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In Drosophila, aversive olfactory memory is believed to be stored in a prominent brain structure, the mushroom body (MB), and two pairs of MB
intrinsic neurons, the dorsal paired medial (DPM) and the anterior paired lateral (APL) neurons, are found to regulate the consolidation of
middle-term memory (MTM). Here we report that another prominent brain structure, the ellipsoid body (EB), is also involved in the modulation
of olfactory MTM. Activating EB R2/R4m neurons does not affect the learning index, but specifically eliminates anesthesia-sensitive memory
(ASM), the labile component of olfactory MTM. We further demonstrate that approximately two-thirds of these EB neurons are GABAergic and
are responsible for the suppression of ASM. Using GRASP (GFP reconstitution across synaptic partners), we reveal potential synaptic connec-
tions between the EB and MB in regions covering both the presynaptic and postsynaptic sites of EB neurons, suggesting the presence of
bidirectional connections between these two important brain structures. These findings suggest the existence of direct connections between the
MB and EB, and provide new insights into the neural circuit basis for olfactory labile memory in Drosophila.

Introduction
Drosophila melanogaster is a simple but powerful animal model
for research on learning and memory, as its behavioral profiles
and their underlying neural circuits have been investigated in
depth. The mushroom body (MB), for example, is well known for
its essential role in olfactory memory (McGuire et al., 2001;
Pascual and Preat, 2001). In Drosophila, olfactory aversive
middle-term memory (MTM) is constituted by two components,
anesthesia-resistant memory (ARM) and anesthesia-sensitive
memory (ASM), which have different sensitivities to cold shock-
induced anesthesia (Folkers et al., 1993; Waddell et al., 2000;
Knapek et al., 2010, 2011). Many reports have shown that the MB
is responsible for the formation and modulation of ASM
(Krashes et al., 2007; Schwaerzel et al., 2007; Shuai et al., 2010). It
has also been reported that one type of dopaminergic neuron in
the PAM cluster that sends projections to the medial tips of the
MB horizontal lobes is required for the formation of ASM (Aso et
al., 2010). In addition, two pairs of MB intrinsic neurons, the dorsal

paired medial (DPM) and the anterior paired lateral (APL) neurons,
have been reported to play a role in the modulation of ASM
(Waddell et al., 2000; Keene et al., 2006). DPM neurons are sug-
gested to both receive from and transmit to MB neurons and are
involved in 3 h memory consolidation (Keene et al., 2006), whereas
APL-DPM heterotypic gap junctions are required for 3 h ASM for-
mation (Wu et al., 2011). Whether there are other structures outside
of the MB involved in the modulation of ASM is still unclear.

We examined one brain structure located just posterior to the
MB, the ellipsoid body (EB). The EB is the anterior part of the
central complex, and the characteristic doughnut structure of
the EB is composed of four classes of large-field ring neurons
(R1-R4) (Hanesch et al., 1989; Renn et al., 1999). One recent
study reported that the NMDA receptors are required in the EB
for olfactory long-term memory (LTM) consolidation (Wu et al.,
2007). Here we demonstrate that the EB is also involved in the
modulation of olfactory MTM, raising the possibility that the EB
may have connections to the neural circuits of olfactory learning
and memory. Given that the MB is the center for olfactory learn-
ing and memory, we wondered whether there could be direct
connections between the EB and MB.

GFP reconstitution across synaptic partners (GRASP) is a re-
cently developed method for investigating putative synaptic connec-
tions by expressing two split components of GFP in adjacent cells. If
these cells have synaptic connections and are thus close enough, GFP
will be reconstituted and fluoresce under laser excitation (Feinberg
et al., 2008; Gordon and Scott, 2009). Using this approach, we show
that the EB and MB may have direct connections in both the presyn-
aptic and postsynaptic regions of the EB.

Materials and Methods
Fly stocks. Fly strains c819-GAL4 and UAS-syt::GFP were kindly pro-
vided by Dr. Li Liu (Institute of Biophysics, Beijing, China), 5.30-
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GAL4 by Dr. Frederick Wolf (Ernest Gallo
Clinic and Research Center, Emeryville, CA), and
LexAop-CD4::GPF11; UAS-CD4::GFP1–10 by
Dr. Kristen Scott (University of California,
Berkeley, CA). UAS-TrpA1, MB247-DsRED;
MB247-DsRED,MB247-LexA::VP16,UAS-mCD8::
mCherry, and MB-GAL80 were generously pro-
vided by Dr. Scott Waddell (University of Oxford,
Oxford, UK). Cha3.3kb-GAL80 was provided by Dr.
Yi Rao (Peking University, Beijing, China),
UAS-D�7::GFP by Dr. Stephan Sigrist (Freie Uni-
versität Berlin, Berlin, Germany), and Gad-GAL80
by Dr. Takaomi Sakai (Tokyo Metropolitan Uni-
versity, Tokyo, Japan). UAS-mCD8::EGFP was
obtained from the Bloomington Stock Cen-
ter. The wild-type control fly strain used was
w(CS). All flies used in the experiments were
raised on a standard medium (Guo et al.,
1996) in a 12 h light/dark cycle at 22 � 1°C,
60% relative humidity.

Behavioral analysis. Olfactory aversive learning
and memory tests were performed using a stan-
dard T-maze paradigm (Tully and Quinn, 1985;
Zhang et al., 2008). Briefly, 2- to 5-d-old flies
were collected and grouped (�100 per vial),
and training and testing were performed the
next day. The odorants 4-methylcyclohexane
(MCH, Fluka) and 3-octanol (OCT, Aldrich)
were diluted in mineral oil (Thermo Fisher Sci-
entific) at 18:10,000 and 10:10,000, respec-
tively. For restrictive temperature experiments,
flies were prewarmed at 28°C for 15 min before
training. Statistical analyses were performed in
Origin (OriginLab); an overall ANOVA was
followed by pairwise comparisons between
relevant groups using Tukey post hoc tests.
All experimental groups were n � 8, unless
otherwise specified.

Immunohistochemistry. Adult female flies
were collected 2–5 d after eclosion and anes-
thetized on ice. Brains were dissected in iced
PBS (containing 1.86 mM NaH2PO4, 8.41 mM

NaHP2O4, and 175 mM NaCl) and fixed in
4% paraformaldehyde (PFA) solution in
PBST (0.3% Triton X-100 in PBS) for 1 h at
room temperature (RT). Samples were then
washed three times in PBST, each time for 15
min. After blocking in 5% normal goat se-
rum (NGS) in PBST for 1 h at RT, samples
were incubated with a primary antibody in
blocking solution for 2 d at 4°C and washed
three times in PBST at RT, each time for 15 min.
Samples were incubated with a secondary anti-
body for another 2 d at 4°C, then washed in PBST
three times at RT, each time for 15 min before
mounting in mounting medium (Vectashield
H-1000, Vector Laboratories) for confocal imag-
ing. Brain samples were imaged by Z-stack scan-
ning at a step of 1 �m with a Leica SP5 II confocal
microscope. Z-stack images were processed for
3D reconstruction with ImageJ (National Insti-
tute of Health). Primary antibodies used in this
work were 3C11 anti-synapsin at 1:100 (Develop-
mental Studies Hybridoma Bank at the Univer-
sity of Iowa) and rabbit anti-GABA at 1:50
(Sigma, A2052). Secondary antibodies were Al-
exa 555 donkey anti-mouse IgG (Invitrogen,
A31570) and Alexa 555 donkey anti-rabbit IgG
(Invitrogen, A31572).

Figure 1. Activation of c819 neurons by heat-inducible TrpA1 impairs 3 h ASM. Temperature-shift protocols are shown above each
histogram. A, B, Flies were trained and tested for 2 min olfactory memory at 23°C (A) (n�10 –12) or at 28°C (B) (n�8 –15). C, There was
no difference in 3 h MTM between experimental and control groups at 23°C (n �8 –11). D, Flies were prewarmed for 15 min and trained
at 28°C, then immediately shifted to 23°C and tested 3 h after conditioning. The 3 h MTM was significantly impaired in the experimental
group compared with the control group (n � 8 –16). E, Flies were trained at 28°C, shifted immediately to 23°C, given a cold shock at 2 h,
and then tested at 3 h. There was no difference in 3 h ARM between experimental and control groups (n � 8 –10). F, At 2 h after a 28°C
heat-inductionduringtraining,the2mincold-shocktreatmentadministeredimpaired3hmemoryperformanceintheparentalcontrolflies,butnot
in c819�TrpA1 flies (n�8 –12). Data are presented as the mean�SEM. **p�0.01 analyzed by ANOVA. n.s., no significant difference.

5176 • J. Neurosci., March 20, 2013 • 33(12):5175–5181 Zhang et al. • Ellipsoid Body in Olfactory Memory Modulation



Results
Activating EB R2/R4m neurons during training specifically
blocks ASM
To investigate the role of the EB in olfactory learning and mem-
ory, we expressed a temperature-sensitive cation channel
TrpA1 (Hamada et al., 2008) for heat-inducible activation of
R2/R4m EB neurons driven by c819-GAL4 (Renn et al., 1999). We
found that c819�TrpA1 flies learned as well as their parental
controls at 23°C (Fig. 1A), and temporally activating TrpA1 at
28°C during conditioning did not affect the learning index (Fig.
1B), indicating that these flies were able to detect the odor and
electric shock and couple them normally. The MTM examined at
3 h after conditioning was also comparable among these groups
when they were not heat-activated (Fig. 1C); however, upon heat-
shock during training, c819�TrpA1 flies exhibited significantly
lower MTM than in their parental controls (F(2,31) � 6.3706, p �
0.0051) (Fig. 1D). These data indicated that activating EB neu-

rons during learning affected the 3 h MTM, instead of the imme-
diate memory.

To determine which part of MTM was affected, we examined
ARM by performing a 2 min cold shock at 2 h after training
according to the standard paradigm (Tully et al., 1994). Results
showed that these c819�TrpA1 flies had a normal level of ARM
comparable to their parental controls (Fig. 1E). The difference be-
tween the total 3 h MTM and the ARM, representing the level of
ASM (Folkers et al., 1993), was significant in control flies (F(1,19) �
21.6241, p � 0.0002), but almost absent in c819�TrpA1 flies
(F(1,14) � 3.435, p � 0.085) (Fig. 1F). Thus, activating c819-labeled
EB neurons (referred to hereafter as c819-EB neurons) during train-
ing specifically impairs 3 h ASM while leaving ARM intact.

c819-EB neurons that affect 3 h ASM are GABAergic
To determine how these c819-EB neurons are involved in olfac-
tory memory modulation, we first visualized these c819-EB neu-

Figure 2. Activating non-GABAergic c819-EB neurons does not affect 3 h memory. A, Projection view of the c819�mEGFP fly brain. ltr, Lateral triangle; cb, cell body; ring, ring-like structure. B–D,
Cha3.3kb-GAL80 completely inhibited c819-driven GFP expression in the EB (B), whereas Gad-GAL80 blocked the signal in a large proportion of the c819-EB neurons (C) and TH-GAL80 did not
appreciably inhibit c819-GAL4-driven expression (D). E, F, Single-section confocal image of EB cell bodies in one hemisphere of the brain stained with anti-GABA. The GFP signal (green) shows
c819-EB neurons (E) and was partially merged with the anti-GABA signal (magenta) (F ). G, H, With Gad-GAL80 inhibition, GFP expression in the EB neurons (G) did not overlap with the GABA signal
(H ). I, Heat shock during training impaired 3 h MTM in c819� TrpA1 and 5.30� TrpA1 flies. Blocking TrpA1 expression in GABAergic neurons by Gad-GAL80 eliminated this effect (n � 8 –12). J,
There was no difference in 3 h ARM between all experimental and control groups (n � 8 –13). Scale bars: A–D, 50 �m; E–H, 10 �m. Data are presented as the mean � SEM. **p �0.01 by ANOVA.
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rons by expressing membrane-enhanced
GFP (mEGFP) under the control of c819-
GAL4. Consistent with a previous report
(Renn et al., 1999), we observed strong
expression in the EB R2/R4m neurons,
which consist of cell bodies, RF tracts, lat-
eral triangles, lateral EB tracts, and a ring-
like structure (Fig. 2A).

To examine the neurochemistry of
these EB neurons, we combined c819-
GAL4 with three GAL80 lines respectively:
Cha3.3kb-GAL80 in cholinergic neurons
(Kitamoto, 2002), Gad-GAL80 in
GABAergic neurons (Sakai et al., 2009),
and TH-GAL80 in most of the dopami-
nergic neurons (Sitaraman et al., 2008).
As shown in Figure 2, A and B, Cha3.3kb-
GAL80 completely blocked c819 expres-
sion in the EB region, suggesting that all
the c819-EB neurons are likely cholin-
ergic. c819-driven mEGFP expression was
inhibited by Gad-GAL80 in a large portion
of c819-EB neurons (Fig. 2C), whereas
TH-GAL80 did not affect the expression
pattern (Fig. 2D). It has been reported
that some EB neurons are GABAergic
(Hanesch et al., 1989; Kahsai and
Winther, 2011; Kahsai et al., 2012). We
counted the cell number of c819-EB neu-
rons in both hemispheres of the brain
(n � 15) to be 31.9 � 3.0 and 31.8 � 2.4
on the left and right sides, respectively.
With the suppression of Gad-GAL80, only
10.0 � 1.9 and 10.5 � 2.0 GFP-labeled
neurons remained in the left and right
hemispheres. We further performed im-
munostaining with GABA antibody and
detected GABA expression in a portion of
the c819-EB cells (Fig. 2E,F). Further-
more, Gad-GAL80 completely inhibited
mEGFP expression in GABA-positive neu-
rons (Fig. 2G,H). Thus, our results demon-
strate that approximately two-thirds of the
c819-EB neurons are GABAergic, and that
Gad-GAL80 can sufficiently suppress
c819-GAL4 activity in these GABAergic
neurons.

We then asked whether these GABAergic neurons are respon-
sible for the 3 h MTM impairment that we observed in
c819�TrpA1 flies. Consistently, heat induction of TrpA1 in
c819-EB neurons during conditioning impaired 3 h memory
significantly (F(4,39) � 6.2349, p � 0.0006); however, blocking
TrpA1 expression in GABAergic neurons with Gad-GAL80
abolished this effect as these flies exhibited comparable 3 h
memory to their parental controls (Fig. 2I ). 5.30-GAL4 has
been shown to have a similar expression pattern in the EB as
c819-GAL4 (Kong et al., 2010), and we confirmed its expres-
sion pattern in EB R2/R4m neurons (data not shown). We
found that activating 5.30-EB neurons by heat-induced TrpA1
during training also impaired 3 h memory, and this effect
could also be eliminated by Gad-GAL80 (Fig. 2I ). Thus, our
results demonstrate that a group of GABAergic R2/R4m EB
neurons is responsible for the suppression of MTM.

We next analyzed the memory component by introducing a
cold-shock treatment and consistently found that ARM scores
had no difference in all experimental and control groups (Fig.
2J ), indicating that the reduction in MTM was mainly in ASM.
Together, our results demonstrate that a group of GABAergic
neurons in the EB interferes with olfactory memory consoli-
dation, specifically affecting ASM, the labile component of
MTM.

GRASP signals suggest direct connections between MB247
and c819-EB neurons
To investigate the synaptic distribution of EB neurons, we ex-
pressed GFP-tagged synaptotagmin (Syt) and nAChR-D�7
(D�7) under c819-GAL4 control. Syt is a major Ca 2� sensor for
synaptic vesicle exocytosis and is mainly located in synaptic
vesicle-enriched presynaptic sites (Zhang et al., 2002), whereas
D�7 is a subunit of the nicotinic acetylcholine receptor and can

Figure 3. Distribution of presynaptic and postsynaptic regions in c819-EB neurons. A1, A2, Presynaptic regions labeled by
Syt::GFP (green) mainly localized to the ring area of c819-EB neurons shown by mCherry (red) in (A2). B1, B2, Postsynaptic regions
labeled by D�7::GFP (green) distributed to the whole neuron shown by mCherry (red) in B2. C1–C4, MB247-DsRED (red) and
c819�mGFP (green) showed MB and EB structures, respectively, which were close together in some regions (arrowheads). C1,
Confocal projection of the brain frontal view. C2–C4, Single section of the volume view (C2 was a coronal section and C3, C4 were
horizontal sections). Scale bars, 50 �m.
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be used as a marker for postsynapses (Grauso et al., 2002; Fayya-
zuddin et al., 2006; Christiansen et al., 2011). In addition,
mCD8::Cherry (mCherry) was coexpressed to show the mor-
phology of c819-EB neurons. We found that the Syt::GFP signal
was restricted to the ring region, especially the anterior part, and
was barely detected elsewhere (Fig. 3A1,A2), whereas D�7::GFP
labeled the ring, lateral triangle, and cell bodies, almost distrib-
uted to the whole neuron as labeled by mCherry (Fig. 3B1,B2).
These findings suggest that these c819-EB neurons may receive
information input at areas throughout the cell while sending out
information mainly in the ring region.

The most prominent substructures anterior to the EB anterior
region, where the presynaptic buttons of the EB are seated, are the
MB horizontal lobes. We thus wondered whether these GABAe-
rgic EB neurons modulate olfactory memory via direct connec-
tions with the MB, similar to GABAergic APL neurons (Liu et al.,
2007, 2009; Pitman et al., 2011; Wu et al., 2011). To examine the
spatial relationship in detail, we combined c819-GAL4�mEGFP
with MB247-DsRED in one fly strain (Riemensperger et al., 2005)

to express green and red fluorescent proteins in these two struc-
tures, respectively. As shown in the frontal projection view (Fig.
3C1), the cell bodies of c819-EB neurons were located lateral and
anterior to the heels of the MB, extending their nerve bundles
from the ventral to the posterior side of the MB horizontal lobes.
Using 3D reconstitution, we found that these two structures were
spatially very close in some regions, for example, the EB RF tracts
were adjacent to the MB lobe junctions as shown in the coronal
section view (Fig. 3C2), and the tips of the MB horizontal lobes
were anteriorly adjacent to the ring as shown in the horizontal
section view (Fig. 3C3,C4). Thus, these two major brain struc-
tures may have connections in both the presynaptic and postsyn-
aptic regions of the EB.

To further examine whether the EB and MB are close enough to
make synapses in these regions, we then performed a GRASP exper-
iment by separately expressing the two parts of the split-GFP in
c819-EB and MB247 neurons using UAS/GAL4 and LexA/LexAop
dual expression systems. To completely block any potential expres-
sion of c819-GAL4 in the MB, we combined MB-GAL80 (Krashes et

Figure 4. The EB and MB structures are close enough to form synaptic connections. A–F, The GRASP signal (green) reconstituted by MB 247-LexA– driven GFP11 and EB c819-GAL4– driven
GFP1–10 (A–C) was partially reduced by Gad-GAL80 (D–F ). A, D, Projection view of the MB-EB GRASP signal. B1–C2, Single section of the MB-EB GRASP signal revealing putative connections
(green) between the MB and EB in the EB RF tract area (B1, B2) and the ring area (C1, C2). E1–F2, Single section of the MB-EB GRASP signal under the suppression of Gad-GAL80 showed weakened
signals in both areas. Anti-synapsin counterstaining is shown in red (B2, C2, E2, F2). Scale bar, 50 �m.

Zhang et al. • Ellipsoid Body in Olfactory Memory Modulation J. Neurosci., March 20, 2013 • 33(12):5175–5181 • 5179



al., 2007) with the GRASP system and constructed a fly strain of
the following genotype: w; LexAop-CD4::spGFP11/MB-GAL80;
MB247-LexA::VP16,UAS-CD4::spGFP1–10/c819-GAL4. Confocal
imaging detected a strong GRASP signal in the EB (Fig. 4A), partic-
ularly in the “EB RF tracts-MB lobe junction” region (Fig. 4B1,B2)
and the “EB ring-MB horizontal lobe tips” region (Fig. 4C1,C2). We
further introduced Gad-GAL80 to this system, and the GRASP signal
was significantly weakened as shown in the projection view (Fig.
4D). Signals in the above two regions were also markedly reduced
with the suppression of Gad-GAL80 as shown in the single section
view (Fig. 4E1–F2). These results provide further evidence to sup-
port the existence of direct connections between the EB and MB, and
indicate that these connections are largely contributed by GABAer-
gic c819-EB neurons.

These morphological results identify two regions with poten-
tial direct connections between EB and MB neurons, and show
that these two areas may contain both presynaptic and postsyn-
aptic sites of EB neurons, suggesting that there may be bidirec-
tional connections between these two important brain structures.
Thus, our findings not only reveal a novel function of EB GABAergic
neurons in olfactory memory consolidation, but also suggest that its
neural circuitry possibly relies on direct connections to the MB, the
olfactory memory center of Drosophila.

Discussion
The function of EB GABAergic neurons in olfactory memory
Previous studies have shown that the EB plays an essential role in
visual pattern memory, orientation memory and place learning
(Pan et al., 2009; Ofstad et al., 2011; Kuntz et al., 2012), and thus
it is usually considered to be a center of visual learning and mem-
ory. Interestingly, one study on NMDA receptors reported that
the EB is required for olfactory long-term memory (LTM) con-
solidation (Wu et al., 2007); however, the underlying neural cir-
cuits remain uninvestigated. Here, our results reveal that a group
of EB neurons, the c819-labeled R2/R4m neurons, plays an inhib-
itory role in the modulation of MTM but not the immediate
memory. This points to a new function of the EB in olfactory
cognition and further demonstrates that the EB could be involved
in the process of olfactory aversive learning and memory from an
earlier stage than previously thought.

Hanesch et al. (1989) demonstrated the presence of dense
GABA-like immunoreactivity in the EB ring and RF tract suggest-
ing that the bulk of EB neurons are GABAergic. Although this
finding has been confirmed by several other studies, the function
of these GABAergic neurons in cognition is still unclear. Our
results further reveal that approximately two-thirds of the
c819-EB neurons are GABAergic, and they play an inhibitory role
in ASM modulation. The GABAA receptor, resistant to dieldrin
(RDL), has been shown to be highly expressed in the MB lobes
and the EB (Liu et al., 2009). It is thus possible that these EB
GABAergic neurons function through RDL receptors.

The neural circuits of ASM
As a component of MTM, ASM has been suggested to be stored in
the MB and to be modulated by MB intrinsic APL and DPM
neurons (Wu et al., 2011), of which the neural terminals are
restricted to the MB (Tanaka et al., 2008). Here we report the EB,
a brain structure separate from the MB, is also involved in the
modulation of ASM. We have shown that EB neurons may be
both presynaptic and postsynaptic to MB neurons, suggesting
that they may suppress 3 h ASM via putative direct connections
between the EB and MB. That the MB and EB are two discrete but
possibly interconnected and interacting brain regions, sug-

gests that it is important to study the process of learning and
memory over a more widely distributed neural network. How-
ever, the interaction between neurons from different struc-
tures may endow the network with greater capacity for more
complex activities.

It is also interesting to discover that activating c819-EB
GABAergic neurons during training impaired 3 h ASM instead of
immediate learning performance. Recently Plaçais et al. (2012)
reported that blocking two pairs of dopaminergic neurons during
intertrial intervals in spaced training suppresses the formation of
24 h LTM by interfering with the slow oscillations in these dopa-
minergic neurons. As we have shown that bidirectional connec-
tions may exist between the EB and MB, we propose that there
may be a small feedback circuit between the EB and MB, which
may have prolonged oscillations and therefore affect 3 h ASM
consolidation. Further functional imaging studies may provide
more clues on how this neural circuit functions.
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