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Preferential distribution of nuclear MAPK
signal in α/β core neurons during long-term
memory consolidation in Drosophila

Dear Editor,

Neuronal signal relay from synapse to nucleus, which is
evokedbybehavioral training, playsa vital part in consolidation
of protein synthesis-dependent long-term memory (LTM) from
invertebrates to vertebrates (Kandel et al., 2014). Among dif-
ferent training-induced neuronal signals, activation of MAPK
(mitogen-activated protein kinase) is extensively studied and
widely believed to be essential and critical for LTM consolida-
tion from invertebrates to vertebrates (Alberini and Kandel,
2015). Extensive studies contribute to two fundamental ques-
tions that how behavioral training activates synaptic signaling
molecules and how nuclear signaling molecules initiate new
transcription of genes (Alberini and Kandel, 2015). However,
relatively slower progress has been made on how behavioral
training-induced synaptic signals translocate into nucleus,
which is a critical step to bridge the former two questions
together. In a recent study, we found that DIM-7, an importin in
Drosophila, plays a critical role in mediating nuclear translo-
cation of pMAPK to initiate LTM consolidation (Li et al., 2016).
In that study, we found that Kenyon cells (KCs), neurons of
mushroom body (MB), are critical places for nuclear translo-
cation of pMAPK signal in determining LTM consolidation.
Since the MB, which is a center of associative memory in
Drosophila (Davis, 2005), contains about 2,000 neurons (Aso
et al., 2009), it is interesting and useful to know whether such
pMAPK nuclear translocation occurs evenly in all these neu-
rons or preferentially in a specific group of KCs. In the current
study,wecombinedbehavioral trainingparadigmwith confocal
imaging to address this question. What we found is that con-
solidation-related pMAPK nuclear translocation occurs pref-
erentially in a small group ofMBneurons (α/βcKCs), which are
reported to be necessary and specific for LTM consolidation
(Huang et al., 2012).

According to our previous study (Li et al., 2016), we found
that LTM training (spaced training, four repeated training
sessions with 15-min interval) significantly induces more
nuclear translocation of pMAPK at a representative time
point of consolidation (8-h after spaced training), compared
with naive flies and flies subjected to non-LTM training
(massed training, four repeated and consecutive training

sessions). This data indicates that LTM training specifically
causes pMAPK nuclear translocation in KCs. In the current
work, by using the same method, we employ more specific
Gal4 lines to study the distribution of such training-induced
nuclear pMAPK signal in subgroups of KCs.

We first checked the distribution of nuclear pMAPK signal in
threemajor classesofMBneurons (α/β, γ, andα’/β’) at 8-h after
spaced training, a representative time point during LTM con-
solidation (Li et al., 2016). To distinguish these classes, we
employed three specificGal4 lines: c739, VT44966, VT57244.
These lines were reported to be specific drivers of different MB
drivers (Aso et al., 2009; Wu et al., 2013; Yang et al., 2016).
By crossing these Gal4 lines with UAS-mCD8::GFP;
MB247-DsRed flies, we confirmed their specific expression
patterns in MB lobes (Fig. S1). Relative to all MB lobes labeled
by DsRed signal (red color), c739-Gal4, VT44966-Gal4, and
VT57244-Gal4 showed strong and specific expression
respectively in α/β lobe, γ lobe, andα’/β’ lobe (SeeGFP signal,
greencolor). TheseGal4 tools allowus todetect pMAPKsignal
in each specific type of KCs during LTM consolidation. The
data were shown in Fig. 1. We crossed these Gal4 lines with
UAS-nlsGFP flies to label the nuclei of specific KCs (GFP
signal, green color). All nuclei in MBwere labeled by TO-PRO-
3 (blue color), while pMAPK signals were detected by its
specific antibody (red color). From the representative images,
we could see a clearly preferential distribution of pMAPK inMB
nuclei (Fig. 1A). In contrast to γ KCs (VT44966) and α’/β’ KCs
(VT57244), nuclear translocation of pMAPK occurred more
likely in nuclei of α/β KCs (c739). Then we analyzed all the
imaging data by measuring the mean intensity of nuclear
pMAPK relative to calyx (the dendritic area of MB) and by
counting the number of nuclei with strong pMAPK signal in
different types of KCs. As Figure 1B showed, pMAPK mean
intensity in nuclei of α/β KCs (c739) were significantly higher
than γ KCs (VT44966) and α’/β’ KCs (VT57244). Consistently,
the number of nuclei with strong pMAPK signal in α/β KCs
(c739) was also apparently more than other two types of KCs
(Fig. 1C). Interestingly, there were more nuclei with strong
pMAPK signal in γ KCs (VT44966) compared with α’/β’ KCs
(VT57244) (Fig. 1C), despite that there were no significant
differences of nuclear pMAPK mean intensity between these
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two types of KCs (Fig. 1B). It indicates that nuclear transloca-
tion of pMAPK signal of these two types of KCs is different to a
certain extent. Together, these findings support that pMAPK
nuclear translocation occurs differently in different classes of
KCs during consolidation stage, and showed a preferential
distribution in α/β KCs.

Next,weexploredwhether thedistributionof nuclear pMAPK
signal is still preferential in subgroups of α/β KCs. α/β KCs
include about 1000 neurons and can be divided into at least

three subgroups: α/β posterior (α/βp, ∼75 neurons), α/β surface
(α/βs, ∼700 neurons), and α/β core (α/βc, ∼200 neurons) (Aso
et al., 2009).Among these three subgroups,α/βpKCs innervate
only the accessary calyx and are dispensable for LTM (Huang
et al., 2013; Perisse et al., 2013). In contrast,α/βs KCsand α/βc
KCs innervate the main calyx and are closely linked with LTM
(Huang et al., 2013; Huang et al., 2012; Perisse et al., 2013).
Thus, our study focused on α/βs KCs and α/βc KCs. First, we
used two specificGal4 lines todistinguish these two subgroups:
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Figure 1. Distribution of nuclear pMAPK signal in three major types of MB neurons during consolidation. (A) Representative

images of pMAPK signal in different types of MB neurons at 8-h after spaced training. Indicated Gal4 lines were crossed to flies with

the genotype UAS-nlsGFP and detected by confocal imaging of whole adult central brain. Nuclei are indicated by blue color. pMAPK

signal is displayed as red color. Gal4-drived expression of nlsGFP is shown as green color. Five representative nuclei with strong

pMAPK signal are marked by white triangle. Scale bar is 10 μm. (B) Statistical analysis as reflected in mean intensity ratio of pMAPK

signal (Gal4-labeled nuclei vs. calyx). α/β MB neurons showed significantly higher ratio of pMAPK mean intensity than γ and α’/β’ MB

neurons. Bars, mean ± SEM (n = 6–7); *P < 0.05. (C) Statistical analysis as reflected in nuclear number ratio of strong pMAPK signal

(number of Gal4-labeled nuclei with strong pMAPK vs. number of Gal4-labeled nuclei). Nuclear number ratio of strong pMAPK signal

in α/β MB neurons is remarkably higher than in γ and α’/β’ MB neurons. Bars, mean ± SEM (n = 6–7); *P < 0.05.
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VT26665 for α/βs KCs and NP7175 for α/βc KCs. The expres-
sion pattern of these two Gal4 lines in MB lobes was shown in
Fig. S2. Then with the help of these tools, we checked the
distribution of pMAPK signal in nuclei at 8-h after spaced
training as we did in Fig. 1. According to our data, both the
nuclear pMAPK mean intensity and number of strong pMAPK
nuclei in α/βc KCs (NP7175) were significantly higher than
α/βs KCs (VT26665) (Fig. 2A–C). Since cell number of α/βc KCs
is reported to be much fewer than α/βs KCs (Aso et al., 2009), it
is possible that higher pMAPK signal observed in α/βc nuclei
here might be caused by fewer cell number. To address this
concern, we compared the distribution of all nuclei with strong
pMAPK signal in both α/βc and α/βs neurons (Fig. 2D). Of note,
the data showed that there was no significant difference found
between these two groups of neurons, supporting that higher
pMAPK signals observed in α/βc nuclei are not due to fewer cell

number. Thus, pMAPK nuclear translocation also occurs differ-
ently in different subgroups of α/β KCs during consolidation
stage, and showed a preferential distribution in α/βc KCs.

According to our present findings, pMAPK nuclear
translocation in α/β KCs is highly related to LTM consolidation
in contrast to γ KCs and α’/β’ KCs. Consistently, α/β KCs are
essential for aversive LTM at both neural circuit andmolecular
level (Huang et al., 2012; Isabel et al., 2004; Yu et al., 2006). In
contrast, α’/β’KCsare reported to be involved in earlymemory
(Krashes et al., 2007; Wang et al., 2008). Interestingly,
although neurotransmission of γ KCs is dispensable for LTM
retrieval (Isabel et al., 2004), significant calcium trace in γKCs
is reported to be important for late LTM memory (Akalal et al.,
2010). These two studies may help to explain our finding that
there are more nuclei with strong pMAPK signal in γ KCs
(VT44966) compared with α’/β’ KCs (VT57244) (Fig. 2C). To
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Figure 2. Distribution of nuclear pMAPK signal in two subgroups of α/β KCs during consolidation. (A) Representative images

of pMAPK signal in different types of α/β KCs at 8-h after spaced training. Indicated Gal4 lines were crossed to flies with the genotype

UAS-nlsGFP and detected by confocal imaging of whole adult central brain. Nuclei are labeled by blue color. pMAPK signal is

displayed as red color. Gal4-drived expression of nlsGFP is shown as green color. Five representative nuclei with strong pMAPK

signal are marked by white triangle. Scale bar is 10 μm. (B) Statistical analysis as reflected in mean intensity ratio of pMAPK signal

(Gal4-labeled nuclei vs. calyx). α/βc KCs showed significantly higher ratio of pMAPK mean intensity than α/βs KCs. Bars,

mean ± SEM (n = 6–7); *P < 0.05. (C) Statistical analysis as reflected in nuclear number ratio of strong pMAPK signal (number of

Gal4-labeled nuclei with strong pMAPK vs. number of Gal4-labeled nuclei). Nuclear number ratio of strong pMAPK signal in α/βc KCs is

remarkably higher than in α/βs KCs. Bars, mean ± SEM (n = 6–7); *P < 0.05. (D) Statistical analysis as reflected distribution of nuclei with

strong pMAPK signal. No significant difference was found between α/βc and α/βs KCs. Bars, mean ± SEM (n = 6–7); *P < 0.05.
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make sure the roles of γ, α’/β’, and α/β KCs in LTM consoli-
dation, more studies should be needed.

Our finding strongly suggests that nuclear translocation of
pMAPK in α/β core neurons is crucial for LTM consolidation.
This suggestion is well supported by two previous studies in
Drosophila. First, blocking the outputs of α/β core neurons
during consolidation stage but not retrieval stage specifically
impairs 24-h aversive LTM (Huang et al., 2012). Second,
genetic manipulation of DIM-7, a nuclear transporter of
pMAPK, regulates LTM consolidation bi-directionally in MB
(Li et al., 2016). To clearly confirm this suggestion, in vivo
imaging study will be helpful.

FOOTNOTES

We thank Dr. Ann-Shyn Chiang, Dr. Kei Ito, Dr. André Fiala, and

Bloomington Stock Center for fly stocks. We also thank Cell Facility

in Tsinghua Center of Biomedical Analysis for the assistance of

using Zeiss LSM 710 META instrument. This work was supported by

grants from the National Natural Science Foundation of China (Grant

Nos. 91332207 and 91632301, to Yi Zhong), the National Basic

Research Project (973 program) (No. 2013cb835100, to Yi Zhong),

the Beijing Municipal Science & Technology Commission

(Z161100002616010, to Yi Zhong), and the Tsinghua-Peking Joint

Center for Life Sciences.

Wantong Hu, Xuchen Zhang, Lianzhang Wang, Zhong-Jian Liu,

Yi Zhong, and Qian Li declare that they have no conflict of interest.

All institutional and national guidelines for the care and use of

laboratory animals were followed.

Wantong Hu1, Xuchen Zhang1, Lianzhang Wang1,
Zhong-Jian Liu2,3, Yi Zhong1&, Qian Li1&

1 Tsinghua-Peking Center for Life Sciences, MOE Key Laboratory of

Protein Sciences, IDG/McGovern Institute for Brain Research,

School of Life Sciences, Tsinghua University, Beijing 100084,

China
2 Shenzhen Key Laboratory for Orchid Conservation and Utilization,

The National Orchid Conservation Center of China and The Orchid

Conservation Research Center of Shenzhen, Shenzhen 518114,

China
3 The Center for Biotechnology and Biomedicine, Graduate School

at Shenzhen, Tsinghua University, Shenzhen 518055, China

& Correspondence: zhongyi@tsinghua.edu.cn (Y. Zhong)

lqnirvana@ gmail.com (Qian Li)

OPEN ACCESS

This article is distributed under the terms of the Creative Commons

Attribution 4.0 International License (http://creativecommons.org/

licenses/by/4.0/), which permits unrestricted use, distribution, and

reproduction in any medium, provided you give appropriate credit to

the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made.

REFERENCES

Akalal DB, Yu D, Davis RL (2010) A late-phase, long-term memory

trace forms in the gammaneuronsofDrosophilamushroombodies

after olfactory classical conditioning. J Neurosci 30:16699–16708
Alberini CM, Kandel ER (2015) The regulation of transcription in

memory consolidation. Cold Spring Harb Perspect Biol 7:a021741

Aso Y, Grubel K, Busch S, Friedrich AB, Siwanowicz I, Tanimoto H

(2009) The mushroom body of adult Drosophila characterized by

GAL4 drivers. J Neurogenet 23:156–172
Davis RL (2005) Olfactory memory formation in Drosophila: from

molecular to systemsneuroscience.AnnuRevNeurosci 28:275–302
Huang C, Zheng X, Zhao H, Li M, Wang P, Xie Z, Wang L, Zhong Y

(2012) A permissive role of mushroom body alpha/beta core

neurons in long-term memory consolidation in Drosophila. Curr

Biol 22:1981–1989
Huang C, Wang P, Xie Z, Wang L, Zhong Y (2013) The differential

requirement of mushroom body alpha/beta subdivisions in long-

term memory retrieval in Drosophila. Protein Cell 4:512–519
Isabel G, Pascual A, Preat T (2004) Exclusive consolidated memory

phases in Drosophila. Science 304:1024–1027
Kandel ER, Dudai Y, Mayford MR (2014) The molecular and systems

biology of memory. Cell 157:163–186
Krashes MJ, Keene AC, Leung B, Armstrong JD, Waddell S (2007)

Sequential use of mushroom body neuron subsets during

Drosophila odor memory processing. Neuron 53:103–115
Li Q, Zhang X, Hu W, Liang X, Zhang F, Wang L, Liu ZJ, Zhong Y

(2016) Importin-7 mediates memory consolidation through regu-

lation of nuclear translocation of training-activated MAPK in

Drosophila. Proc Natl Acad Sci USA 113:3072–3077
Perisse E, Yin Y, Lin AC, Lin S, Huetteroth W, Waddell S (2013)

Different kenyon cell populations drive learned approach and

avoidance in Drosophila. Neuron 79:945–956
Wang YL, Mamiya A, Chiang AS, Zhong Y (2008) Imaging of an

early memory trace in the Drosophilamushroom body. J Neurosci

28:4368–4376
Wu CL, Shih MF, Lee PT, Chiang AS (2013) An octopamine-

mushroom body circuit modulates the formation of anesthesia-

resistant memory in Drosophila. Curr Biol 23:2346–2354
Yang CH, Shih MF, Chang CC, Chiang MH, Shih HW, Tsai YL,

Chiang AS, Fu TF, Wu CL (2016) Additive expression of

consolidated memory through Drosophila mushroom body sub-

sets. PLoS Genet 12:e1006061

Yu DH, Akalal DBG, Davis RL (2006) Drosophila alpha/beta

mushroom body neurons form a branch-specific, long-term

cellular memory trace after spaced olfactory conditioning. Neuron

52:845–855

Wantong Hu and Xuchen Zhang have contributed equally to this
work.

Electronic supplementary material The online version of this
article (doi:10.1007/s13238-017-0404-8) contains supplementary

material, which is available to authorized users.

Nuclear MAPK signal in mushroom body during consolidation LETTER

© The Author(s) 2017. This article is an open access publication 783

P
ro
te
in

&
C
e
ll

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1007/s13238-017-0404-8

	Preferential distribution of nuclear MAPKsignal in α/β core neurons during long-termmemory consolidation in Drosophila
	References




