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Abstract

Sleep is thought to be important for memory consolidation, since sleep deprivation has been shown to interfere with
memory processing. However, the effects of augmenting sleep on memory formation are not well known, and testing the
role of sleep in memory enhancement has been limited to pharmacological and behavioral approaches. Here we test the
effect of overexpressing the brain-type fatty acid binding protein (Fabp7) on sleep and long-term memory (LTM) formation
in Drosophila melanogaster. Transgenic flies carrying the murine Fabp7 or the Drosophila homologue dFabp had reduced
baseline sleep but normal LTM, while Fabp induction produced increases in both net sleep and LTM. We also define a post-
training consolidation ‘‘window’’ that is sufficient for the observed Fabp-mediated memory enhancement. Since Fabp
overexpression increases consolidated daytime sleep bouts, these data support a role for longer naps in improving memory
and provide a novel role for lipid-binding proteins in regulating memory consolidation concurrently with changes in
behavioral state.
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Introduction

Although sleep is an essential behavioral process conserved

across phyla from fruit flies to humans, its functions remain

elusive. There are many theories about the function of sleep,

including roles in metabolic balance [1], excitotoxic repair [2], and

memory consolidation [3]. The process of memory is also widely

conserved in the animal kingdom, and the relationship between

sleep and memory formation continues to be controversial [4].

Studies in both rodents [5] and Aplysia [6] show a clear time-of-

day effect on memory formation. In flies, short-term memory has

been shown to be regulated by processes involving both circadian

rhythms [7] and sleep [8]. In addition, a temporal window for the

effects of sleep deprivation on memory has been shown in both

invertebrate and vertebrate species. Four hours of sleep depriva-

tion (SD) immediately following courtship training abolishes

memory retention in flies [9], while SD later during the sleeping

period has no effect. In rodents, REM SD either just before [10],

or immediately after behavioral training [11], has been shown to

abolish contextual (hippocampal dependent) memory formation. It

has also been suggested that REM sleep is necessary during later

consolidation periods of memory in rodents [12]. While these

results imply a role for sleep in the consolidation of memory, they

describe the consequences of reducing sleep (or specific compo-

nents of sleep) on the formation of memory. An alternate method

for understanding the influence of sleep on memory formation

would be to test the effects of augmenting sleep using genetic

approaches. While molecular targets involving circadian- and

sleep-dependent memory formation are beginning to be identified

[13,14], specific molecular targets responsible for augmenting

sleep and memory concomitantly are not known.

A number of laboratories have used microarrays to identify sleep

(or deprivation)-responsive genes [15–19], and some of these include

immediate-early genes (IEGs), many of which have been shown to be

involved in learning and memory consolidation [20–22]. Levels of

some IEGs, such as Zif268, are elevated in response to enriched

environments or long-term potentiation (LTP) during subsequent

REM sleep episodes in rodents [23,24]. The regulation of synaptic

plasticity-related molecules in sleep/wake behavior suggests that the

sleep/wake system may re-deploy some of the molecular components

underlying learning and memory [25]. Previously we used micro-

array analysis to show that brain-type fatty-acid binding protein

(Fabp7) shows circadian oscillation in its expression [26], and that its

cycling pattern is widespread throughout mammalian brain [27].

Here we utilize the Drosophila model to investigate the functional role

of fatty-acid binding proteins in sleep and memory consolidation, and

describe a novel molecular player for improving memory through

increases in daytime sleep.

Results

Characterization of Drosophila Fabp
Fatty-acid binding proteins (Fabps) comprise a group of soluble

proteins that bind small hydrophobic lipids and act as transporters.
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The mammalian Fabp family consists of ,9 separate genes, which

are expressed in various cell and tissue types. In the adult

mammalian central nervous system (CNS), only three of these

appear to be expressed, and include heart-, epidermal-, and brain-

type fatty-acid binding proteins (Fabp3, 5, 7, respectively). In

contrast, there is a single Fabp locus (CG6783) in the Drosophila

genome, which we have termed dFabp, that encodes at least 3

alternatively spliced isoforms of Drosophila Fabp (dFabp) (Fig. 1C).

The second dFabp isoform (CG6783-B) shares the greatest

homology to mouse Fabp7 (54% Identical, 68% Positive). An

alignment of the amino-acid sequences for Fabps from various

species, and a derived consensus sequence, are shown in Fig. 1A.

Since the mouse Fabp7 transcript and protein have been shown

to follow diurnal changes in expression, we asked whether dFabp

also oscillates across the day/night cycle. Analysis of dFabp

mRNA from fly head extracts show changes based on time-of-day,

which reflect circadian changes previously observed [28]. We

identified an elevation in mRNA levels during sleep and reduced

levels during the wake period (Fig. 1B). The increase in dFabp

mRNA preceded an accumulation of dFabp protein, which

peaked early in the waking phase (Fig. 1B; Figure S1A). These

results mirror oscillations in Fabp7 expression observed in mouse

brain [27], suggesting a conserved function over the day/night

cycle. Immunocytochemical (ICC) analysis using antibodies raised

against dFabp-B revealed a broad expression pattern throughout

the fly brain (Fig. 1D). ICC staining against dFabp appeared to be

much stronger in nuclei (identified using the nuclear marker

Topro-3) than in the cytoplasm (Fig. 1D), however the signal

cannot be verified to be solely due to endogenous expression.

Fabp expression regulates sleep and memory
Genes that are involved in regulating behavioral states (wake,

sleep) might be predicted to show coordinated, brain-wide changes

in their expression levels across the day/night cycle. Since both

flies (Fig. 1B) and mammals [27] exhibit a diurnal fluctuation of

lipid-binding protein expression in the CNS, we examined the

effects of altering Fabp expression on sleep behavior. We

generated heat-shock inducible transgenic flies carrying the mouse

Fabp7 open reading frame (ORF) in the background strain

w(isoCJ1), an isogenized wild-type strain. Western blots probed

with species-specific antibodies showed that the transgenic flies

overexpress protein, even at lower temperatures (20uC; Figure

S1B). Surprisingly, this overexpression of Fabp7 resulted in a

dramatic reduction in baseline sleep relative to the w(isoCJ1)

Figure 1. Characterization and diurnal regulation of the Drosophila fatty-acid binding protein, dFabp. (A) Amino acid sequence
homology of dFabp is compared to brain-type fatty-acid binding protein (Fabp7) of mouse, rat, human, zebra fish, and worm (lbp-7). A consensus
sequence of all species is also shown. (B) Densitometric analysis of Northern and Western blots reveals a diurnal regulation of dFabp mRNA (blue solid
line) and protein (red dashed line) in fly head. dFabp mRNA levels are normalized to Gapdh, with elevated expression during the sleep period (mean
6 s.e.m., N = 2/timepoint, 50–100 heads per timepoint, asterisk P,0.05, t-test ZT18 vs ZT6). dFabp protein levels are normalized to laminin, and are
elevated toward wake onset (mean 6 s.e.m., N = 4/timepoint, 50–100 heads per timepoint, t P = 0.051, t-test ZT3 vs ZT15). Open bar = lights on, filled
bar = lights off. (C) Schematic representation of the dFabp locus. Open bar = non-coding, filled bar = coding region. (D) Projection slice of brain
stained with an antibody against dFabp (red), and the nuclear stain Topro-3 (blue), as viewed by confocal microscopy. ML = midline, OL = optic
lobe, AL = antennal lobe, scale bar = 120 mm.
doi:10.1371/journal.pone.0015890.g001
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background flies (housed at ,22uC), principally from decreased

daytime sleep (Fig. 2B, D, E). These effects on baseline sleep also

occur in male flies (data not shown) and two additional lines

carrying the Fabp7 ORF (Figure S2). We observed similar

reductions in total and daytime sleep in transgenic flies that carry

the Drosophila dFabp-B ORF (Fig. 2C, D, E). The average daytime

bout length and the average maximum daytime bout length are

both significantly reduced in Fabp7 and dFabp flies (Fig. 2E, F).

The bout length is considered to be a measurement of

consolidated sleep. Two additional dFabp overexpressing fly lines

also showed similar significant results in each of these sleep

parameters (Figure S3). The reduction in daytime sleep was not

due to hyperactivity, since daytime locomotor activity, as

measured by counts per waking minute, was in fact reduced in

Fabp7 and dFabp flies (Fig. 2G; Figures S2G; S3G). The total

number of sleep bouts over a 24-hour period for the transgenic

flies was not different from controls (data not shown).

Given the reduction in daytime sleep in Fabp7 and dFabp flies,

and the growing appreciation for the importance of sleep in

memory formation, we tested the effect of altering post-training

Fabp protein levels on long-term memory formation. Wild type

and transgenic flies were trained with 10 cycles of spaced training,

and then stored at various temperatures to modulate the post-

acquisition levels of Fabp protein expression. Despite the reduced

baseline sleep phenotype observed in Fabp flies at lower

temperatures (Fig. 2), trained flies maintained at 20uC did not

show any changes in performance as compared to the w(isoCJ1)

background strain, (Fig. 3A). However, inducing Fabp7 overex-

pression in flies stored at 30uC during the maintenance period

following training showed a significant enhancement of 7-day

LTM (Fig. 3A). There was a strong correlation between

temperature and memory when the ratio of performance between

Fabp7: w(isoCJ1) flies was plotted, and this paralleled the increase

in Fabp7 protein expression (Fig. 3B). Learning scores for Fabp7

flies were comparable to the background strain w(isoCJ1) (Figure

S4A), further supporting the conclusion that the temperature-

induced enhancement of memory was not due to an effect on

learning. This result suggests that some aspect of Fabp

overexpression during the 7-days following training enhances

memory formation.

Since the transgenic flies showed a temperature-dependent

enhancement of memory formation, we examined whether there

are changes in sleep as a function of temperature. A significant

increase in total sleep occurred in Fabp7 flies when the transgene

was induced, compared to w(isoCJ1) flies (Fig. 4B, D). This

increase in total sleep resulted primarily from increases in daytime

sleep (Fig. 4E), since night-time sleep was similarly reduced in all

flies (Fig. 4A, B, C). A more detailed analysis showed that Fabp7

and dFabp transgene induction increased the maximum daytime

bout length (Fig. 4G), without significantly affecting the average

daytime bout length (Fig. 4F) or bout number (Fig. 4H), compared

to w(isoCJ1) controls. Therefore, increasing the temperature from

20uC to 30uC increased Fabp protein expression and correlated

with a net increase in longer daytime sleep bouts.

Temporal window for Fabp-mediated memory
enhancement

In order to further determine when, after behavioral training,

Fabp7 and dFabp act to enhance memory formation, we tested

various temporal ‘‘windows’’ of overexpression. It has previously

been shown that aPKM transgenic flies enhance memory formation

when the transgene is induced shortly after the end of behavioral

training [29]. However, increasing Fabp7 immediately after the end

of LTM training did not enhance 24-hour memory (data not shown).

Figure 2. Reduced sleep in Fabp7 and dFabp overexpressing flies. Hourly diurnal sleep profile of the (A) w(isoCJ1) background strain, (B)
Fabp7, and (C) dFabp flies. Open bars = lights on, filled bars = lights off. Analysis of various sleep parameters: (D) Total sleep over 24 hours, (E) Total
daytime sleep, (F) Average daytime sleep bout length, (G) Maximum daytime sleep bout length, (H) Daytime locomotor activity per waking minute.
Open bars = w(isoCJ1), light grey bars = Fabp7, dark grey bars = dFabp. Results are mean 6 s.e.m.; n = 23–24, representative of 3–5 experiments.
Single asterisk, P,0.05; double asterisk, P,0.01; triple asterisk, P,0.001, t-test.
doi:10.1371/journal.pone.0015890.g002
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Next we tested if Fabp7 overexpression during the first four days

after training is sufficient to enhance seven day LTM formation.

Flies were trained at 25uC and immediately placed at 30uC for

four days, after which they were shifted back to 20uC for the

remaining time. This incubation schedule preserved memory

enhancement (Fig. 5A), suggesting that the effects of Fabp7 on

LTM require sustained periods of overexpression. Shifting the

overexpression window to a later consolidation period (between

post-training days 2 and 7) also preserved enhancement of LTM in

Fabp7 flies (Fig. 5B). Further, this effect replicated when we

analyzed dFabp flies using this same regimen (Fig. 5C). While

Fabp flies showed elevated olfactory avoidance responses following

five days at 30uC (data not shown), we still observed an increase in

LTM when Fabp7 flies were shifted back to 20uC for two days

prior to testing (Fig. 5A). This result suggested that elevated Fabp

expression for the time period just prior to recall (Fig. 5B, C) is not

responsible for the increase in LTM observed. However, in order

to rule out the possible effects of Fabp on sensory-systems during

retrieval, we examined the effects of increasing Fabp7 on memory

recall. We found that an acute induction of Fabp7 two hours prior

to testing for LTM actually inhibited performance (Figure S4C).

This suggests that acute Fabp expression at the time of retrieval is

able to impede memory recall processes. Together, these data

provide evidence that the Fapb7-mediated enhancement effects on

LTM occur during the consolidation period, and are not due to

effects on learning, acquisition or recall.

We have shown that at low temperatures where the transgene

induction is mild, the Fabp7 or dFabp proteins reduce the steady-

state amount of daytime sleep. However, when the transgenes are

induced to higher levels, the net gain in daytime sleep that flies

obtained (relative to their isogenic control line) was substantial.

Memory formation was enhanced when flies were stored at

inducing temperatures. Is the total amount of sleep gained

correlated with the memory enhancement? To test if these two

phenotypes are correlated, we measured the cumulative change in

sleep of Fabp7 and dFabp flies maintained at 30uC for four

consecutive days following two days baseline at 20uC. This is the

temperature regimen that produces enhancement of memory

formation during the consolidation phase. There was a significant

increase in minutes and percentage of sleep gained in Fabp7 and

dFabp flies, as compared to w(isoCJ1) flies, on the second, third,

and fourth days at 30uC (Fig. 6A). In addition, the cumulative

increase in total sleep (Fig. 6B), and percentage of total sleep

gained (Fig. 6C) was significantly higher in both Fabp7 and dFabp

flies compared to w(isoCJ1) flies for the four days at 30uC. Taken

together, these results show that at elevated temperatures following

spaced training, Fabp7 and dFabp flies undergo an increase in

cumulative sleep during the consolidation period, and this increase

correlates with an enhancement in LTM performance.

Discussion

Previously we have shown that the mRNA levels for Fabp7 are

diurnally regulated and are highest during the sleeping period of

mice [26,27]. Here we characterized the Fabp7 Drosophila

homologue dFabp, and show that dFabp mRNA expression also

cycles across the day, with elevated levels during the sleeping

period. Further, in order to determine whether increasing Fabp

expression influences complex behavior, we show that induction of

Fabp7 or dFabp in transgenic flies is sufficient to produce sleep

and long-term memory enhancement phenotypes. These data

suggest a common theme for cycling molecules in the formation of

long-term memory, and suggest that like other known circadian

genes, Fabp-mediated signaling is likely implicated in both sleep/

wake and memory-related processes.

Regulation of Fabp expression
What are the upstream molecular signaling cascades currently

known to regulate Fabp7 expression? While the characterization of

specific molecular pathways involved in modulating Fabp7 levels

across the day/night cycle has not yet been reported, cis-acting

elements regulating Fabp7 expression during CNS development

have begun to be identified. Pax6, a transcription factor known to

promote developmental neuronal differentiation, was shown to

regulate Fabp7 expression, in a manner believed to be critical for

Figure 3. Fabp7 overexpression enhances 7-day long-term
memory (LTM). (A) Post-training induction of the heat shock (HS)
promoter-driven Fabp7 flies produces a temperature-dependent
enhancement of memory after 10x spaced training if flies are
maintainted at higher temperatures (30uC) for 7 days prior to testing.
Grey bars, Fabp7, open bars, w(isoCJ1) background strain. Results are
mean 6 s.e.m.; n = 8–10 groups. Asterisk P,0.05, t-test. (B) Ratio of
Performance Index (PI) scores (A) for Fabp7/w(isoCJ1) (diamonds; y-axis
left) shows a correlation of increasing performance with temperature
(R2 = 0.95), similar to the correlation of increase in protein expression
(black circles; y-axis right) with temperature (R2 = 0.89). Inset: Western
blot of Fabp7 protein expression in Fabp7 staged at 20u, 25u, and 30uC
for 7 days, and the immunoreactive background of w(isoCJ1) (w) at
room temperature (RT), in nuclear fraction (lysate sample: ,50–100 fly
heads per lane).
doi:10.1371/journal.pone.0015890.g003
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the proper maintenance of neuroepithelial cells [30]. Fabp7 has

also been shown to be a downstream target of Notch signaling

pathways during CNS development [31]. Since Notch signaling

has also been implicated in LTM formation in both rodents [32]

and flies [33,34], the Notch cascade could represent a conserved

molecular pathway mediating Fabp-induced memory-related

processes in the adult CNS across animal phylogeny. Since

Notch-effector binding sites are observed in both mammalian and

fly promoters for Fabp7 [31] and dFabp (J. Gerstner, unpublished

observations), respectively, future studies aimed at the identifica-

tion of these and other phylogenetically conserved cis-acting

elements will provide novel targets for sleep and cognitive

therapeutics.

Fabp7 knock-out (KO) mice have previously been shown to

have altered behavioral responses, including an increase in

anxiety-like behavior [35], and deficits in prepulse inhibition, a

hallmark of schizophrenia [36]. Fabp7 mRNA expression is

known to be enriched in the dendritic layers of the hippocampus

[37], where it has also been shown to be induced following kainate

injection [38], a procedure that initiates epileptoform activity.

Further, following the induction of a constitutively active form of

CREB, Fabp7 mRNA shows an elevation in expression within the

hippocampus that mirrors the temporal profile of CREB-induced

BDNF mRNA expression [39]. Taken together, these data suggest

a role for Fabp7 in plasticity-related mechanisms in mammals, and

implicate Fabp7 in pathways downstream of well established

memory-related molecular signaling cascades.

Genes, sleep and memory
There is an emerging notion that sleep, like the circadian

system, is under genetic control [40,41]. In addition, mounting

Figure 4. Increased net sleep in Fabp7 and dFabp overexpressing flies. Hourly change in sleep profile of the (A) w(isoCJ1) background strain,
(B) Fabp7, and (C) dFabp flies shifted from 20u–30uC. Open bars = lights on, filled bars = lights off. Analysis of change in various sleep parameters of
flies shifted from 20u–30uC: (D) Total sleep over 24 hours, (E) Total daytime sleep, (F) Average daytime sleep bout length, (G) Maximum daytime sleep
bout length, (H) Number of daytime bouts. Open bars = w(isoCJ1), light grey bars = Fabp7, dark grey bars = dFabp. Results are mean 6 s.e.m.;
n = 20–30. Single asterisk, P,0.05; double asterisk, P,0.01; triple asterisk, P,0.001, t-test.
doi:10.1371/journal.pone.0015890.g004

Figure 5. Fabp7- and dFabp-mediated LTM enhancement is
preserved in a late consolidation period. (A) Fabp7 (grey fill) flies
show a significant enhancement in 7 day LTM performance after 10X
Spaced training, when shifted from 30u–20uC on day 4, compared to
w(isoCJ1) background flies (open fill bar). Results are mean 6 s.e.m.;
n = 6 groups. Asterisk P,0.05, t-test. (B) Fabp7 (light grey fill) and (C)
dFabp (dark grey fill) flies show a significant enhancement in 7 day LTM
performance after 10X Spaced training, when shifted from 20u–30uC on
day 2, as compared to w(isoCJ1) background flies (open fill bars, B,C).
Results are mean 6 s.e.m.; n = 7–8 groups. Asterisk P,0.05, t-test. d1 =
day 1, d2 = day 2, d4 = day 4, d7 = day 7.
doi:10.1371/journal.pone.0015890.g005
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evidence suggests that genes involved in the circadian system are

able to influence memory processes [42,43]. For example,

disruption of core clock components (such as CLOCK and

BMAL1) has been shown to inhibit long-term memory in mice

[44]. In Drosophila, a null mutation of the circadian gene period

blocked memory, while overexpression of the period gene protein

product PER was able to enhance memory formation [45].

Recently it has been shown that period gene expression was also

able to regulate experience-dependent increases in sleep in

Drosophila [13]. These data are interesting because they suggest

that transcription of specific genes that are known regulators of

circadian rhythms are able to regulate other complex neurological

phenomena, such as learning and memory formation.

Interestingly, while Fabp7 KO mice have not yet been

examined for changes in circadian rhythms or behavioral state,

KO mice for another Fabp expressed in the mammalian brain,

Fabp3, have recently been shown to have increased locomotor

activity over the light-dark cycle [46]. Further, Fabp3 has been

shown to interact with the dopamine receptor (D2R), and is highly

expressed in acetylcholine interneurons and at glutamatergic

terminals [46], implicating lipid-transport pathways in the

regulation of dopaminergic signaling within the CNS. Together,

these data suggest that lipid-mediated pathways could modulate

diurnal changes in locomotor activity, perhaps through a Fabp-

regulated mechanism involving signaling cascades downstream of

D2R activation.

Influence of lipid metabolites on sleep and memory
Prostaglandin (PG) D2 is lipid-derived eicosanoid that has been

shown to promote sleep following the activation of PGD2

receptors (DP1R) and subsequent release of adenosine [47]. In

rats, cerebrospinal fluid levels of PGD2 have been shown to

exhibit a circadian rhythm [48], and also increase following sleep

deprivation [49], suggesting that PGD2 regulates normal sleep in

mammals. Infusion of PGD2 into the third ventricle of rats during

their wake-period resulted in a dose-dependent increase in both

REM and NREM sleep [50]. Dose-dependent increases in sleep

were also observed when PGD2 was infused into the lateral

ventricle of wild-type (WT) mice, but not in DP1R KO mice [51].

Pharmacological inhibitors of the enzyme which produces PGD2

out of arachidonic acid derivatives, PGD synthase (PGDS),

generate a reversible and dose-dependent inhibition of sleep in

rats [52]. Interestingly, PGDS is a part of a superfamily of lipid-

binding proteins called lipocalins that also include Fabps.

Together, these results suggest that lipid signaling pathways

regulate normal sleep, and that lipid-binding proteins likely

mediate both synthesis and transport of lipid-derived signaling

cascades involved in sleep behavior.

Diurnal fluctuations in other lipid species have also been

identified in the CNS. Time-of-day cycling has been observed

broadly in mammalian brain for the major endocannabinoids

anandamide and 2-arachidonoyl-glycerol (2-AG) [53]. Within the

rat hippocampus, higher levels of anandamide have been observed

during the dark period [53,54], while higher levels of 2-AG were

observed during the light period [53]. Further, fatty acid amide

hydrolase (FAAH), the enzyme which catabolizes anandamide, has

levels that also vary based on time-of-day within various regions of

the brain [53,55], suggesting that lipid-metabolism likely also

varies over the light/dark cycle. Inhibition of FAAH has recently

been shown to promote memory processing [56], implicating

anandamide-metabolism in the regulation of memory formation.

Oleoylethanolamide (OEA), a monounsaturated analogue of

anandamide and an endogenous peroxisome proliferator activated

receptor (PPAR)-a agonist, failed to show any diurnal fluctuations

within the hippocampus [54]. However, post-training administra-

tion of OEA, or exogenous PPAR-a agonists, have recently been

shown to enhance memory for inhibitory avoidance and Morris

water maze tasks [57]. These data suggest that an increase in

specific lipid-signaling pathways are able to enhance memory

formation during the consolidation period, and together indicate

that increased levels of anandamide or its derivatives are able to

enhance memory formation.

Interestingly, Fabp7 has recently been shown to be an

intracellular carrier of anandamide [58], raising the possibility

that subcellular transport of certain lipid molecules, such as

anandamide or OEA, via Fabps may activate PPAR-mediated

transcription in the CNS. Indeed, various Fabps have already been

shown to traffic specific ligands from the cytoplasm to nuclear

receptors, such as PPARs, in order to induce transcriptional

activation [59-62]. Since PPARs are involved in the circadian

clockwork in various tissues and cell types [63-66], these data

provide additional evidence for Fabp signaling in gating temporal

and memory-enhancing processes.

Growing evidence suggests that sleep is critical for memory

consolidation processes [67]. Previously, post-training temporal

Figure 6. Cumulative increased sleep in Fabp7 and dFabp flies
correlates with LTM enhancement. (A) Fabp7 (light grey square,
solid line) and dFabp (dark grey triangle, solid line) flies have an
increase in sleep above the w(isoCJ1) background strain (open circle,
dashed line) following a shift from 20u–30uC. Results are mean 6 s.e.m.;
n = 20–30; double asterisk P,0.01, (Fabp7 vs. w(isoCJ1)), t-test. (B)
Cumulative increases in minutes of total sleep gained and (C)
percentage of sleep increased over four days when maintained at
30uC are higher in Fabp7 and dFabp flies, as compared to the w(isoCJ1)
background strain. Open bars = w(isoCJ1), light grey bars = Fabp7,
dark grey bars = dFabp. Results are mean 6 s.e.m.; n = 20–30; double
asterisk P,0.01, triple asterisk P,0.001, t-test.
doi:10.1371/journal.pone.0015890.g006
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windows of sleep were found to be necessary for rodent memory

[11,68]. Improved cognitive performance has been found to

correlate with sleep and ‘‘naps’’, while deterioration in memory

formation is observed when post-training sleep is disrupted [69–

74]. Sleep has previously been shown to recover performance

deficits observed in various cognitive tasks in humans [75,76].

More recently sleep (and not merely the passage of time) has been

suggested to enhance hippocampus-dependent memory in mice

[77] and auditory discrimination performance in European

starlings [78]. However, there are few examples of improved

performance when post-training sleep is increased or otherwise

enhanced. Two such studies involve pharmacological stimulation

of REM activity and the ‘‘rescue’’ of sleep deprivation’s disruptive

effects on performance [79,80]. While all of these studies point

toward a role of sleep in memory consolidation, direct evidence for

the affects of augmented sleep on memory formation has been

lacking. Furthermore, evidence for genetic control of sleep with

concomitant beneficial effects on cognitive ability has not been

demonstrated. Here we show that Fabp enhances LTM

concurrently with an increase in sleep during post-training

consolidation periods in Drosophila. Since Fabp overexpression

increases consolidated daytime sleep bouts, these data support a

role for longer naps in the enhancement of memory. Further, these

data suggest a late temporal ‘‘consolidation window’’ which occurs

after the initial post-training ,24 hour period usually associated

with ‘‘synaptic consolidation’’. It is conceivable that chronic Fabp-

mediated increases in sleep could cause performance improve-

ments during recall, providing an alternative to a pure

consolidation effect. This question remains open for future study.

Our experimental design also excludes memory improvement

resulting from indirect effects on arousal, motivation, or stress

during training and retrieval. Since our data is based on a simple

associative behavioral task in an invertebrate model, the

requirement for sleep in memory consolidation may be surpris-

ingly broad. Finally, this work points toward a novel molecular link

between sleep, memory formation, and fatty acid signaling, and

may lead to new treatments relating lipid metabolism with sleep,

learning, and cognitive disorders.

Methods

Transgenic Flies
The background strain w(isoCJ1) is an isogenic line previously

described [29]. Murine Fabp7 open-reading frame (ORF) cDNA

was generated by PCR using a forward primer containing the

EcoRI restriction sequence and a Kozak sequence, and a reverse

primer containing a BglII sequence. The resulting fragment was

subcloned into the p(CaSpeR-hs) vector. An identical strategy was

used for the Drosophila dFabp-B ORF. All plasmids were sequenced

and injected into w(isoCJ1) embryos (BestGene, Inc.).

Fabp7 forward primer: 59-ACCACCGAATTCCAACATGG-

TAGATGCTTTCTGCGCAACCTG -39; Fabp7 reverse primer

59- ACCACCAGATCTCTATGCCTTTTCATAACAGCGAA-

CAGC-39. dFabp forward primer: 59- ACCACCGAATTCCAA-

CATGTCTTTCGTTGGCAAGAAGTACAAG -39; dFabp re-

verse primer 59- ACCACCAGATCTTTAGACGGCCTTGTA-

GACGCGC -39.

Northern Blotting
Fly brain RNA was extracted using Trizol (Invitrogen) and

Northern blot analysis done as described [27]. Briefly, brains were

dissected and total RNA was isolated using TRIZOL (Invitrogen,

Carlsbad, CA), according to the manufacturer’s specifications, and

stored at 280uC. Prior to loading, each sample was incubated with

sample buffer (7.5%Formaldehyde, 43%Formamide, 12%

10XMOPS, 0.12%Ethidium Bromide) for 5 min at 56uC, and

then cooled on ice for 5 min. Northern Blots consisted of 1 mg of

total RNA per lane and were electrophoresed on a 1.2% agarose

gel. RNA was transferred overnight onto a sheet of GeneScreen

Plus nitrocellulose (NEN Life Science Products, Boston, MA).

DNA templates generated by PCR were labeled with 32P using

the Megaprime DNA labeling system (Amersham Biosciences,

England). Antisense dFabp cDNA probes were PCR amplified

from above products. Drosophila Gapdh forward primer: 59 -

TTTCTCAGCCATCACAGTCG - 39; reverse primer: 59 -

CGACCTCCTCATCGGTGTAT -39. Probe was mixed with

hybrisol, and incubated overnight at 42uC. Blots were washed

three times in 26 SSC (16SSC = 150 mM NaCl, 15 mM Na

citrate, pH, 7.0), 1% SDS at room temperature, then two times for

30 min in 26SSC, 1% SDS at 50uC, and finally one time for

30 min in 0.56SSC, 1% SDS at 60uC. Following washes, blots

were exposed to a phosphoscreen for 3 days and image analysis

was performed using the Storm 860 and ImageQuant 5.2 software

(Molecular Dynamics, Sunnyvale, CA).

Immunocytochemistry
Fly brains were fixed and stained as described [81]. Antibodies

against murine Fabp7 or dFabp-B were generated by purifying

MAT-FLAG-tag (Sigma-Aldrich) fused ORFs expressed in E.coli

using a metal affinity column, and injected into rabbits (Cocalico

Biologicals, PA). Anti-Fabp7 or dFabp-B was diluted 1:100,

Topro-blue 1:500. All images were captured with the Bio-Rad

MRC-1024 Confocal System (Keck Imaging Center, UW-

Madison).

Western Blotting
Fly head extracts were lysed and Western blot analysis done as

described [27]. Protein samples prepared were subjected to SDS-

polyacrylamide gel electrophoresis by separation on a 12–15% gel,

transferred to 0.2 mm Protran nitrocellulose membranes (Perki-

nElmer, Boston, MA), blocked in 5% dried milk powder in 50 mM

Tris-HCl, pH 7.5, 15 mM NaCl, 0.5% Tween-20 (TBST),

washed briefly in TBST and incubated in primary antibody in

TBST overnight at 4uC. Fabp7 or dFabp antibodies were used at

,1:1500, laminin antibody (Hybridoma bank, U Iowa) ,1:1000.

Blots were then washed 3 times in TBST, incubated for 1 hour in

anti-rabbit horse radish peroxidase-conjugated secondary anti-

body (1:7500 in TBST), washed 3 times in TBST and incubated in

ECL plus Western blotting detection reagent for 5 minutes based

on the manufacturer’s instructions (Thermo Scientific, Rockford,

IL). Visualization was performed by chemoluminescent exposure

to X-Ray film (Eastman Kodak, Rochester, NY) and quantitation

was done using ImageJ (NIH).

Behavioral Testing
Flies were maintained on standard molasses-yeast-cornmeal

food at 22uC, and entrained to a 12-h:12-h light:dark cycle for 2-3

d before being assayed for sleep or olfactory avoidance

conditioning. For analysis of sleep behavior, ,3–4 day old female

flies were assayed using the Drosophila Activity Monitoring

System (Trikinetics), carried out as previously described [82].

Olfactory avoidance conditioning was done as described [29].

Briefly, the performance index (PI) was calculated by subtracting

the number of flies making the incorrect choice from those making

the correct one, dividing by the total number of flies, and

multiplying by 100. To avoid odor-avoidance biases, we calculate

the PI of each single n by taking an average performance of two

groups of flies, one group trained with the CS+ being OCT, the

Fatty-Acid Binding Protein, Sleep and Memory

PLoS ONE | www.plosone.org 7 January 2011 | Volume 6 | Issue 1 | e15890



other with the CS+ being MCH. Methylcyclohexanol was diluted

1:100, Octanol was diluted 1:40 in mineral oil. w(isoCJ1) and Fabp

transgenics were combined for training and testing in the same

environments at the same time for most sleep and memory

experiments.

Supporting Information

Figure S1 Western blots of dFabp and Fabp7 protein in
fly heads (A) Western blots of fly head lysates showing the diurnal

regulation of the dFABP band at 15kD, as compared to a loading

control (laminin). 50-100 head equivalents of protein were loaded

in each lane. (B) Western blots of w(isoCJ1) (w) background strain

and Fabp7 overexpressing fly head lysates showing the presence

and overexpression of Fabp7 using antibodies raised against Fabp7

at 20uC and 30uC. 50-100 head equivalents of protein per lane.

ZT = zeitgeber time; RT = room temperature.

(EPS)

Figure S2 Reduced sleep in multiple Fabp7 overex-
pressing fly strains. Hourly sleep profile of the (A) w(isoCJ1)

background strain, (B) a second Fabp7 (103-5) strain, and (C) a

third Fabp7 (103-8) strain. Open bars = lights on, filled bars =

lights off. Analysis of various sleep parameters: (D) Total sleep over

24 hours, (E) Total daytime sleep, (F) Average daytime sleep bout

length, (G) Maximum daytime sleep bout length, (H) Daytime

locomotor activity per waking minute. Open bars = w(isoCJ1),

light grey bars = 103-5, dark grey bars = 103-8. Results are

mean 6 s.e.m.; n = 11-14, t, P#0.0502; single asterisk, P , 0.05;

double asterisk, P , 0.01; triple asterisk, P , 0.001, t-test.

(EPS)

Figure S3 Reduced sleep in multiple dFabp overex-
pressing fly strains. Hourly diurnal sleep profile of the (A)

w(isoCJ1) background strain, (B) a second dFabp (101-2) strain,

and (C) a third dFabp (101-6) strain. Open bars = lights on, filled

bars = lights off. Analysis of various sleep parameters: (D) Total

sleep over 24 hours, (E) Total daytime sleep, (F) Average daytime

sleep bout length, (G) Maximum daytime sleep bout length, (H)

Daytime locomotor activity per waking minute. Open bars =

w(isoCJ1), light grey bars = 101-2, dark grey bars = 101-6.

Results are mean 6 s.e.m.; n = 13 w(isoCJ1), n = 22-24; single

asterisk, P , 0.05; double asterisk, P , 0.01; triple asterisk, P ,

0.001, t-test.

(EPS)

Figure S4 Acquisition and retrieval in Fabp flies. (A)

Fabp7 (grey fill) and (B) dFabp (dark grey fill) flies exhibit normal

learning after a single training trial (1X). Results are mean 6

s.e.m.; n = 8 groups. (C) An acute 30 minute 34uC heat shock (+)

of Fabp7 flies 2 hours prior to testing inhibits LTM retrieval

following 10X Spaced (10XSP) training of flies maintained at

20uC for 6 days, compared to non-heat shock (-) controls. Results

are mean 6 s.e.m.; n = 8 groups. Asterisk P,0.05, t-test. (D) An

acute 30 minute 34uC heat shock (+) of the w(isoCJ1) background

strain flies 2 h prior to testing has no effect on LTM retrieval

following 10X Spaced (10XSP) training of flies maintained at

20uC for 6 days, compared to non-heat shock (-) controls. Results

are mean 6 s.e.m.; n = 8 groups. Grey bars, Fabp7, open bars,

w(isoCJ1) background strain. d1 = day 1, d6 = day 6.

(EPS)

Acknowledgments

We thank H. Zhou and C. Worley for technical assistance on Western blot

and Immunocytochemical assays. J. Elliott for advice on Immunocyto-

chemistry, T. Tubon for advice on antibody generation, E. Drier for advice

on behavioral assays.

Author Contributions

Conceived and designed the experiments: JRG JCPY PJS CFL. Performed

the experiments: JRG WMV. Analyzed the data: JRG WMV. Contributed

reagents/materials/analysis tools: PJS. Wrote the paper: JRG.

References

1. Knutson KL, Spiegel K, Penev P, Van Cauter E (2007) The metabolic

consequences of sleep deprivation. Sleep Med Rev 11(3): 163–178.

2. Schulze G (2004) Sleep protects excitatory cortical circuits against oxidative

damage. Med Hypotheses 63(2): 203–207.

3. Stickgold R (2005) Sleep-dependent memory consolidation. Nature 437(7063):

1272–1278.

4. Vertes RP, Siegel JM (2005) Time for the sleep community to take a critical look
at the purported role of sleep in memory processing. Sleep 28(10): 1228–9;

discussion 1230-3.

5. Chaudhury D, Colwell CS (2002) Circadian modulation of learning and
memory in fear-conditioned mice. Behav Brain Res 133(1): 95–108.

6. Lyons LC, Rawashdeh O, Eskin A (2006) Non-ocular circadian oscillators and

photoreceptors modulate long term memory formation in aplysia. J Biol
Rhythms 21(4): 245–255.

7. Lyons LC, Roman G (2008) Circadian modulation of short-term memory in

drosophila. Learn Mem 16(1): 19–27.

8. Li X, Yu F, Guo A (2009) Sleep deprivation specifically impairs short-term
olfactory memory in drosophila. Sleep 32(11): 1417–1424.

9. Ganguly-Fitzgerald I, Donlea J, Shaw PJ (2006) Waking experience affects sleep

need in drosophila. Science 313(5794): 1775–1781.

10. McDermott CM, LaHoste GJ, Chen C, Musto A, Bazan NG, et al. (2003) Sleep

deprivation causes behavioral, synaptic, and membrane excitability alterations in
hippocampal neurons. J Neurosci 23(29): 9687–9695.

11. Graves LA, Heller EA, Pack AI, Abel T (2003) Sleep deprivation selectively

impairs memory consolidation for contextual fear conditioning. Learn Mem
10(3): 168–176.

12. Smith C, Kelly G (1988) Paradoxical sleep deprivation applied two days after

end of training retards learning. Physiol Behav 43(2): 213–216.

13. Donlea JM, Ramanan N, Shaw PJ (2009) Use-dependent plasticity in clock
neurons regulates sleep need in drosophila. Science 324(5923): 105–108.

14. Gerstner JR, Lyons LC, Wright KP, Jr., Loh DH, Rawashdeh O, et al. (2009)

Cycling behavior and memory formation. J Neurosci 29(41): 12824–
12830.

15. Tononi G, Cirelli C (2001) Modulation of brain gene expression during sleep

and wakefulness: A review of recent findings. Neuropsychopharmacology 25(5

Suppl): S28–35.

16. Cirelli C, Faraguna U, Tononi G (2006) Changes in brain gene expression after

long-term sleep deprivation. J Neurochem 98(5): 1632–1645.

17. Terao A, Greco MA, Davis RW, Heller HC, Kilduff TS (2003) Region-specific

changes in immediate early gene expression in response to sleep deprivation and

recovery sleep in the mouse brain. Neuroscience 120(4): 1115–1124.

18. Terao A, Wisor JP, Peyron C, Apte-Deshpande A, Wurts SW, et al. (2005) Gene

expression in the rat brain during sleep deprivation and recovery sleep: An

affymetrix GeneChip((R)) study. Neuroscience.

19. Zimmerman JE, Rizzo W, Shockley KR, Raizen DM, Naidoo N, et al. (2006)

Multiple mechanisms limit the duration of wakefulness in drosophila brain.

Physiol Genomics 27(3): 337–350.

20. Bozon B, Davis S, Laroche S (2003) A requirement for the immediate early gene

zif268 in reconsolidation of recognition memory after retrieval. Neuron 40(4):

695–701.

21. Jones MW, Errington ML, French PJ, Fine A, Bliss TV, et al. (2001) A

requirement for the immediate early gene Zif268 in the expression of late LTP

and long-term memories. Nat Neurosci 4(3): 289–296.

22. Hall J, Thomas KL, Everitt BJ (2001) Cellular imaging of zif268 expression in

the hippocampus and amygdala during contextual and cued fear memory

retrieval: Selective activation of hippocampal CA1 neurons during the recall of

contextual memories. J Neurosci 21(6): 2186–2193.

23. Ribeiro S, Goyal V, Mello CV, Pavlides C (1999) Brain gene expression during

REM sleep depends on prior waking experience. Learn Mem 6(5): 500–508.

24. Ribeiro S, Mello CV, Velho T, Gardner TJ, Jarvis ED, et al. (2002) Induction of

hippocampal long-term potentiation during waking leads to increased

extrahippocampal zif-268 expression during ensuing rapid-eye-movement sleep.

J Neurosci 22(24): 10914–10923.

25. Gilestro GF, Tononi G, Cirelli C (2009) Widespread changes in synaptic

markers as a function of sleep and wakefulness in drosophila. Science 324(5923):

109–112.

Fatty-Acid Binding Protein, Sleep and Memory

PLoS ONE | www.plosone.org 8 January 2011 | Volume 6 | Issue 1 | e15890



26. Gerstner JR, Vander Heyden WM, Lavaute TM, Landry CF (2006) Profiles of

novel diurnally regulated genes in mouse hypothalamus: Expression analysis of
the cysteine and histidine-rich domain-containing, zinc-binding protein 1, the

fatty acid-binding protein 7 and the GTPase, ras-like family member 11b.

Neuroscience 139(4): 1435–1448.
27. Gerstner JR, Bremer QZ, Vander Heyden WM, Lavaute TM, Yin JC, et al.

(2008) Brain fatty acid binding protein (Fabp7) is diurnally regulated in
astrocytes and hippocampal granule cell precursors in adult rodent brain. PLoS

ONE 3(2): e1631.

28. Ceriani MF, Hogenesch JB, Yanovsky M, Panda S, Straume M, et al. (2002)
Genome-wide expression analysis in drosophila reveals genes controlling

circadian behavior. J Neurosci 22(21): 9305–9319.
29. Drier EA, Tello MK, Cowan M, Wu P, Blace N, et al. (2002) Memory

enhancement and formation by atypical PKM activity in drosophila melano-
gaster. Nat Neurosci 5(4): 316–324.

30. Arai Y, Funatsu N, Numayama-Tsuruta K, Nomura T, Nakamura S, et al.

(2005) Role of Fabp7, a downstream gene of Pax6, in the maintenance of
neuroepithelial cells during early embryonic development of the rat cortex.

J Neurosci 25(42): 9752–9761.
31. Anthony TE, Mason HA, Gridley T, Fishell G, Heintz N (2005) Brain lipid-

binding protein is a direct target of notch signaling in radial glial cells. Genes

Dev 19(9): 1028–1033.
32. Costa RM, Honjo T, Silva AJ (2003) Learning and memory deficits in notch

mutant mice. Curr Biol 13(15): 1348–1354.
33. Ge X, Hannan F, Xie Z, Feng C, Tully T, et al. (2004) Notch signaling in

drosophila long-term memory formation. Proc Natl Acad Sci U S A 101(27):
10172–10176.

34. Presente A, Boyles RS, Serway CN, de Belle JS, Andres AJ (2004) Notch is

required for long-term memory in drosophila. Proc Natl Acad Sci U S A 101(6):
1764–1768.

35. Owada Y, Abdelwahab SA, Kitanaka N, Sakagami H, Takano H, et al. (2006)
Altered emotional behavioral responses in mice lacking brain-type fatty acid-

binding protein gene. Eur J Neurosci 24(1): 175–187.

36. Watanabe A, Toyota T, Owada Y, Hayashi T, Iwayama Y, et al. (2007) Fabp7
maps to a quantitative trait locus for a schizophrenia endophenotype. PLoS Biol

5(11): e297.
37. Zhong J, Zhang T, Bloch LM (2006) Dendritic mRNAs encode diversified

functionalities in hippocampal pyramidal neurons. BMC Neurosci 7: 17.
38. Owada Y, Yoshimoto T, Kondo H (1996) Increased expression of the mRNA

for brain- and skin-type but not heart-type fatty acid binding proteins following

kainic acid systemic administration in the hippocampal glia of adult rats. Brain
Res Mol Brain Res 42(1): 156–160.

39. Barco A, Patterson S, Alarcon JM, Gromova P, Mata-Roig M, et al. (2005) Gene
expression profiling of facilitated L-LTP in VP16-CREB mice reveals that

BDNF is critical for the maintenance of LTP and its synaptic capture. Neuron

48(1): 123–137.
40. Tafti M, Franken P (2002) Invited review: Genetic dissection of sleep. J Appl

Physiol 92(3): 1339–1347.
41. Cirelli C (2009) The genetic and molecular regulation of sleep: From fruit flies to

humans. Nat Rev Neurosci 10(8): 549–560.
42. Gerstner JR (2010) The aging clock: To ‘BMAL’icious toward learning and

memory. Aging (Albany NY) 2(5): 251–254.

43. Gerstner JR, Yin JC (2010) Circadian rhythms and memory formation. Nat Rev
Neurosci 11(8): 577–588.

44. Kondratova AA, Dubrovsky YV, Antoch MP, Kondratov RV (2010) Circadian
clock proteins control adaptation to novel environment and memory formation.

Aging (Albany NY) 2(5): 285–297.

45. Sakai T, Tamura T, Kitamoto T, Kidokoro Y (2004) A clock gene, period, plays
a key role in long-term memory formation in drosophila. Proc Natl Acad

Sci U S A 101(45): 16058–16063.
46. Shioda N, Yamamoto Y, Watanabe M, Binas B, Owada Y, et al. (2010) Heart-

type fatty acid binding protein regulates dopamine D2 receptor function in

mouse brain. J Neurosci 30(8): 3146–3155.
47. Huang ZL, Urade Y, Hayaishi O (2007) Prostaglandins and adenosine in the

regulation of sleep and wakefulness. Curr Opin Pharmacol 7(1): 33–38.
48. Pandey HP, Ram A, Matsumura H, Hayaishi O (1995) Concentration of

prostaglandin D2 in cerebrospinal fluid exhibits a circadian alteration in
conscious rats. Biochem Mol Biol Int 37(3): 431–437.

49. Ram A, Pandey HP, Matsumura H, Kasahara-Orita K, Nakajima T, et al.

(1997) CSF levels of prostaglandins, especially the level of prostaglandin D2, are
correlated with increasing propensity towards sleep in rats. Brain Res 751(1):

81–89.
50. Inoue S, Honda K, Komoda Y, Uchizono K, Ueno R, et al. (1984) Differential

sleep-promoting effects of five sleep substances nocturnally infused in

unrestrained rats. Proc Natl Acad Sci U S A 81(19): 6240–6244.
51. Mizoguchi A, Eguchi N, Kimura K, Kiyohara Y, Qu WM, et al. (2001)

Dominant localization of prostaglandin D receptors on arachnoid trabecular
cells in mouse basal forebrain and their involvement in the regulation of non-

rapid eye movement sleep. Proc Natl Acad Sci U S A 98(20): 11674–11679.
52. Matsumura H, Takahata R, Hayaishi O (1991) Inhibition of sleep in rats by

inorganic selenium compounds, inhibitors of prostaglandin D synthase. Proc

Natl Acad Sci U S A 88(20): 9046–9050.

53. Valenti M, Vigano D, Casico MG, Rubino T, Steardo L, et al. (2004)

Differential diurnal variations of anandamide and 2-arachidonoyl-glycerol levels
in rat brain. Cell Mol Life Sci 61(7-8): 945–950.

54. Murillo-Rodriguez E, Desarnaud F, Prospero-Garcia O (2006) Diurnal variation

of arachidonoylethanolamine, palmitoylethanolamide and oleoylethanolamide
in the brain of the rat. Life Sci 79(1): 30–37.

55. Glaser ST, Kaczocha M (2009) Temporal changes in mouse brain fatty acid
amide hydrolase activity. Neuroscience 163(2): 594–600.

56. Mazzola C, Medalie J, Scherma M, Panlilio LV, Solinas M, et al. (2009) Fatty

acid amide hydrolase (FAAH) inhibition enhances memory acquisition through
activation of PPAR-alpha nuclear receptors. Learn Mem 16(5): 332–337.

57. Campolongo P, Roozendaal B, Trezza V, Cuomo V, Astarita G, et al. (2009)
Fat-induced satiety factor oleoylethanolamide enhances memory consolidation.

Proc Natl Acad Sci U S A 106(19): 8027–8031.
58. Kaczocha M, Glaser ST, Deutsch DG (2009) Identification of intracellular

carriers for the endocannabinoid anandamide. Proc Natl Acad Sci U S A

106(15): 6375–6380.
59. Tan NS, Shaw NS, Vinckenbosch N, Liu P, Yasmin R, et al. (2002) Selective

cooperation between fatty acid binding proteins and peroxisome proliferator-
activated receptors in regulating transcription. Mol Cell Biol 22(14): 5114–5127.

60. Helledie T, Antonius M, Sorensen RV, Hertzel AV, Bernlohr DA, et al. (2000)

Lipid-binding proteins modulate ligand-dependent trans-activation by peroxi-
some proliferator-activated receptors and localize to the nucleus as well as the

cytoplasm. J Lipid Res 41(11): 1740–1751.
61. Wolfrum C, Borrmann CM, Borchers T, Spener F (2001) Fatty acids and

hypolipidemic drugs regulate peroxisome proliferator-activated receptors alpha -
and gamma-mediated gene expression via liver fatty acid binding protein: A

signaling path to the nucleus. Proc Natl Acad Sci U S A 98(5): 2323–2328.

62. Schroeder F, Petrescu AD, Huang H, Atshaves BP, McIntosh AL, et al. (2008)
Role of fatty acid binding proteins and long chain fatty acids in modulating

nuclear receptors and gene transcription. Lipids 43(1): 1–17.
63. Oishi K, Shirai H, Ishida N (2005) CLOCK is involved in the circadian

transactivation of peroxisome-proliferator-activated receptor alpha (PPARalpha)

in mice. Biochem J 386(Pt 3): 575–581.
64. Canaple L, Rambaud J, Dkhissi-Benyahya O, Rayet B, Tan NS, et al. (2006)

Reciprocal regulation of brain and muscle arnt-like protein 1 and peroxisome
proliferator-activated receptor alpha defines a novel positive feedback loop in the

rodent liver circadian clock. Mol Endocrinol 20(8): 1715–1727.
65. Kohsaka A, Bass J (2007) A sense of time: How molecular clocks organize

metabolism. Trends Endocrinol Metab 18(1): 4–11.

66. Schmutz I, Ripperger JA, Baeriswyl-Aebischer S, Albrecht U (2010) The
mammalian clock component PERIOD2 coordinates circadian output by

interaction with nuclear receptors. Genes Dev 24(4): 345–357.
67. Diekelmann S, Born J (2010) The memory function of sleep. Nat Rev Neurosci

11(2): 114–126.

68. Smith C, Rose GM (1996) Evidence for a paradoxical sleep window for place
learning in the morris water maze. Physiol Behav 59(1): 93–97.

69. Mednick SC, Nakayama K, Cantero JL, Atienza M, Levin AA, et al. (2002) The
restorative effect of naps on perceptual deterioration. Nat Neurosci 5(7):

677–681.
70. Mednick S, Nakayama K, Stickgold R (2003) Sleep-dependent learning: A nap is

as good as a night. Nat Neurosci 6(7): 697–698.

71. Gais S, Plihal W, Wagner U, Born J (2000) Early sleep triggers memory for early
visual discrimination skills. Nat Neurosci 3(12): 1335–1339.

72. Stickgold R, James L, Hobson JA (2000) Visual discrimination learning requires
sleep after training. Nat Neurosci 3(12): 1237–1238.

73. Wamsley EJ, Tucker MA, Payne JD, Stickgold R (2010) A brief nap is beneficial

for human route-learning: The role of navigation experience and EEG spectral
power. Learn Mem 17(7): 332–336.

74. Tucker MA, Fishbein W (2008) Enhancement of declarative memory
performance following a daytime nap is contingent on strength of initial task

acquisition. Sleep 31(2): 197–203.

75. Fenn KM, Nusbaum HC, Margoliash D (2003) Consolidation during sleep of
perceptual learning of spoken language. Nature 425(6958): 614–616.

76. Brawn TP, Fenn KM, Nusbaum HC, Margoliash D (2008) Consolidation of
sensorimotor learning during sleep. Learn Mem 15(11): 815–819.

77. Cai DJ, Shuman T, Gorman MR, Sage JR, Anagnostaras SG (2009) Sleep
selectively enhances hippocampus-dependent memory in mice. Behav Neurosci

123(4): 713–719.

78. Brawn TP, Nusbaum HC, Margoliash D (2010) Sleep-dependent consolidation
of auditory discrimination learning in adult starlings. J Neurosci 30(2): 609–613.

79. Datta S, Li G, Auerbach S (2008) Activation of phasic pontine-wave generator in
the rat: A mechanism for expression of plasticity-related genes and proteins in

the dorsal hippocampus and amygdala. Eur J Neurosci 27(7): 1876–1892.

80. Wetzel W, Wagner T, Balschun D (2003) REM sleep enhancement induced by
different procedures improves memory retention in rats. Eur J Neurosci 18(9):

2611–2617.
81. Thum AS, Jenett A, Ito K, Heisenberg M, Tanimoto H (2007) Multiple memory

traces for olfactory reward learning in drosophila. J Neurosci 27(41):
11132–11138.

82. Andretic R, Shaw PJ (2005) Essentials of sleep recordings in drosophila: Moving

beyond sleep time. Methods Enzymol 393: 759–772.

Fatty-Acid Binding Protein, Sleep and Memory

PLoS ONE | www.plosone.org 9 January 2011 | Volume 6 | Issue 1 | e15890


