) describe a critical window for the effects of visual stimuli on the volume of the early
visual system that is restricted to the first 4-5 days after eclosion; housing flies in complete
darkness starting 5 days after eclosion had no effect on the volume of the lamina.
Conversely, another study showed that social experience can alter the volume of the MB
calyces and medulla for at least 16 days after eclosion (Heisenberg et al., 1995). Together,
these findings suggest that experience-dependent plasticity may be controlled by two
separate mechanisms. First, the early visual system (e.g., photoreceptor projections into the
lamina) may be shaped by visual experience in the first few days after eclosion to optimize
the ability of the brain to receive visual stimuli. Second, another type of plasticity that can
encode memories throughout adult life can exhibit experience-dependent morphological
changes for a much longer period of time and may allow downstream associative centers
(including the MB) which are influenced by more complex, multisensory stimuli (including
social interactions). This kind of temporal division can also be observed in mammalian
models. While ocular dominance plasticity in the visual cortex can be robustly observed
during a critical period early in life (reviewed in Berardi et al.,2000), structural changes in
other brain regions including the hippocampus can be observed much later in life (reviewed
in Lee and Son, 2009).

III. FUNCTIONAL EFFECTS OF SOCIAL ENRICHMENT
Exposure to complex social environments not only alters neural circuitry at the structural
level but also alters the physiological functioning of synapses in circuits throughout the
brain. Hippocampal slices from rats housed in an enriched environment, for example, exhibit
robust long-term potentiation (LTP) and long-term depression (LTD) in the Schaffer
collateral pathway, while rats housed in social isolation demonstrate relative impairments
for both LTP and LTD at this synapse (Artola et al., 2006; Duffy et al., 2001). Other studies,
however, have found that hippocampal synapses in the medial perforant path can become
significantly potentiated during social enrichment to the extent that LTP can be occluded
(Foster et al., 1996; Green and Greenough, 1986). Similar studies have found that mice
housed in social isolation in lab conditions exhibit impaired LTP in the cingulate cortex
when compared to tissue from wild mice that had developed in a natural, socially complex
environment (Zhao et al., 2009). Along with the physiological impairments observed in
socially isolated animals, exposure to a socially enriched environment increases the
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expression of glutamatergic AMPA receptors throughout the hippocampus (Foster et al.,
1996), providing molecular evidence that glutamatergic synapses in the hippocampus can
become highly potentiated during exposure to complex social environments. Because
technical limitations have prevented the wide-spread use of electrophysiology to
characterize the activity patterns of Drosophila central neurons until recently, very little is
known about whether social enrichment induces similar physiological changes in the adult
fly. Recent studies have, however, found that social enrichment significantly alters the
excitability of motorneurons in larvae (Ueda and Wu, 2009).

Given the structural elaborations and physiological enhancements induced by socially
enriched environments, it might be expected that these conditions improve the behavioral
and cognitive performance of animals exposed to complex social interactions. Indeed, wild-
type animals housed in an enriched environment demonstrate significant improvements in
hippocampus-dependent memory in both the Morris water maze (Briones et al., 2006; Pham
et al., 1999b; Toscano et al., 2006) and contextual fear conditioning (Duffy et al., 2001).
Social enrichment seems to not only improve spatial memory in healthy animals but may
also aid recovery from brain damage following traumatic brain injury, neonatal hypoxia-
ischemia, excitotoxic injury, and early exposure to lead poisoning; in all of these conditions,
enriched animals exhibited significant improvements in behavioral assays and normalized
physiological functioning compared to socially isolated controls (Cao et al., 2008; Hoffman
et al., 2008; Kline et al., 2007; Koh et al., 2005; Pereira et al., 2008, 2009; Young et al.,
1999). Additionally, many of the cognitive benefits of social enrichment have also been
observed in rodent models of neurodegenerative disease. In a rodent model of Parkinsonism,
social enrichment during adulthood prevents the death of dopaminergic neurons in the
substantia nigra (Faherty et al., 2005). Similar studies using a transgenic mouse model for
Alzheimer's disease found that socially isolated mice expressing a mutant form of the human
amyloid precursor protein (APP) exhibited more rapid decline in memory in the fear
conditioning paradigm as well as a dramatic acceleration in amyloid-beta plaque deposition
relative to socially housed animals that expressed the same mutant transgene (Dong et al.,
2004). Importantly, recent studies of human populations have indicated that increased
cognitive activity, including social interaction, throughout life may reduce the risk of
developing Alzheimer's disease later in life (Carlson et al., 2008). Together, these data
suggest that exposure to social enrichment may induce neuroprotective mechanisms to
function normally in the face of genetic defects that would otherwise induce impairment.
While the mechanisms that mediate these effects are not well characterized, the same
neurotrophic signals that are elevated in response to social enrichment have been found to
have neuroprotective effects in disease models for neurodegeneration; infusion of BDNF
into the entorhinal cortex of aged mice expressing transgenic APP restores performance in
the Morris water maze assay and restored expression of synaptic markers in the
hippocampus (Nagahara et al., 2009). Similar effects have been observed by increasing NGF
signaling (De Rosa et al., 2005) and there is preliminary evidence that these pathways may
be effective therapeutic targets for humans afflicted with Alzheimer's disease (Tuszynski et
al., 2005). Although the consequences of social interactions on aging have not been well
studied in Drosophila, recent experiments have suggested that social enrichment can delay
premature death in flies mutant for Cu/Zn superoxide dismutase (CuZnSOD) (Ruan and Wu,
2008), suggesting a phylogenetically conserved role for the functional benefits of social
interactions. It is important to note that lifespan extension was not observed in socially
enriched wild-type flies indicating that flies lacking CuZnSOD, which has been implicated
in mechanisms associated with a number of aging-related neurodegenerative disorders
including Parkinson's, Huntington's, and Alzheimer's diseases, may be especially sensitive to
beneficial effects of socially complex environments and further implicates social enrichment
as a potential intervention for the alleviation of neurodegenerative disorders (Ruan and Wu,
2008).
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IV. USING SOCIAL ENRICHMENT TO INVESTIGATE FUNCTIONS OF SLEEP
A. Sleep and plasticity

Although sleep is a biological process that is necessary for survival in vertebrates and
invertebrates, the underlying biological functions of sleep are currently unknown. A growing
body of literature, however, suggests an important and evolutionarily conserved role for
sleep in the processing and consolidation of new memories. For example, hippocampal
ensembles that were activated together when rats navigated a novel maze were reactivated in
an identical manner when the animals slept later (Wilson and McNaughton, 1994). Further
studies have found that similar reactivation can be observed in the visual cortex and that
replay in these two regions is coordinated to replay the same experience (Euston et al., 2007;
Ji and Wilson, 2007). There is also evidence for replay of waking experience during sleep in
humans. Subjects were recruited to play the video game Tetris for several hours over the
course of 3 days; over the course of the study, a majority of the subjects reported
hypnogogic imagery associated with playing the game (Stickgold et al., 2000). This type of
imagery seemed to be associated with the process of learning how to play the game because
subjects who had less previous Tetris experience were the most likely to report Tetris-related
imagery during dreams at night. This replay of newly formed associations during sleep
seems to facilitate the processing and consolidation of those memories. In one recent study,
subjects were taught to play a card game while being exposed to a specific odor cue. When
subjects were reexposed to the same odor cue during slow-wave sleep that night,
hippocampal activation was significantly elevated along with significantly improved
hippocampus-dependent declarative memory of the card game the next day (Rasch et al.,
2007). Additionally, human performance in motor learning tasks stabilized with repeated
trials over the course of the day, then dramatically improved following a night of sleep
(Stickgold and Walker, 2007; Walker et al., 2005) and sleep deprivation impaired
consolidation of long-term memory in rodents and flies (Ganguly-Fitzgerald et al., 2006;
Graves et al., 2003). Indeed, sleep is significantly altered by previous experience and is
important for the consolidation of recently acquired memories.

In the decade since the establishment of Drosophila as a model system for the study of sleep
(Hendricks et al., 2000; Shaw et al., 2000), the fly has been successfully used to identify a
number of candidate genes and pathways that are involved in sleep regulation. Among these
pathways is the cAMP/PKA signaling cascade, which has classically been associated with
learning and memory in the fly (Dudaí et al., 1983). Several genetic mutants that induce a
downregulation in cAMP signaling result in decreased sleep time and, conversely,
manipulations that increase cAMP signaling yield elevated sleep compared to genetic
controls (Hendricks et al., 2001). Although the circuitry that controls sleep in the fly is
largely unknown, additional investigations have found that disruption of the cAMP/PKA
signaling cascade within the MBs, a structure that is important for associative processing,
can strongly modulate sleep time (Joiner et al., 2006).

Using a forward genetic screen to identify genes that alter sleep time, Cirelli et al. (2005)
found that flies mutant for the voltage-dependent potassium channel Shaker (Sh) exhibit a
robust decrease in sleep when compared to wild-type controls. Similarly, several mutants for
the beta modulatory subunit Hyper-kinetic (Hk), which influences Sh conductance, also
sleep less than background controls (Bushey et al., 2007). When these mutant flies were
tested for memory using the heat-box assay (Putz and Heisenberg, 2002), flies with mutant
alleles for Sh or Hk that resulted in decreased sleep time also exhibited memory
impairments while alleles that did not change sleep also had no significant effect on memory
performance (Bushey et al., 2007). Although these results are purely correlational, they
provide evidence that genetic mechanisms that influence sleep in the fly may be tightly
intertwined with pathways that are important for learning and memory.
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B. Social enrichment increases sleep
Despite the evidence for a relationship between plasticity and sleep, little is known about the
mechanisms by which sleep and plasticity interact. As described above, social enrichment is
a simple experimental manipulation that induces robust plasticity in circuits throughout the
brain. Given that the social environment can induce structural changes in the brain in both
mammals and invertebrates, it may be possible to begin to elucidate the underlying
molecular mechanisms linking sleep and plasticity using the power of Drosophila genetics.

With that in mind, we evaluated flies that were housed in a socially enriched environment
since they are likely to experience increased visual, olfactory phermonal, and auditory
signals compared to siblings that are housed individually in social isolation. Moreover,
interactions between individuals in a social environment are likely to increase the incidence
of other behaviors including flying, jumping, geotaxis, and grooming, to name a few
(Ganguly-Fitzgerald et al., 2006). We hypothesized that increased exposure to these events
would likely produce changes in structural plasticity within the brain which would increase
sleep need. To test this hypothesis, wild-type flies were housed in a socially enriched
environment with ~35–40 siblings for 5 days. As seen in Fig. 3.1, socially enriched flies
sleep approximately 2 h/day more than siblings that have been socially isolated for 5 days
(Donlea et al., 2009; Ganguly-Fitzgerald et al., 2006)(Fig. 3.1). The increase is observed in
both single-sex vials (male–male and female–female) and in mixed vials (male–female).
Interestingly, social enrichment not only increases sleep time but, importantly, increases
sleep consolidation as well. That is, isolated flies exhibit short-sleep bouts during the day
which do not appear to be restorative (Seugnet et al., 2008). In contrast, socially enriched
flies maintain sleep bout durations more typical of that seen during night-time sleep
(Ganguly-Fitzgerald et al., 2006). Thus, social enrichment increases sleep consolidation
sufficiently to permit the restorative properties of sleep.

Although the number of interactions that can potentially occur in the socially enriched
environment is difficult to quantify precisely, it is clear that compared to their isolated
siblings the brains of socially enriched flies must adapt and respond to a larger variety of
stimuli. In that regard, it is worth noting that the change in sleep does not appear to be
induced by other factors such as the volume of the enclosure or abiotic factors indirectly
caused by enrichment. For example, blind and olfactory defective flies do not respond to
social enrichment with an increase in sleep indicating that being in close proximity with 35–
40 siblings for 5 days is not sufficient to induce a sufficient change in neuronal plasticity as
to induce an increase in sleep (Ganguly-Fitzgerald et al., 2006). Similarly, changes in sleep
are not observed in enriched animals that are mutant for classical memory genes that also
influence structural plasticity such as the adenylyl cyclase rutabaga or the cAMP
phosphodiesterase dunce. Finally, the increase in sleep following social enrichment is
directly proportional to the number of flies housed in the enriched environment (Ganguly-
Fitzgerald et al., 2006). Together, these observations indicate that the increase in sleep is
likely due to social interactions inducing changes in neuronal plasticity.

An alternative hypothesis is that sleep is disrupted during social enrichment such that the
subsequent increase in sleep simply reflects enhanced homeostatic drive not changes in
plasticity. However, as mentioned above, flies mutant for memory genes do not exhibit an
increase in sleep even though one would expect that their sleep would be as disrupted during
social enrichment as that hypothesized to occur in wild-type flies. Interestingly, flies mutant
for the circadian clock gene period (per01) exhibit a sleep rebound that is approximately
three times larger than wild-type flies, indicating that they are very responsive to even small
changes in sleep (Fig. 3.2). Despite their sensitivity to sleep loss, however, per01 flies do not
increase their sleep following social enrichment (Fig. 3.2). Thus, if social enrichment
resulted in disrupted sleep as the alternative hypothesis suggests, per01 flies would show a
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larger increase in sleep than that seen in wild-type flies. Since per01 flies do not show an
increase in sleep following social enrichment, we believe that the genetic mechanisms that
control sleep homeostasis following sleep deprivation are dissociable from the mechanisms
underlying increased sleep following social enrichment.

C. Circuits and genes that influence the response to social enrichment
To determine whether social enrichment may be dependent upon plastic mechanisms that
are invoked following social interactions, we conducted a minibrain screen to restore
rutabaga functioning in specific circuits in an otherwise rutabaga mutant background. We
used the bipartite yeast-GAL4 system to express rutabaga in ~35 circuits (Brand and
Perrimon, 1993). Surprisingly, when rutabaga was rescued in ventral lateral neurons (LNVs),
16 cells that comprise the circadian clock, the increase in sleep following social enrichment
was restored (Donlea et al., 2009). Recent studies from several independent groups have
reported that the LNVs play an important role in sleep–wake regulation in the fly (Agosto et
al., 2008; Parisky et al., 2008; Sheeba et al., 2008). That is, manipulations that increase the
excitability of the LNVs result in large increases in waking behavior. A subset of the LNVs
innervates the medulla where they are uniquely situated to modulate the processing of
simple and complex visual information. Together, these data suggest that environmentally
induced plasticity in the LNVs may be important for changes in sleep following social
enrichment.

Having identified a circuit, the LNVs, that is required for the social environment to induce
an increase in sleep, we began to evaluate candidate genes that coordinate the changes in
neuronal plasticity that are induced by social experience within this circuit. Although the
clock gene period is widely expressed throughout the fly brain, specific rescue of period
within clock cells was able to restore plasticity induced sleep in an otherwise per01 mutant
background (Donlea et al., 2009). This observation is particularly interesting given that the
period gene has been shown to play a noncircadian role in memory consolidation (Sakai et
al., 2004). Similarly, the transcription factor blistered (bs) is both transcriptionally elevated
in the brain following social enrichment and is required in the LNVs for the social
environment to modify sleep time. It is worth noting that the mammalian homolog of
blistered, serum response factor induces transcription of a genetic program that mediates
synaptic potentiation and is necessary both for in vitro assays of plasticity such as LTP and
LTD as well as in vivo assays of behavioral plasticity (Etkin et al., 2006; Ramanan et al.,
2005). To further explore the role of bs in coordinating social enrichment and sleep, we
evaluated genes that are known to be regulated by bs. One such gene, Epidermal growth
factor receptor (Egfr), is transcriptionally activated by social enrichment in wild-type flies.
When Egfr was expressed in the LNVsofa bs mutant, the increase in sleep following social
enrichment was rescued. Thus, we have identified four genes that operate within a specific
circuit that is known to both influence sleep–wake regulation and that is able to coordinate
the interaction between social environment and sleep.

D. Social environment alters synaptic terminals
As mentioned above, Heisenberg and colleagues conducted a series of elegant studies
demonstrating that it is possible to quantify environmentally induced structural changes in
the brains of adult flies. To determine whether the social enrichment paradigm was able to
induce structural changes in the brain, we expressed a GFP-tagged construct of the
postsynaptic protein discs-large (UAS-dlgWT-gfp) in the LNVs. As seen in Fig. 3.3, the
number of synaptic terminals was significantly increased after 5 days of social enrichment.
Similar results were obtained using a GFP tagged presynaptic marker. These results
compliment those reported by Heisenberg and colleagues and demonstrate that the social
environment is able to induce quantifiable changes in brain structures within a circuit that is
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known to play a role in sleep regulation. Since we have not demonstrated that the labeled
synaptic terminals are functional, it is possible that the increased number of GFP-tagged
terminals is an artifact of the environmental manipulation and does not reflect functional
changes that influence sleep time. To test this possibility, UAS-dlgWT-gfp was expressed in
a bs mutant background and flies were exposed to social enrichment. As seen in Fig. 3.3, the
number of synaptic terminals was not altered in socially enriched bs mutants. That is, flies
that are not capable of responding to the social environment with an increase in sleep do not
display structural changes in the number of synaptic terminals. These data suggest that in the
absence of functional plasticity, the environment is not associated with changes in structural
plasticity.

E. Social enrichment versus long-term memory
Although structural plasticity and increased sleep following social enrichment require
expression of several genes that are necessary for the formation and consolidation of
associative memories, it is difficult to determine whether the increase in sleep is truly
dependent upon plastic mechanisms. We hypothesized that if the increase in sleep following
social enrichment is dependent upon plasticity-related processes then the circuits and genes
that have been identified for social enrichment should also play a role in the consolidation of
long-term memory. To test this hypothesis we utilized “courtship conditioning,” an
associative assay in which male flies learn to alter their courtship behavior based on
previous exposure to unreceptive courtship targets. In courtship conditioning training, male
flies are paired with mated female flies that are unreceptive to further copulation attempts or
with male flies that have been genetically altered to express aphrodisiac pheromonal cues.
During this training period, the subject male will proceed through stereotypical courtship
behaviors in an attempt to woo the unreceptive courtship trainer, but is ultimately unable to
copulate and forms an operant association between courtship rejection and normally
aphrodisiac pheromonal cues (Gailey et al., 1984). Following training, male subject flies are
returned to individual tubes. Subsequent memory is probed by exposing trained males to a
normally attractive courtship target; if a trained male retains memory of the training
experience, he will spend less time courting during the test period than his naïve brothers.
When wild-type male flies are subjected to a spaced training protocol consisting of three 1-h
training periods with a pheromonally feminized Tai2 male fly, they exhibit robust reductions
in courtship for at least 48 h (Ganguly-Fitzgerald et al., 2006). Although acquisition and
consolidation of memory following courtship conditioning requires similar genetic and
neural mechanisms as memories formed in other associative assays (Siwicki and Ladewski,
2003), courtship conditioning requires male flies to process complex, naturalistic visual, and
pheromonal cues and to interpret social behaviors and postures and, thus, seems more
directly comparable to the types of neural processing that might occur during social
enrichment than occurs in many other assays.

Following a spaced training protocol that induces long-term memories, male flies exhibit a
significant increase in sleep. The increase in sleep appears necessary for memory
consolidation since 4-h of sleep deprivation eliminates subsequent LTM. Interestingly, sleep
deprivation immediately following training not only eliminates LTM but it also blocks the
increase in sleep typically observed following the spaced-training protocol. This observation
suggests that the increase in sleep following training is likely due to molecular processes
associated with memory consolidation; once the memory has been disrupted there is no need
for more sleep. Consistent with their role in experience-dependent changes in sleep, flies
mutant for period and bs do not show increases in sleep following training and show no
evidence for LTM after 48 h. Importantly, expression of either wild-type per or wild-type bs
within the subset of clock neurons that are required for social enrichment, restores both the
increase in sleep and LTM consolidation following courtship conditioning in per and bs
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mutant backgrounds, respectively. Thus, the genes and circuits that have been identified as
playing a role in mediating the effects of social enrichment on sleep are also required for the
increase in sleep following the formation of LTM. Together with the data demonstrating that
social enrichment results in an increase in the number of synaptic terminals, it appears as if
the social environment alters sleep time by modifying molecular processes associated with
synaptic plasticity.

F. Synaptic homeostasis and sleep
Although the direct effects of sleep at the synapse are largely unknown, a recent hypothesis
has suggested that a function of sleep may be to downscale synaptic connections throughout
the brain (Tononi, 2003; Tononi and Cirelli, 2005). According to this hypothesis,
experiences during waking drive patterns of activity in neural circuits that potentiate
synapses and increase the strength and number of neural connections. If this kind of
potentiation were allowed to continue unchecked, we could ultimately run into some severe
consequences; energy requirements for the brain would grow, space available for new
synaptic connections would disappear, and the signal strength between synaptic connections
would reach a saturation point. To prevent these problems, Tononi and Cirelli have proposed
that synchronized patterns of activity during sleep facilitate global synaptic downscaling to
allow for normal functioning each morning (Tononi, 2003; Tononi and Cirelli, 2005). In
support of this hypothesis, they have found that the levels of proteins that are associated
with synaptic potentiation are increased during waking and decreased during sleep in both
flies and rats (Gilestro et al., 2009; Vyazovskiy et al., 2008). Although these studies provide
molecular data that are consistent with the downscaling hypothesis, they do not address
whether sleep acts to reduce synaptic connections at the level of individual terminals.

Given the ability of the environment to increase synaptic terminals in the LNVs, social
enrichment is uniquely suited to test the hypothesis that synaptic homeostasis is major role
of sleep. If the synaptic homeostasis model is correct, then flies that were exposed to social
enrichment for 5 days but are prevented from sleeping should show a persistence in the
number of synaptic terminals. However, if consolidation is accomplished through synaptic
potentiation then flies that are sleep deprived following social enrichment should display a
decrease in the number terminals. Following social enrichment, flies were allowed to either
sleep ad libitum for 48 h or were sleep deprived for 48 h. The number of synaptic terminals
in projections from the large LNVs (l-LNVs) was then quantified. We found that the sleep-
deprived flies retained an elevated number of l-LNV terminals following social enrichment,
but those flies who could sleep ad libidum no longer had any significant change in terminal
number when compared to their socially isolated siblings (Donlea et al., 2009). These data
are consistent with the downscaling hypothesis and indicate that flies sleep more when LNV
terminal number has been elevated by plastic mechanisms and that this increased sleep acts
to reduce the number of terminals back to a baseline level.

At first glance, the increase in sleep following social enrichment appears somewhat
paradoxical. That is, social enrichment increases the number of synaptic terminals in the
LNVs while the activation of the LNVs strongly promotes waking (Sheeba et al., 2008). How
can these two observations be reconciled? During social enrichment, we hypothesize that
complex sensory signals induce a prolonged elevation of LNV activity (Fig. 3.4). The
strength of these sensory signals results in an increase in the strength of synaptic
connections between visual input circuits and the LNVs that is mediated by Hebbian
mechanisms (Fig. 3.4B). The experience-dependent increase in synaptic strength seems to
be implemented as an increase in the number of synaptic terminals in the LNVs over the
course of social enrichment. After LNV activity is elevated by several days of enriched
social experience, it is possible that homeostatic mechanisms decrease the overall
excitability of the LNVs to prevent chronic hyperexcitation and hold firing rate around a
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baseline set-point; similar homeostatic functioning has been previously described in
Drosophila central synapses (Kazama and Wilson, 2008). Once enriched flies are moved
into sleep monitors following social enrichment, complex sensory stimuli are removed and
the lowered excitability of the LNVs reduces the firing rate below that of previously socially
isolated controls (Fig. 3.4C). This lowered firing rate reduces the wake-promoting signal
from these neurons and results in increased sleep for several days until LNV excitability can
be homeostatically elevated to restore a normalized firing rate. Coincidentally, this model
could also account for the downscaling of synaptic terminal number following social
enrichment; if overall excitability of the LNVs is reduced when flies are removed from
social enrichment and complex sensory stimuli are removed, input to each individual
terminal could become less likely to drive action potentials in the LNVs and, as a result,
Hebbian mechanisms might weaken the synaptic connections by decreasing terminal
numbers.

V. FUTURE DIRECTIONS
A. Local versus global regulation of experience-dependent sleep

Although sleep has been classically characterized as a unitary behavioral state that alters
global physiology, processes that are associated with sleep are regulated on a local, circuit-
dependent basis in the brain. Several species of marine mammals, for instance, can exhibit
electrophysiological patterns of sleep in one brain hemisphere while the other hemisphere
appears to be awake (reviewed in Lyamin et al., 2008). Recent studies have also found that
sleep-associated patterns of activity can be significantly altered in local circuits by previous
activity. That is, if a circuit is stimulated locally during waking, then the intensity of slow-
wave activity (SWA) during subsequent sleep is elevated in that circuit (Cottone et al., 2004;
Huber et al., 2004; Iwasaki et al., 2004; Kattler et al., 1994; Miyamoto et al., 2003;
Vyazovskiy et al., 2000; Yasuda et al., 2005). Conversely, if afferent activity to a cortical
region is suppressed during the day, then SWA is locally reduced during sleep (Huber et al.,
2007). In all, these studies indicate that although sleep is a global behavioral state, specific
circuits in the brain may “sleep” differently depending on their specific need and previous
activity.

Our data suggest that plasticity in the LNVs can induce a robust increased sleep in response
to social enrichment while other circuits that are known to play a role in learning and
memory are much less effective (Donlea et al., 2009). Interestingly, Gilestro et al. (2009)
have reported that levels of the synaptic active zone protein Bruchpilot are dramatically
elevated throughout much of the brain following 16 h of waking. These data suggest that
synapses in a wide variety of circuits in the fly brain may become potentiated during
waking. Indeed, rescue of rutabaga in all neurons results in the strongest increase in sleep
following social enrichment consistent with the observation that waking influences many
circuits besides just the LNVs. Thus, while the morphology of the LNVs and their
projections make them well suited for quantifying synaptic terminals, the relationship
between synaptic homeostasis and sleep will be enhanced through the identification of
additional circuits with discrete expression patterns that can be modulated by experimental
interventions. That is, while we favor the use of social environment to alter neuronal
plasticity, other interventions may be useful for identifying additional circuits that can then
be used to determine whether they are downscaled during sleep to the same degree as
reported with this paradigm. Based on the vertebrate literature described above, it is likely
that the degree of downscaling that is observed in each region will be proportional to the
amount of local stimulation during waking. Further examination of synaptic homeostasis
will be necessary to identify the mechanisms that mediate synaptic downscaling during sleep
and to determine whether homeostatic downscaling might occur on a circuit-dependent basis
during sleep.
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B. What social behaviors are happening during social enrichment?
Despite the use of Drosophila as a model system for behavioral genetics over the past
several decades, relatively little is known about the naturalistic social behavior of the fly.
Courtship and aggression behaviors that are used by male flies have been studied in detail
and thoroughly reviewed elsewhere (Robin et al., 2007; Villella and Hall, 2008), but social
enrichment using only females induces a robust plastic response. The types of social
interactions that occur in a female-only environment are not well characterized and the
behavioral consequences of these plastic responses are entirely unknown. In order to better
understand which neural circuits are likely to be altered by social enrichment as well as their
functional roles, it would be helpful to better describe the types of social interactions that
might occur during social enrichment. Two recent studies (Branson et al., 2009; Dankert et
al., 2009) have utilized automated tracking algorithms to identify and score the social
behavior of flies either in pairs or in a large group. The “ethomics” approach that these
groups have begun to utilize might allow for rapid large-scale quantification of social
behavior and to identify possible genetic and neural mechanisms that underlie these
behaviors. As currently designed, the algorithms used in these two studies complement each
other fairly well; the Ctrax software designed by Branson and colleagues is capable of
tracking the movements of individual flies within larger groups over long periods of time
while the CADABRA software suite utilized by Dankert and colleagues provides more
detailed analysis of individual actions related to known courtship or aggression behaviors.
These algorithms, however, are not optimally designed for the identification of novel types
of interactions between individual animals; Ctrax does not provide detailed analysis of
behavior and CADABRA is only capable of identifying predefined behavioral
characteristics. Ultimately, these software tools may provide efficient tools for dissecting the
mechanisms controlling known types of behavior, but only careful observation by human
investigators is likely to allow for the identification and characterization of currently
undescribed social interactions within groups of flies.

Although these interactions have not yet been characterized, it is likely that they are
mediated, at least in part, through pheromonal communication. These chemical cues consist
of a number of hydrocarbon compounds that are embedded in the waxy surface of the
abdominal cuticle and are known to be crucial for the initiation and regulation of courtship
behavior (Ferveur, 2005). Recent studies indicate that social context can significantly alter
the composition of these hydrocarbon cues in male flies (Kent et al., 2008; Krupp et al.,
2008). Interestingly, these studies found that altered pheromone production in response to
social experience may have important consequences for future behavior; exposure to a
genetically heterogeneous group induces wild-type males to alter the expression of
courtship-related pheromonal cues and also results in increased mating frequency (Krupp et
al., 2008). Given the important role of chemosensation during enrichment in the induction of
subsequent plasticity, it is possible that interactions via chemical cues comprise an important
component of the social interactions that induce plastic changes in the brain. Further studies
are needed to better characterize the neural circuits that are affected by pheromonal
communication and the behavioral consequences of these signals on sleep. In conclusion, we
expect that by examining how social interactions alter neuronal plasticity, we will identify
novel roles of genes for sleep regulation as well as to better understand the role that these
neural circuits play in modulating both daily sleep quotas and adaptive behavior.
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Figure 3.1.
Exposure to an enriched social environment increases sleep in Drosophila. (A) Flies are
housed for 5 days either in a socially enriched vial with ~40 other siblings or in small vials
in social isolation. During this time, flies in the socially enriched environment are exposed
to complex visual, olfactory, pheromonal, and auditory stimuli that are generated by other
flies and fight, court, and mate with conspecific flies. Socially isolated animals, however,
are not exposed to these sensory cues and have no social interactions with other flies. (B)
When transferred to sleep monitors after 5 days of enrichment/ isolation, socially enriched
females sleep ~120 min/day more than their socially isolated sisters.
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Figure 3.2.
Flies mutant for per01 are extremely sensitive to sleep loss but do not respond to social
enrichment with an increase in sleep. (A) Following 12 h of sleep deprivation Cs flies
recover ~30% of their lost sleep while per01 mutants recover >90%. % Sleep recovered is
calculated for each individual as a ratio of the minutes of sleep gained above baseline during
the 24 h of recovery divided by the total min of sleep lost during 12 h of sleep deprivation.
(B) Following 5 days of social enrichment, Cs flies sleep significantly more than their
siblings that were housed in social isolation while sleep is unaffected by social enrichment
in per01 mutants. Increased sleep after social enrichment is shown as a difference in daytime
sleep amount between socially enriched and socially isolated siblings.

Donlea and Shaw Page 18

Adv Genet. Author manuscript; available in PMC 2010 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.3.
Flies mutant for bs show no increase in LNV terminals following exposure to social
enrichment. (A) LNV projections in socially isolated pdf-GAL4/+; UAS-dlg-GFP/+ flies
(left, representative image) contain fewer GFP-positive terminals than those of socially
enriched siblings (right, representative image). (B) Following 5 days of social enrichment,
wild-type controls exhibit a significant increase in the number of LNV postsynaptic
terminals labeled with dlg-GFP (left), but no change in the number of postsynaptic terminals
can be detected in flies carrying a mutant allele for bs (right). (C) Similarly, an increased
number of LNV presynaptic terminals labeled with VAMPGFP-GFP can be measured in
wild-type control flies (left), but no change in presynaptic terminal number was observed in
flies with the bs3 mutation (right).
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Figure 3.4.
Proposed model for homeostatic regulation of synaptic terminals during social enrichment.
(A) Under baseline conditions, wake-promoting output from the LNVs is modulated by
signals originating from visual circuits in the medulla. (B) When exposed to a socially
enriched environment, complex sensory stimuli likely drives increased activity in primary
visual circuits that provide input to the LNVs. As a result, activity in the LNVs would
become more strongly correlated with input signals from sensory circuits and synaptic
connections to the LNVs become potentiated as new terminals are constructed. Following
several days of hyperactivity and increased potentiation, homeostatic mechanisms may be
induced in the LNVs to reduce overall firing rate and prevent chronic hyperexcitation. (C)
Upon transfer to sleep monitors, flies are withdrawn from the complex visual stimuli that are
associated with a socially enriched environment. As a result, wake-promoting output from
the LNVs is decreased and socially enriched flies sleep more than their siblings that had
been housed in social isolation.
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