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Neprilysins are type II metalloproteinases known to degrade and inactivate a number of small peptides. Neprilysins in particular are the
major amyloid-� peptide-degrading enzymes. In mouse models of Alzheimer’s disease, neprilysin overexpression improves learning and
memory deficits, whereas neprilysin deficiency aggravates the behavioral phenotypes. However, whether these enzymes are involved in
memory in nonpathological conditions is an open question. Drosophila melanogaster is a well suited model system with which to address
this issue. Several memory phases have been characterized in this organism and the neuronal circuits involved are well described. The fly
genome contains five neprilysin-encoding genes, four of which are expressed in the adult. Using conditional RNA interference, we show
here that all four neprilysins are involved in middle-term and long-term memory. Strikingly, all four are required in a single pair of
neurons, the dorsal paired medial (DPM) neurons that broadly innervate the mushroom bodies (MBs), the center of olfactory memory.
Neprilysins are also required in the MB, reflecting the functional relationship between the DPM neurons and the MB, a circuit believed to
stabilize memories. Together, our data establish a role for neprilysins in two specific memory phases and further show that DPM neurons
play a critical role in the proper targeting of neuropeptides involved in these processes.
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Introduction
Neprilysin proteins are zinc-dependent endopeptidases that in-
activate small peptides. They are mainly type II integral mem-
brane proteins, although in rare cases they can be cleaved or

secreted. Their active site faces the extracellular space and they
can be present at presynaptic sites (Fukami et al., 2002; Iwata et
al., 2004). Neprilysins play a key role in brain function by termi-
nating neuropeptide signaling at the cell surface (Turner, 2003)
and have been identified in various tissues in various organisms,
indicating evolutionarily conserved functions. They are involved
in many neuronal processes from axonal regeneration and syn-
aptic plasticity to neuroinflammation and, at the behavioral level,
have been implicated in motor function, anxiety, circadian
rhythms, and sleep (Nalivaeva et al., 2012a).

Neprilysins are also the major amyloid-� (A�) peptide-
degrading enzymes (Nalivaeva et al., 2012a; Marr and Hafez,
2014) and, as such, are thought to be key to Alzheimer’s disease
(AD), in which the first symptom is a loss of memory. AD brains
show decreased levels of neprilysin expression and activity (Ya-
sojima et al., 2001; Caccamo et al., 2005; Wang et al., 2010; Zhou
et al., 2013). In murine models of AD, neprilysin overexpression
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Significance Statement

Neprilysins are endopeptidases known to degrade a number of small peptides. Neprilysin research has essentially focused on their
role in Alzheimer’s disease and heart failure. Here, we use Drosophila melanogaster to study whether neprilysins are involved in
memory. Drosophila can form several types of olfactory memory and the neuronal structures involved are well described. Four
neprilysin genes are expressed in adult Drosophila. Using conditional RNA interference, we show that all four are specifically
involved in middle-term memory (MTM) and long-term memory (LTM) and that their expression is required in the mushroom
bodies and also in a single pair of closely connected neurons. The data show that these two neurons play a critical role in targeting
neuropeptides essential for MTM and LTM.
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attenuates memory deficits (Poirier et al.,
2006; Spencer et al., 2008; Park et al.,
2013), whereas neprilysin deficiency ag-
gravates the behavioral phenotypes
(Hüttenrauch et al., 2015). It has also been
shown that neprilysin inhibition im-
proves memory in aged mice, an effect
that is not mediated through A� degrada-
tion (Walther et al., 2009). Nalivaeva et al.
(2012b) showed that administration of
valpoic acid, which can upregulate nepri-
lysin expression, could restore neprilysin
activity and memory deficit caused by
prenatal hypoxia in adult rats, which
points to a role in memory. However,
whether neprilysin is involved in memory
in nonpathological situations is still an
open question.

To find out whether neprilysin is
required for memory in physiological
conditions, we used Drosophila melano-
gaster, a model organism that allows ef-
ficient conditional silencing in selected
neuronal structures. The fly genome
contains five neprilysin-encoding genes
(Bland et al., 2008). Neprilysins 1– 4
(Nep1– 4) are expressed in all develop-
mental stages, whereas Nep5-specific
transcripts are undetectable, indicating
that this gene is only marginally ex-
pressed, if at all, in Drosophila (Chinta-
palli et al., 2007; Meyer et al., 2011).
Nep1 is the fly ortholog of human nepri-
lysin (hNEP) (Turner et al., 2001). Cat-
alytic activity has been demonstrated
for two Drosophila neprilysins, Nep2
(Thomas et al., 2005; Bland et al., 2007)
and Nep4 (Meyer et al., 2009).

Figure 1. Nep1 inhibition in the adult �/� MB neurons induces a MTM deficit. A, Neprilysin mRNA is targeted efficiently by
RNAi-Nep constructs. Shown are qPCR analyses of neprilysin expression. Total RNA was extracted from elav/� and elav/RNAi-Nep
fly heads and further reverse transcribed with olig(dT) primers. Resulting cDNA was quantified using tubulin (Tub) expression as a

4

reference. Results are shown as ratios to the reference (Nep1: t
test, ***p � 0.0001, n � 4; Nep2: t test, ***p � 0.0001, n �
6; Nep3: t test, ***p � 0.0008, n � 4; Nep4: t test, **p �
0.0094, n � 4). B, C, Nep1 expression in adult �/� MB neu-
rons is involved in MTM. B, After 3 d of induction, Gal80 ts;
c739/Nep1A and /Nep1B flies exhibit MTM deficits (F(4,45) �
20.98, p � 0.0001, n � 8; post hoc Newman–Keuls test,
Gal80 ts;c739/Nep1A vs Gal80 ts;c739/� ***p � 0.001,
Gal80 ts;c739/Nep1A vs �/Nep1A ***p � 0.001, Gal80 ts;
c739/Nep1B vs Gal80 ts;c739/� ***p � 0.001, Gal80 ts;c739/
Nep1B vs �/Nep1B ***p � 0.001). C, In the absence of Gal4
induction, Gal80 ts;c739/Nep1A and /Nep1B flies exhibit simi-
lar MTM scores to their respective genetic controls (F(4,64) �
2.039, p � 0.1003, n � 11). D, E, Nep2, Nep3, and Nep4
silencing in adult �/� MB neurons does not alter MTM. D,
Single Nep knock-down MTM analyses with the Gal80 ts;c739
driver. RNAi-expressing flies show similar MTM scores to the
genetic controls (Nep2A: F(2,26) � 0.5832, p � 0.5658, n � 9;
Nep3A: F(2,26) � 0.06404, p � 0.9381, n � 9; Nep4A:
F(2,25) � 1.233, p � 0.3100, n � 8). E, Analyses of double and
triple Nep knock-down with the Gal80 ts;c739 driver. RNAi-
expressing flies show similar MTM scores to their genetic con-
trols (F(6,106) � 1.250, p � 0.2874, n � 10). Error bars
indicate mean � SEM. PI, Performance index.
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The fly brain, despite its relative simplicity, is highly struc-
tured and can drive sophisticated behaviors. It is extensively used
as a model to study memory. The molecular mechanisms under-
lying memory are conserved from flies to mammals and the neu-
ronal structures involved are well described (Heisenberg, 2003).
In particular, the mushroom bodies (MBs) are known as the
central integrative brain structure for olfactory memory (de Belle
and Heisenberg, 1994; Gerber et al., 2004; Krashes et al., 2007).
The MB is a bilateral structure composed of 4000 intrinsic neu-
rons called Kenyon cells that are classed into three different sub-
types with axons that form two vertical (� and ��) and three
medial (�, �� and �) lobes (Crittenden et al., 1998).

Here, we address the role of Nep1– 4 in memory using condi-
tional RNA interference (RNAi) in healthy young flies. We show
that each neprilysin expressed in the adult fly is specifically in-
volved in the formation of middle-term memory (MTM) and
long-term memory (LTM). Interestingly, we found that the ex-
pression of each neprilysin is required in the MB and also in a
single pair of large neurons, the dorsal paired medial (DPM)
neurons (Waddell et al., 2000). DPM neurons are known to in-
nervate all of the MB lobes broadly and mediate the consolidation
of memories (Keene et al., 2004). Our data thus show that DPM
neurons play a key role in the degradation of neuropeptides, a
critical process for sustaining MTM and LTM.

Materials and Methods
Drosophila stocks. Drosophila wild-type strain Canton Special (CS) and
mutant flies were raised on standard medium at 18°C in 60% humidity in
a 12 h light/dark cycle. All strains used for memory experiments were
outcrossed to the CS background. RNAi-Nep lines were obtained from
the Vienna Drosophila Resource Center (Austria) for RNAi-Nep1
(Nep1A: 27537, Nep1B: 108860), RNAi-Nep2 (Nep2A: 23172, Nep2B:
102584), RNAi-Nep3 (Nep3B: 37804) and RNAi-Nep4 (Nep4A: 16669,
Nep4B: 100189) and from the National Institute of Genetics (Japan) for
RNAi-Nep3 (Nep3A: 9565-R1). The UAS-Dicer2 line (24650) was ob-
tained from the Bloomington Drosophila Stock Center (Indiana Univer-
sity, National Institutes of Health P40OD018537). Gal4 drivers were
used to achieve RNAi expression. The elav-Gal4 driver was used for
pan-neuronal expression, tubulin-Gal80 ts;238Y (Gal80 ts;238Y ) for con-
ditional expression in the MB, tubulin-Gal80 ts;c739 (Gal80 ts;c739) for
conditional expression in �/� neurons, MB247-Gal80;c316 (MB-Gal80;
c316 ) and VT64246 (Vienna Drosophila Resource Center, Austria) for
constitutive expression in DPM neurons, and tubulin-Gal80 ts;VT64246
(Gal80 ts;VT64246 ) for conditional expression in DPM neurons. To in-
duce RNAi expression specifically in adults, the TARGET system was
used as described by McGuire et al. (2003): flies were kept at 30°C for 3 d
before conditioning, and also until memory test for anesthesia-resistant
memory (ARM) and LTM analyses.

Behavioral experiments. Flies were trained with classical olfactory aver-
sive conditioning protocols as described by Pascual and Préat (2001).
Training and testing were performed at 25°C in 80% humidity. Condi-
tioning was performed on samples of 25–35 flies 3– 4 d old with 3-octanol
(�95% purity; Sigma-Aldrich) and 4-methylcyclohexanol (99% purity;
Sigma-Aldrich) at 0.360 mM and 0.325 mM, respectively. Odors were
diluted in paraffin oil (VWR International). Memory tests were per-
formed with a T-maze apparatus (Tully and Quinn, 1985). Flies were
given 1 min to choose between 2 arms, each delivering a distinct odor. An
index was calculated as the difference between the numbers of flies in
each arm divided by the sum of flies in both arms. The average of two
reciprocal experiments gave a performance index. For odor avoidance
tests after electric shock and response to electric shock, flies were treated
as described by Pascual and Préat (2001). To analyze consolidated mem-
ory, before five-spaced conditioning, groups of 40 flies were placed for
17 h at 30°C in feeding tubes (Falcon 2017) containing Whatman filter
paper strip (1.0 � 2.5 cm) soaked with a total 125 �l of sucrose solution
(5%, Sigma-Aldrich) with or without cycloheximide (CXM, 35 mM;

Sigma-Aldrich). Flies were transferred to standard food vials 30 min
before training. After training, flies were kept in standard food vials at
30°C for 24 h until memory tests were performed.

Quantitative PCR analyses. Flies were raised at 25°C before total RNA
extraction from 50 female heads using the RNeasy Plant Mini Kit (Qia-
gen). Samples were reverse-transcribed with oligo(dT)20 primers using
the SuperScript III First-Strand kit (Life Technologies) according to the
manufacturer’s instructions. Level of the target cDNA was compared
against level of �-Tub84B (Tub, CG1913) cDNA, which was used as a
reference. Amplification was performed using a LightCycler 480 (Roche)
and the SYBR Green I Master mix (Roche). Reactions were performed in
triplicate. The specificity and size of amplification products were assessed
by melting curve analyses and agarose gel electrophoresis, respectively.
Expression relative to reference is expressed as a ratio (2	
Cp, where Cp
is the crossing point).

Statistical analyses. Memory scores are displayed as mean � SEM.
Quantitative mRNA measurements were analyzed from 2	
Cp using
Student’s t tests, with significance threshold set at p � 0.05. For behav-
ioral experiments, scores resulting from all genotypes were analyzed
using one-way ANOVA followed, if significant at p � 0.05, by Newman–
Keuls multiple-comparisons tests. The overall ANOVA p-value is given
in the legends, along with the value of the corresponding Fisher distribu-
tion F(x,y), where x is number of degrees of freedom for groups and y is
total number of degrees of freedom for the distribution. Asterisks on the
figure denote the least significant of the pairwise post hoc comparisons
between the genotype of interest and its controls following the usual
nomenclature.

Results
Nep1 expression is required in the adult MB for MTM
The fly expresses four neprilysins, Nep1– 4 (Meyer et al., 2011),
one of which, Nep1, was shown to be expressed in the MB (Sitnik
et al., 2014). To analyze the potential involvement of fly nepri-
lysins in memory, we used the classical conditioning of an
odor-avoidance response. In this paradigm, groups of flies are
successively exposed to two distinct odors, only one of which is
associated with electric pulses. Distinct phases of associative aver-
sive memory can then be differentiated (Isabel and Préat, 2008;
Bouzaiane et al., 2015). Learning is assessed immediately after a
single conditioning, whereas MTM is assessed 2 h later. The fly
can also produce two antagonistic forms of consolidated mem-
ory: ARM is formed after five massed cycles of conditioning,
whereas the robust LTM is only formed after five cycles spaced at
15 min rest intervals. Crucially, LTM is the only memory phase
dependent on de novo protein synthesis (Tully et al., 1994).

To assess the involvement of neprilysins in memory, neprily-
sin expression was knocked down using RNAi-mediated silenc-
ing. The efficiency of four RNAi constructs targeting Nep1, Nep2,
Nep3, and Nep4, respectively, was assessed using the pan-
neuronal elav-Gal4 driver (elav) (Brand and Perrimon, 1993).
Neprilysin expression in fly heads was quantified by real-time
PCR. The expression of each specific RNAi construct (elav/Nep)

Table 1. Shock reactivity and olfactory acuity of flies expressing RNAi-Nep1A or
RNAi-Nep1B in adult �/� neurons

Genotype Shock reactivity

Olfactory acuity

Octanol Methylcyclohexanol

Gal80ts;c739/� 74.88 � 3.953 55.44 � 4.193 46.06 � 3.738
Gal80ts;c739/Nep1A 77.38 � 4.637 59.00 � 5.568 42.50 � 4.826
�/Nep1A 79.88 � 4.286 51.00 � 6.614 46.38 � 4.728
Gal80ts;c739/Nep1B 79.75 � 6.135 54.00 � 6.094 45.25 � 3.867
�/Nep1B 73.38 � 5.161 59.25 � 6.619 52.00 � 4.342

Data are shown as means � SEM. After 3 d of induction, neither shock reactivity (F(4,47) � 0.3371, p � 0.8515,
n � 8) nor olfactory acuity for octanol (F(4,47) � 0.3231, p � 0.8610, n � 8) and methylcyclohexanol (F(4,47) �
0.5304, p � 0.7140, n � 8) is impaired in flies expressing RNAi-Nep1A or Nep1B under the control of the Gal80ts;
c739 driver.
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led to a reduced expression of its targeted gene by 75% (Nep1), 50%
(Nep2), 30% (Nep3), and 25% (Nep4) compared with the elav/�
control (Fig. 1A). These data thus establish that the distinct RNAi
constructs efficiently target each distinct neprilysin mRNA.

Preliminary experiments using the ubiquitous daughterless-
Gal4 driver suggested that the expression of each of the four

neprilysins is required for MTM (data not shown). Because MTM
has been shown to involve the �/� MB neurons (Bouzaiane et al.,
2015), we further analyzed memory using the c739 driver known
to label �/� neurons specifically (Yang et al., 1995). To restrict
RNAi-Nep expression to adulthood, we took advantage of the
TARGET system (McGuire et al., 2003), which relies on a con-

Figure 2. Neprilysin inhibition in the adult MB induces LTM deficits. A, B, Neprilysin silencing in the adult MB does not affect learning. A, Gal80 ts;238Y/Nep1A and /Nep1B flies exhibit similar
learning scores to the genetic controls (F(4,49) � 1.591, p � 0.1932, n � 10). B, Concomitant silencing of Nep2, Nep3, and Nep4 does not affect learning. Gal80 ts;238Y/Nep2A;Nep3A;Nep4A flies
exhibit similar learning scores to the genetic controls (F(2,27) � 1.681, p � 0.2066, n � 9). C, D, Neprilysin silencing in the adult MB does not impact ARM. C, Gal80 ts;238Y/Nep1A and /Nep1B flies
exhibit similar memory scores to the genetic controls (F(4,73) � 2.075, p � 0.0934, n � 14). D, Concomitant silencing of Nep2, Nep3, and Nep4 does not affect ARM. Gal80 ts;238Y/Nep2A;Nep3A;
Nep4A flies exhibit similar ARM scores to the genetic controls (F(2,41) � 1.929, p � 0.1589, n � 14). E–H, LTM analyses. E, Nep1 expression is required in adult �/� neurons for LTM formation. After
induction, Gal80 ts;c739/Nep1A and /Nep1B flies exhibit a strong LTM impairment (F(4,54) � 14.36, p � 0.0001, n � 9; post hoc Newman–Keuls test, Gal80 ts;c739/Nep1A vs Gal80 ts;c739/�
***p � 0.001, Gal80 ts;c739/Nep1A vs �/Nep1A ***p � 0.001, Gal80 ts;c739/Nep1B vs Gal80 ts;c739/� ***p � 0.001, Gal80 ts;c739/Nep1B vs �/Nep1B ***p � 0.001). In contrast, noninduced
flies show similar LTM scores to the genetic controls (F(4,40) � 1.399, p � 0.2539, n � 8). F, Nep2, Nep3, and Nep4 inhibition in adult �/� neurons does not alter LTM (Nep2A: F(2,29) � 0.06101,
p � 0.9409, n � 10; Nep3A: F(2,50) � 2.183, p � 0.1237, n � 10; Nep4A: F(2,50) � 1.380, p � 0.2615, n � 11). G, LTM analyses of double and triple Nep knock-down in adult �/� neurons.
Nep2 � Nep3, Nep3 � Nep4, and Nep2 � Nep3 � Nep4 knock-down alter LTM (Nep2A;Nep3A: F(2,43) � 5.785, p � 0.0061, n � 14; post hoc Newman–Keuls test, Gal80 ts;c739/Nep2A;Nep3A
vs Gal80 ts;c739/� **p � 0.01, Gal80 ts;c739/Nep2A;Nep3A vs �/ Nep2A;Nep3A *p � 0.05; Nep3A;Nep4A: F(2,44) � 5.876, p � 0.0056, n � 15; post hoc Newman–Keuls test, Gal80 ts;c739/
Nep3A;Nep4A vs Gal80 ts;c739/�**p �0.01, Gal80 ts;c739/Nep3A;Nep4A vs�/Nep3A;Nep4A *p �0.05; Nep2A;Nep3A;Nep4A: F(2,38) �3.986, p �0.0273, n � 12; post hoc Newman–Keuls test,
Gal80 ts;c739/Nep2A;Nep3A;Nep4A vs Gal80 ts;c739/� *p � 0.05, Gal80 ts;c739/Nep2A;Nep3A;Nep4A vs �/Nep2A;Nep3A;Nep4A *p � 0.05), whereas Nep2 � Nep4 double knock-down does not
(F(2,38) � 0.1079, p � 0.8980, n � 13). H, In the absence of induction, all genotypes exhibit normal LTM scores (F(2,42) � 0.2195, p � 0.8039, n � 14).
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ventional GAL4 activation system and a temperature-sensitive
Gal80 inhibitor (Gal80 ts). Gal80 ts represses Gal4 transcriptional
activity at low temperature (18°C), but this inhibition is lifted at
high temperature (30°C). Experiments were performed with a
tub-Gal80 ts;c739 line (Gal80 ts;c739). Flies expressing RNAi-
Nep1A (VDRC 27537) (Gal80 ts;c739/Nep1A) showed an MTM
deficit (Fig. 1B). To further establish the role of Nep1 in MTM
formation, we needed to use a second nonoverlapping RNAi con-
struct: RNAi-Nep1B (VDRC 108860). Because the RNAi-Nep1B
line was not able to reduce Nep1 expression as efficiently as
RNAi-Nep1A, we took advantage of the UAS-Dicer2 tool. Dicer
is an RNase enzyme that facilitates the activation of the RNA-
induced silencing complex essential for RNAi and Dicer2 over-
expression in the fly has been shown to increase RNAi efficacy
(Pham et al., 2004). We thus generated a line coexpressing RNAi-
Nep1B and Dicer2 (Nep1B). Gal80 ts;c739/Nep1B induced flies
showed a strong MTM impairment (Fig. 1B), similar to that of
Gal80 ts;c739/Nep1A flies. In the absence of Gal4 induction, both
Gal80 ts;c739/Nep1A and Gal80;c739/Nep1B flies showed normal
MTM scores (Fig. 1C), indicating that the deficit observed previ-
ously was specifically caused by Nep1 inhibition in the adult �/�
neurons. We verified that the ability of induced Gal80 ts;c739/
Nep1A and Gal80;c739/Nep1B flies to avoid electric shocks and
their olfactory acuity to each odor after electric shock exposure
were unaffected (Table 1), thus showing that they displayed nor-
mal perception of the conditioning stimuli.

In contrast, reducing Nep2, Nep3, or Nep4 expression in adult
�/� neurons did not affect MTM (Fig. 1D), suggesting that Nep2,

Nep3, and Nep4 expression in these neurons is not required for
MTM. We next analyzed whether the lack of a MTM phenotype
could be due to functional redundancy between these three ne-
prilysins. For this purpose, we constructed flies carrying each
possible double RNAi combination and the triple one. No com-
bination of RNAi expression in the �/� neurons affected MTM
(Fig. 1E). These data suggest that only Nep1 expression in the MB
is required for MTM formation.

We then studied the other memory phases described in the fly.
To assess learning, flies were tested immediately after a single
cycle of training. Because it was shown that learning relies on �/�
and also � neurons (Bouzaiane et al., 2015), we used a tub-

Figure 3. Constitutive inhibition of neprilysin expression in DPM neurons induces MTM deficits. A, Flies expressing RNAi-Nep under the control of the constitutive MB-Gal80;c316 driver exhibit
significantly lower MTM scores than the genetic controls (Nep1A: F(2,31) � 11.73, p � 0.0002, n � 8, post hoc Newman–Keuls test, MB-Gal80;c316/Nep1A vs MB-Gal80;c316/� **p � 0.01,
MB-Gal80;c316/Nep1A vs �/Nep1A ***p � 0.001; Nep2A: F(2,31) � 10.72, p � 0.0003, n � 8, post hoc Newman–Keuls test, MB-Gal80;c316/Nep2A vs MB-Gal80;c316/�
**p � 0.01, MB-Gal80;c316/Nep2A vs �/Nep2A ***p � 0.001; Nep3A: F(2,47) � 18.58, p � 0.0001, n � 16, post hoc Newman–Keuls test, MB-Gal80;c316/Nep3A vs MB-Gal80;c316/�
***p � 0.001, MB-Gal80;c316/Nep3A vs �/Nep3A ***p � 0.001; Nep4A: F(2,46) � 6.939, p � 0.0024, n � 15, post hoc Newman–Keuls test, MB-Gal80;c316/Nep4A vs MB-Gal80;c316/� **p �
0.01, MB-Gal80;c316/Nep4A vs�/Nep4A **p�0.01). B, Neprilysin inhibition in DPM neurons impairs MTM. VT64246/Nep1A, /Nep2A, /Nep3A, and /Nep4A flies exhibit MTM deficits compared with
the genetic controls (Nep1A: F(2,30) � 7.403, p � 0.0026, n � 9, post hoc Newman–Keuls test, VT64246/Nep1A vs VT64246/� **p � 0.01, VT64246/Nep1A vs �/Nep1A **p � 0.01; Nep2A:
F(2,29) � 7.942, p � 0.0019, n � 8, post hoc Newman–Keuls test, VT64246/Nep2A vs VT64246/� **p � 0.01, VT64246/Nep2A vs �/Nep2A **p � 0.01; Nep3A: F(2,41) � 21.33, p � 0.0001, n �
14, post hoc Newman–Keuls test, VT64246/Nep3A vs VT64246/�***p �0.001, VT64246/Nep3A vs�/Nep3A ***p �0.001; Nep4A: F(2,49) �3.872, p �0.0278, n � 16, post hoc Newman–Keuls
test, VT64246/Nep4A vs VT64246/� *p � 0.05, VT64246/Nep4A vs �/Nep4A *p � 0.05).

Table 2. Shock reactivity and olfactory acuity of flies expressing several RNAi-Nep
in adult �/� neurons

Genotype Shock reactivity

Olfactory acuity

Octanol Methylcyclohexanol

Gal80ts;c739/� 74.83 � 4.529 57.72 � 3.573 60.00 � 3.085
Gal80ts;c739/Nep2A;Nep3A 67.25 � 5.104 51.75 � 8.370 56.88 � 4.206
�/Nep2A;Nep3A 68.67 � 3.046 61.80 � 5.144 53.38 � 2.679
Gal80ts;c739/Nep3A;Nep4A 62.58 � 6.239 51.56 � 4.916 49.88 � 5.920
�/Nep3A;Nep4A 72.67 � 4.926 56.36 � 3.977 49.88 � 3.193
Gal80ts;c739/Nep2A;Nep3A;Nep4A 65.75 � 6.763 56.30 � 6.013 51.75 � 2.218
�/Nep2A;Nep3A;Nep4A 73.00 � 3.400 40.86 � 6.636 53.25 � 3.863

Data are shown as means � SEM. After 3 d of induction, neither shock reactivity (F(6,83) � 0.7803, p � 0.5879,
n � 12) nor olfactory acuity for octanol (F(6,93) � 1.445, p � 0.2067, n � 10) and methylcyclohexanol (F(6,59) �
1.149, p � 0.3476, n � 8) is impaired in flies expressing RNAi Nep2A � Nep3A, Nep3A � Nep4A or Nep2A �
Nep3A � Nep4A under the control of the Gal80ts;c739 driver.
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Gal80 ts;238Y driver to achieve inhibition in all MB neuronal
types (Aso et al., 2009). Induced Gal80 ts;238Y/Nep1A and
Gal80 ts;238Y/Nep1B flies displayed normal learning (Fig. 2A).
We next assessed the effect of Nep2, Nep3, and Nep4 silencing on
learning. The data show that the triple silencing did not affect
learning (Fig. 2B). Together, the data suggest that no neprilysin is
required in the MB for learning.

To analyze ARM formation, memory was tested 24 h after a
massed conditioning. Induced Gal80 ts;238Y/Nep1A and Gal80 ts;
238Y/Nep1B flies displayed normal ARM (Fig. 2C). Gal80 ts;238Y/
Nep2A;Nep3A,Nep4A induced flies also showed normal ARM
scores (Fig. 2D). The data suggest that the neprilysins’ expression
in the MB is not involved in ARM formation.

To study the potential involvement of neprilysins in LTM,
memory tests were performed 24 h after a spaced conditioning.
We analyzed LTM of flies expressing RNAi-Nep1 in �/� neurons,
the MB neurons required for this process (Bouzaiane et al., 2015).
After induction, Gal80 ts;c739/Nep1A and Gal80 ts;c739/Nep1B
flies displayed LTM scores significantly lower than their genetic
controls (Fig. 2E). In the absence of Gal4 induction, flies per-
formed normally (Fig. 2E), showing that Nep1 expression in �/�
neurons is involved in LTM.

Even though Nep2, Nep3, and Nep4 expression did not seem
to be required in the MB for MTM, we assessed whether they were
required in the MB for LTM. Gal80 ts;c739/Nep2A, /Nep3A
and /Nep4A induced flies displayed similar LTM scores to the
genetic controls (Fig. 2F). To further address the potential role of
these neprilysins in the MB for LTM formation, we analyzed
double and triple combination of Nep inhibition. Whereas Nep2
� Nep4 inhibition did not affect LTM, combined inhibition of
Nep2 � Nep3 and Nep3 � Nep4 led to altered LTM (Fig. 2G). As
expected, the triple Nep2 � Nep3 � Nep4 silencing also led to
LTM impairment (Fig. 2G). In the absence of induction, all ge-
notypes displayed normal LTM scores (Fig. 2H). Finally, we ver-
ified that these flies perceived normally the stimuli used for
conditioning (Table 2). In conclusion, the expression of all four
neprilysins is required in the adult MB for LTM processes.

All four neprilysins are required in DPM neurons for MTM
To further study in which brain structure Nep2, Nep3, and Nep4
are involved in MTM, we next used the MB247-Gal80;c316 driver
(MB-Gal80;c316). c316 is known to label intensively the DPM
neurons, a pair of neurons required for aversive MTM (Waddell
et al., 2000). The MB-Gal80;c316 driver allows expression in all
neurons expressing the c316 Gal4 (Haynes et al., 2015) except in
the MB neurons that express the Gal80 repressor specifically.
Interestingly, the expression of any RNAi-Nep under the control
of this driver (MB-Gal80;c316/Nep) led to significantly impaired
MTM compared with the genetic controls (Fig. 3A). We next
tested the sensory–motor capacities of the MB-Gal80;c316/Nep
flies and found that they displayed wild-type shock reactivity and
olfactory acuity (Table 3).

To verify that neprilysin expression is required in the DPM
neurons for MTM, we used the VT64246 Gal4 driver that labels
DPM neurons specifically (Lee et al., 2011). The silencing of each
neprilysin achieved with the VT64246 driver led to significant
MTM deficits (Fig. 3B). We conclude that the expression of
all four neprilysins in DPM neurons is required for MTM
formation.

We then sought to determine whether the MTM deficits
shown by VT64246/Nep flies were due to developmental or acute
effects. To achieve transient expression of Nep-RNAi, we gener-
ated an inducible tub-Gal80 ts;VT64246 Gal4-line (Gal80 ts;

VT64246). The expression of each RNAi-Nep tested led to
significant MTM deficits (Fig. 4A). These deficits were not ob-
served when flies were incubated under nonpermissive tempera-
ture (Fig. 4B), which shows that the deficits were caused
specifically by RNAi induction in adult DPM neurons. We fur-
ther verified that Gal80 ts;VT64246/Nep1A, /Nep2A, /Nep3A,
and /Nep4A flies were able to perceive the conditioning stimuli
normally. All of the genotypes tested showed normal shock reac-
tivity and normal olfactory acuity to each odor after electric shock
exposure (Table 4).

The RNAi constructs used in this study did not show any
predicted off-target regions (Vienna Drosophila Resource Center
and dscheck.rnai.jp). However, to strengthen our data, we used
another nonoverlapping RNAi sequence for each neprilysin. As
we did for Nep1B, we constructed lines encoding RNAi-Nep2B,
3B, or 4B construct and Dicer2 (Nep2B, Nep3B, and Nep4B).
When expressed for 3 d under the control of the Gal80 ts;VT64246
driver, these constructs led to significant MTM deficits (Fig. 4C)
that were not apparent when flies were incubated at nonpermis-
sive temperature (Fig. 4D), thus showing that they were caused
specifically by RNAi induction in adult DPM neurons. We veri-
fied that Gal80 ts;VT64246/Nep1B, /Nep2B, /Nep3B, /Nep4B flies
displayed normal shock sensitivity and olfactory acuity (Table 4).
Together, the data establish that all four neprilysins are required
in adult DPM neurons for MTM.

Nep1, Nep3, and Nep4 are required in adult DPM neurons
for LTM
To further characterize neprilysin function in DPM neurons we
then studied the other memory phases. We first analyzed the
effect of neprilysin silencing in adult DPM neurons on learning.
After 3 d of induction, all genotypes tested displayed normal
learning (Fig. 5A), showing that inhibiting the expression of any
neprilysin in adult DPM neurons does not disrupt this process.
Because we observed functional redundancy in the MB among
Nep2, Nep3, and Nep4, we also analyzed triple silencing in adult
DPM neurons. Gal80 ts;VT64246/Nep2A;Nep3A;Nep4A flies ex-
hibited wild-type learning scores (Fig. 5B). We then assessed
ARM formation. After induction, Gal80 ts;VT64246/Nep flies ex-

Table 3. Shock reactivity and olfactory acuity of flies expressing RNAi-Nep(A) under
the control of the MB-Gal80;c316 driver

Genotype Shock reactivity

Olfactory acuity

Octanol Methylcyclohexanol

MB-Gal80;c316/� 60.80 � 3.405 60.63 � 6.219 60.90 � 6.667
MB-Gal80;c316/Nep1A 58.30 � 1.808 67.10 � 7.114 58.70 � 5.173
�/Nep1A 64.10 � 4.927 62.10 � 5.288 59.50 � 5.300

MB-Gal80;c316/� 63.25 � 4.366 52.36 � 7.890 65.25 � 7.345
MB-Gal80;c316/Nep2A 62.83 � 3.946 47.17 � 5.455 73.13 � 4.155
�/Nep2A 77.67 � 3.530 60.15 � 4.650 69.13 � 8.532

MB-Gal80;c316/� 58.43 � 5.149 49.00 � 4.472 54.56 � 3.986
MB-Gal80;c316/Nep3A 52.50 � 4.056 54.75 � 6.648 53.42 � 4.763
�/Nep3A 73.70 � 4.261 51.17 � 6.457 54.33 � 3.945

MB-Gal80;c316/� 58.57 � 4.961 52.33 � 4.330 58.56 � 4.628
MB-Gal80;c316/Nep4A 56.90 � 8.849 52.00 � 4.424 62.00 � 4.149
�/Nep4A 58.30 � 5.863 53.08 � 5.016 52.08 � 3.718

Data are shown as means � SEM. All genotypes tested exhibit normal shock reactivity (Nep1A: F(2,29) � 0.6487,
p � 0.5307, n � 10; Nep2A: F(2,35) � 4.544, p � 0.0181, n � 12, post-hoc Newman–Keuls test, MB-Gal80;c316/
Nep2A vs �/Nep2A *p � 0.05; Nep3A: F(2,26) � 6.699, p � 0.0049, n � 7, post hoc Newman–Keuls test, MB-
Gal80:c316/Nep3A vs �/Nep3A **p � 0.01; Nep4A: F(2,26) � 0.01578, p � 0.9844, n � 7) and normal olfactory
acuity for octanol (Nep1A: F(2,27) � 0.2913, p � 0.7498, n � 8; Nep2A: F(2,35) � 1.249, p � 0.3000, n � 11;
Nep3A: F(2,32) � 0.2108, p � 0.8111, n � 9; Nep4A: F(2,32) � 0.01515, p � 0.9850, n � 9) and methylcyclo-
hexanol (Nep1A: F(2,29) � 0.03746, p � 0.9633, n � 10; Nep2A: F(2,23) � 0.3230, p � 0.7275, n � 8; Nep3A:
F(2,32) � 0.01955, p � 0.9807, n � 9; Nep4A: F(2,32) � 1.609, p � 0.2168, n � 9).
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Figure 4. Neprilysin inhibition in adult DPM neurons induces MTM deficits. A, B, MTM analyses of flies expressing RNAi-Nep(A) in adult DPM neurons. A, After 3 d of induction, Gal80 ts;VT64246/
Nep1A, /Nep2A, /Nep3A and /Nep4A flies exhibit MTM deficits compared with the genetic controls (Nep1A: F(2,73) � 4.125, p � 0.0202, n � 23, post hoc Newman–Keuls test, Gal80 ts;VT64246/
Nep1A vs Gal80 ts;VT64246/� *p � 0.05, Gal80 ts;VT64246/Nep1A vs �/Nep1A *p � 0.05; Nep2A: F(2,34) � 4.729, p � 0.0159, n � 11, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep2A vs
Gal80 ts;VT64246/� *p � 0.05, Gal80 ts;VT64246/Nep2A vs �/Nep2A *p � 0.05; Nep3A: F(2,28) � 8.327, p � 0.0016, n � 9, post hoc Newman–Keuls (Figure legend continues.)
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hibited wild-type ARM scores (Fig. 5C). Similar results were ob-
served with Nep2 � Nep3 � Nep4 silencing in adult DPM
neurons (Fig. 5D). Together, the data suggest that neprilysin ex-
pression in adult DPM neurons is not required for normal aver-
sive learning and ARM.

We next analyzed the effect of neprilysin silencing in adult
DPM neurons on LTM. After induction at 30°C, Gal80 ts;
VT64246/Nep1A, /Nep3A, and /Nep4A flies showed significantly
lower LTM scores than their genetic controls (Fig. 5E). These
LTM deficits were specific to RNAi-Nep induction in adult DPM
neurons because Gal80 ts;VT64246/RNAi-Nep flies incubated at
18°C showed wild-type LTM (Fig. 5F). Therefore, Nep1, Nep3,
and Nep4 are each involved in LTM formation in DPM neurons.
In contrast, Nep2 inhibition in adult DPM neurons (Gal80 ts;
VT64246/Nep2A) did not alter memory scores measured 24 h
after spaced conditioning (Fig. 5G). To validate that the memory
formed in this case was indeed LTM, we ran CXM treatments. It
has been shown that LTM formation is specifically sensitive to
CXM because it is the only memory phase dependent on de novo
protein synthesis (Tully et al., 1994). As expected, when wild-type
(�) and Gal80 ts;VT64246/� control flies were fed with CXM,
LTM scores decreased significantly (Fig. 5H). Gal80 ts;VT64246/
Nep2A flies fed with CXM exhibited significantly lower memory
scores compared with same-genotype flies not fed CXM and sim-
ilar scores to control flies (Fig. 5H). The data thus demonstrate
that inhibition of Nep2 expression in adult DPM neurons does
not alter LTM. Together, the results show that Nep1, Nep3, and
Nep4 expression are required in adult DPM neurons for LTM
formation.

Discussion
Research on neprilysins has essentially focused on their role as the
main A�-degrading enzymes in pathological situations and as
biomarkers in heart failure. Here, using Drosophila, we estab-
lished that neprilysins are involved in specific types of memory.
Disrupting the expression of any neprilysin impairs MTM and
LTM, revealing that one or several neuropeptides need to be
targeted to enable proper memory formation. Interestingly, all
four neprilysins expressed in the fly are required in the MB and
also in DPM neurons, a pair of large neurons that broadly inner-
vates the MB and are involved in memory consolidation.

Neprilysins have been described extensively as proteases act-
ing on substrates of no more than 50 residues (Oefner et al.,
2000), except Drosophila Nep4, which is involved in muscle in-
tegrity independently of its catalytic activity (Panz et al., 2012).
There is a consensus that neprilysins function by turning off neu-
ropeptide signals at the synapse (Turner, 2003). In addition, there
is evidence to suggest that neprilysin processing could lead to the
activation of neuromodulators (Gourlet et al., 1997; Rose et al.,
2009). Therefore, in addition to their role in A� degradation,
neprilysins also inactivate a large number of peptides and are thus
equally involved in a large number of processes.

In Drosophila, several small peptides have been linked to olfactory
memory. Short neuropeptide F (sNPF) is highly expressed in the MB
and has been described as a functional neuromodulator of appetitive
memory (Knapek et al., 2013). Drosophila neuropeptide F (dNPF)
has been shown to provide a motivational switch in the MB that
controls appetitive memory output (Krashes et al., 2009). Interest-
ingly, dNPF is an ortholog of mammalian NPY (Brown et al., 1999),
a peptide identified as an hNEP substrate (Rose et al., 2009). hNEP
can process NPY in transgenic mice to produce neuroactive frag-
ments. Because components of dNPF/NPY signaling are conserved
at both the functional and molecular levels, it is possible that dNPF is

4

(Figure legend continued.) test, Gal80 ts;VT64246/Nep3A vs Gal80 ts;VT64246/�**p�0.01,
Gal80 ts;VT64246/Nep3A vs �/Nep3A **p � 0.01; Nep4A: F(2,73) � 5.493, p � 0.0061, n �
24, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep4A vs Gal80 ts;VT64246/� **p � 0.01,
Gal80 ts;VT64246/Nep4A vs �/Nep4A *p � 0.05). B, Noninduced flies show similar MTM scores
to the genetic controls (Nep1A: F(2,26) � 1.300, p � 0.2910, n � 8; Nep2A: F(2,26) � 2.942,
p � 0.0720, n � 7; Nep3A: F(2,35) � 1.323, p � 0.2801, n � 12; Nep4A: F(2,58) � 0.5983, p �
0.5532, n � 19). C, D, MTM analyses of flies expressing RNAi-Nep(B) in adult DPM neurons. C,
After 3 d of induction, Gal80 ts;VT64246/Nep1B, /Nep2B, /Nep3B and /Nep4B flies exhibit signif-
icantly lower MTM scores than the genetic controls (Nep1B: F(2,41) � 17.03, p � 0.0001,
n�14, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep1B vs Gal80 ts;VT64246/�***p�
0.001, Gal80 ts;VT64246/Nep1B vs �/Nep1B ***p � 0.001; Nep2B: F(2,39) � 9.124, p �
0.0006, n � 12, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep2B vs Gal80 ts;VT64246/�
*p � 0.05, Gal80 ts;VT64246/Nep2B vs �/Nep2B ***p � 0.001; Nep3B: F(2,44) � 3.669,
p � 0.0340, n � 13, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep3B vs Gal80 ts;
VT64246/� *p � 0.05, Gal80 ts;VT64246/Nep3B vs �/Nep3B *p � 0.05; Nep4B: F(2,53) �
6.527, p � 0.0030, n � 15, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep4B vs Gal80 ts;
VT64246/� *p � 0.05, Gal80 ts;VT64246/Nep4B vs �/Nep4B **p � 0.01). D, Noninduced
flies show normal MTM scores (Nep1B: F(2,30) �5.178, p�0.0122, n � 10, post hoc Newman–
Keuls test, Gal80 ts;VT64246/Nep1B vs �/Nep1B *p � 0.05; Nep2B: F(2,33) � 3.422, p �
0.0454, n � 10; Nep3B: F(2,32) � 1.703, p � 0.1993, n � 11; Nep4B: F(2,33) � 0.1703, p �
0.8442, n � 10).

Table 4. Shock reactivity and olfactory acuity of flies expressing RNAi-Nep under
the control of the Gal80ts;VT64246 driver

Genotype Shock reactivity

Olfactory acuity

Octanol Methylcyclohexanol

Gal80ts;VT64246/� 63.43 � 6.651 55.27 � 5.051 44.50 � 6.379
Gal80ts;VT64246/Nep1A 71.13 � 4.315 49.91 � 6.962 45.88 � 6.396
�/Nep1A 71.38 � 8.527 50.10 � 6.622 42.75 � 13.55

Gal80ts;VT64246/� 69.83 � 6.705 55.88 � 9.542 49.30 � 9.745
Gal80ts;VT64246/Nep2A 72.63 � 5.628 50.10 � 8.214 56.50 � 6.668
�/Nep2A 62.75 � 7.250 61.50 � 6.841 53.63 � 4.594

Gal80ts;VT64246/� 57.50 � 6.059 55.25 � 7.695 61.58 � 6.389
Gal80ts;VT64246/Nep3A 62.88 � 3.512 53.30 � 9.300 56.11 � 7.162
�/Nep3A 66.25 � 6.922 70.90 � 5.921 58.89 � 10.88

Gal80ts;VT64246/� 68.17 � 8.392 66.80 � 4.098 57.27 � 3.996
Gal80ts;VT64246/Nep4A 79.88 � 4.510 64.60 � 4.815 51.00 � 3.827
�/Nep4A 77.75 � 5.778 55.60 � 7.365 48.78 � 3.403

Gal80ts;VT64246/� 60.30 � 4.652 57.00 � 4.110 46.40 � 5.594
Gal80ts;VT64246/Nep1B 67.30 � 3.718 49.30 � 4.258 53.20 � 5.884
�/Nep1B 66.90 � 5.992 53.30 � 4.507 48.10 � 5.176

Gal80ts;VT64246/� 65.38 � 3.891 50.56 � 4.998 43.00 � 3.990
Gal80ts;VT64246/Nep2B 63.60 � 4.710 50.71 � 3.640 45.00 � 2.736
�/Nep2B 75.90 � 4.067 47.36 � 3.832 46.93 � 3.311

Gal80ts;VT64246/� 82.08 � 3.773 54.63 � 7.620 46.33 � 6.954
Gal80ts;VT64246/Nep3B 76.60 � 2.831 62.67 � 7.754 53.83 � 7.483
�/Nep3B 77.93 � 2.861 54.17 � 7.213 47.33 � 6.740

Gal80ts;VT64246/� 79.88 � 3.618 61.56 � 5.984 40.11 � 3.318
Gal80ts;VT64246/Nep4B 70.70 � 4.407 51.93 � 4.673 42.86 � 2.526
�/Nep4B 75.50 � 4.086 52.36 � 4.691 47.64 � 4.437

Data are shown as means�SEM. After 3 d of induction, flies show normal shock reactivity (Nep1A: F(2,22) �0.4276,
p � 0.6579, n � 7; Nep2A: F(2,21) � 0.6423, p � 0.5371, n � 6; Nep3A: F(2,21) � 0.5587, p � 0.5811, n � 6;
Nep4A: F(2,21) � 0.9509, p � 0.4040, n � 6, Nep1B: F(2,29) � 0.6496, p � 0.5302, n � 10; Nep2B: F(2,27) � 2.498,
p � 0.1026, n � 8; Nep3B: F(2,41) � 0.7835, p � 0.4639, n � 12; Nep4B: F(2,27) � 1.185, p � 0.3225, n � 8) and
normal olfactory acuity for octanol (Nep1A: F(2,31) � 0.2410, p � 0.7874, n � 10; Nep2A: F(2,27) � 0.5280, p �
0.5962, n � 8; Nep3A: F(2,27) � 1.593, p � 0.2232, n � 8; Nep4A: F(2,29) � 1.121, p � 0.3406, n � 10, Nep1B:
F(2,29) � 0.8040, p � 0.4580, n � 10; Nep2B: F(2,36) � 0.2337, p � 0.7928, n � 9; Nep3B: F(2,31) � 0.4174, p �
0.6627, n � 8; Nep4B: F(2,36) � 0.9737, p � 0.3880, n � 9) and methylcyclohexanol (Nep1A: F(2,27) � 0.02737,
p � 0.9730, n � 8; Nep2A: F(2,25) � 0.2235, p � 0.8015, n � 8; Nep3A: F(2,29) � 0.1186, p � 0.8886, n � 9;
Nep4A: F(2,29) � 1.372, p � 0.2706, n � 9, Nep1B: F(2,29) � 0.4053, p � 0.6708, n � 10; Nep2B: F(2,36) � 0.3242,
p � 0.7253, n � 9; Nep3B: F(2,35) � 0.3322, p � 0.7197, n � 12; Nep4B: F(2,36) � 1.044, p � 0.3630, n � 9).
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Figure 5. Nep1, Nep3 and Nep4 are required in adult DPM neurons for LTM. A, B, Neprilysin silencing in adult DPM neurons does not alter learning. A, Gal80 ts;VT64246/Nep1A, /Nep2A, /Nep3A
and /Nep4A flies display similar learning scores to controls (Nep1A: F(2,24) � 1.296, p � 0.2936, n � 7; Nep2A: F(2,29) � 0.7634, p � 0.4759, n � 10; Nep3A: F(2,21) � 1.057, p � 0.3671, n � 6;
Nep4A: F(2,26) � 0.3883, p � 0.6824, n � 9). B, Concomitant silencing of Nep2, Nep3, and Nep4 does not affect learning. Gal80 ts;VT64246/Nep2A;Nep3A;Nep4A flies exhibit similar learning scores
to the genetic controls (F(2,25) � 0.8933, p � 0.423, n � 8). C, D, Neprilysin silencing in adult DPM neurons does not alter ARM. C, Gal80 ts;VT64246/Nep1A, /Nep2A, /Nep3A, and /Nep4A flies display
similar memory scores to controls (Nep1A: F(2,36) � 2.079, p � 0.1407, n � 12; Nep2A: F(2,37) � 0.2217, p � 0.8022, n � 10; Nep3A: F(2,31) � 0.3567, p � 0.7030, n � 10;
Nep4A: F(2,34) � 0.5298, p � 0.5938, n � 11). D, Gal80 ts;VT64246/Nep2A;Nep3A;Nep4A flies exhibit normal ARM scores (F(2,39) � 0.0344, p � 0.9966, n � 13). E–H, Nep1, Nep3, and Nep4 are
required in DPM neurons for LTM. E, Gal80 ts;VT64246/Nep1A, /Nep3A and /Nep4A flies show LTM deficits (Nep1A: F(2,37) � 7.369, p � 0.0021, n � 10, post hoc Newman–Keuls test, Gal80 ts;
VT64246/Nep1A vs Gal80 ts;VT64246/� **p � 0.01, Gal80 ts;VT64246/Nep1A vs �/Nep1A **p � 0.01; Nep3A: F(2,45) � 10.49, p � 0.0002, n � 15, post hoc (Figure legend continues.)
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targeted by neprilysins. It remains to be determined whether such
peptides are involved in aversive memory and, conversely, whether
neprilysins are involved in appetitive memory.

Although all four Drosophila neprilysins are involved in iden-
tical memory phases, they exhibit distinct features in terms of the
neuronal circuits involved. Only Nep1 inhibition in �/� MB and
DPM neurons alters both MTM and LTM. One hypothesis is that
Nep1 expressed in DPM and MB neurons plays the same role,
targeting a single substrate at synapses connecting the two struc-
tures. If so, the lifetime of such a substrate would need to be
restricted strictly to limit its effect.

Like the other neprilysins, Nep2 is involved in MTM and
LTM, but it exhibits a peculiar characteristic: Nep2 inhibition in
DPM neurons leads to MTM disruption, whereas it does not alter
LTM. Although we cannot rule out that Nep2 expression in DPM
neurons is required for LTM, but that its silencing does not reach
a level critical for this process, the data suggest that Nep2 expres-
sion in DPM neurons is not required for LTM formation. It is
noteworthy that neprilysins are synthesized as type II integral
membrane proteins (Turner et al., 2001), whereas Nep2 is a sol-
uble secreted endopeptidase (Thomas et al., 2005; Bland et al.,
2007). Whether an endopeptidase is tethered or fully secreted will
have important implications in terms of field of activity and en-
zyme concentration at the membrane surface. It is possible that
Nep2 secreted from either DPM neurons or another structure in
the vicinity, such as MB neurons, is able to play an identical role.
Therefore, Nep2 reduction in either neuronal structure would
not be sufficient to affect LTM. In contrast, Nep2 expression in
such a structure would not be able to compensate Nep2 silencing
in DPM neurons for MTM, pointing to a distinct requirement for
MTM and LTM formation. Nep2 might be required at a distinct
concentration and/or localization for MTM and LTM or it may
target distinct substrates for these two processes.

The data reveal functional redundancy among Nep2, Nep3,
and Nep4 for LTM formation in the �/� neurons. Namely, con-
comitant silencing of Nep2 � Nep3 or Nep3 � Nep4 leads to
altered LTM. It is possible that several neprilysins target a single
neuropeptide. However, because concomitant silencing of
Nep2 � Nep4 does not affect LTM, it seems more likely that
several targets are involved in LTM.

The memory phenotypes observed after each neprilysin re-
duction are reminiscent of the pattern in APPL mutants. Indeed,
we showed previously that expression of APPL, the APP fly or-
tholog, is required in the MB for MTM and LTM formation, but
not for learning and ARM (Goguel et al., 2011; Bourdet et al.,

2015). An attractive hypothesis is that A� peptide derived from
physiological processing of APPL might play a role in memory
and act as a substrate for one of the neprilysin peptidases. Nep2
would be a good candidate because several studies have shown
that it is capable of degrading human A� (Finelli et al., 2004; Cao
et al., 2008). Supporting this hypothesis, several reports in mam-
mals have implicated low physiological concentrations of A�
peptide in memory formation (Puzzo et al., 2008; Garcia-Osta
and Alberini, 2009; Morley et al., 2010).

The memory phenotypes observed here are equally reminis-
cent of the pattern displayed by amnesiac (amn) mutants (Quinn
et al., 1979; Feany and Quinn, 1995; DeZazzo et al., 1999; Yu et al.,
2006). The amn gene isolated through behavioral screening for
memory mutants (Quinn et al., 1979) was later shown to encode
a predicted neuropeptide precursor (Feany and Quinn, 1995).
Although the mature products of the amn gene have not been
identified, sequence analyses suggested the existence of three po-
tential peptides. One of them is homologous to mammalian
pituitary adenylate cyclase-activating peptide (PACAP), a neuro-
modulator and neurotransmitter that regulates a variety of phys-
iological processes through stimulation of cAMP production
(Miyata et al., 1989; for review, see Arimura, 1998; Vaudry et al.,
2000). In vitro studies have shown that hNEP can degrade PACAP
(Gourlet et al., 1997) and the analysis of the biological properties
of the resulting fragments found that PACAP degradation by
hNEP produces active metabolites selective for a particular recep-
tor subtype. One of the major sites of PACAP cleavage by hNEP is
conserved in the AMN peptide. It was shown that AMN is highly
expressed in DPM neurons, where the four neprilysins are re-
quired for MTM (Waddell et al., 2000). DPM output is required
during the consolidation phase for MTM and it was suggested
that DPM might release the AMN modulatory neuropeptide that
alters the physiology of MB neurons to help stabilize or consoli-
date odor memories (Keene et al., 2004). The fact that neuropep-
tides are often coreleased with classical neurotransmitters, but
generally have slower and longer-lasting postsynaptic effects, has
prompted the hypothesis that AMN peptides may be released at
the MB to produce relatively long-lasting, physiological changes.
Given this context, it is tempting to speculate that AMN might be
one of the Drosophila neprilysin’s targets.

Both the axons and dendrites of DPM are evenly distributed in
different lobes of the MB, and it has been suggested that DPM
neurons are presynaptic and postsynaptic to the MB neurons and
are recurrent feedback neurons (Yu et al., 2005; Keene et al., 2006;
Wu et al., 2013; review, Perisse et al., 2013). Because neprilysins
are necessary in the DPM, and also in the �/� neurons of the MB
where MTM and LTM are stored (Bouzaiane et al., 2015), these
proteins could be involved in maintaining a loop between the
DPM and MB lobes by restricting the lifetime of neuromodula-
tors. The DPM-�/� neurons circuit has been shown recently to
also modulate egg-laying decision via the AMN neuropeptide
(Wu et al., 2015). It would be interesting to learn whether nepri-
lysins are involved in this process or if their function is restricted
to memory formation.

Despite the importance of the MB for olfactory memory, a
functional neurotransmitter or coreleased peptidic neuromodu-
lators produced by MB-intrinsic cells has long remained elusive.
It was shown recently that acetylcholine is a Kenyon cell trans-
mitter (Barnstedt et al., 2016). The fact that several neprilysins are
required for MTM and LTM suggests the involvement of at least
one neuropeptide. It remains to be determined whether neprily-
sin targets are released from the DPM and/or MB and whether
identical or distinct neuropeptide substrates support MTM and

4

(Figure legend continued.) Newman–Keuls test, Gal80 ts;VT64246/Nep3A vs Gal80 ts;
VT64246/� *p � 0.05, Gal80 ts;VT64246/Nep3A vs �/Nep3A ***p � 0.001; Nep4A: F(2,38) �
10.08, p � 0.0003, n � 13, post hoc Newman–Keuls test, Gal80 ts;VT64246/Nep4A vs Gal80 ts;
VT64246/� **p � 0.01, Gal80 ts;VT64246/Nep4A vs �/Nep4A ***p � 0.001). F, In the ab-
sence of induction, Gal80 ts;VT64246/Nep1A, /Nep3A and /Nep4A flies display similar LTM scores
to the genetic controls (Nep1A: F(2,67) � 1.316, p � 0.2752, n � 20; Nep3A: F(2,53) � 0.4687,
p � 0.6285, n � 17; Nep4A: F(2,39) � 0.1010, p � 0.9042, n � 13). G, H, Nep2 silencing in
DPM neurons does not impact LTM. G, Gal80 ts;VT64246/Nep2A flies exhibit similar LTM scores
to controls (Nep2A: F(2,47) � 0.5551, p � 0.5779, n � 15). H, Memory formed after 5 spaced
training cycles by Gal80 ts;VT64246/Nep2A-induced flies is LTM. Treatment with CXM (CXM)
induces a memory decrease for all genotypes tested [F(5,88) � 10.87, p � 0.0001, n � 14; post
hoc Newman–Keuls test, � vs � (CXM) ***p � 0.001, Gal80 ts;VT64246/� vs Gal80 ts;
VT64246/� (CXM) *p � 0.05, Gal80 ts;VT64246/Nep2A vs Gal80 ts;VT64246/Nep2A (CXM)
**p � 0.01]. After CXM treatment, the remaining memory of Gal80 ts;VT64246/Nep2A flies is
similar to that of their genetic control group ( post hoc Newman–Keuls test, Gal80 ts;VT64246/
Nep2A (CXM) vs Gal80 ts;VT64246/� (CXM) p � 0.05).
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LTM processes. The sum of the work reported here highlights the
critical role of the DPM in inactivating and/or processing neuro-
peptides involved in memory processes connected to the MB.
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Aso Y, Grübel 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. CrossRef Medline

Barnstedt O, Owald D, Felsenberg J, Brain R, Moszynski JP, Talbot CB, Perrat
PN, Waddell S (2016) Memory-relevant mushroom body output syn-
apses are cholinergic. Neuron 89:1237–1247. CrossRef Medline

Bland ND, Thomas JE, Audsley N, Shirras AD, Turner AJ, Isaac RE (2007)
Expression of NEP2, a soluble neprilysin-like endopeptidase, during em-
bryogenesis in Drosophila melanogaster. Peptides 28:127–135. CrossRef
Medline

Bland ND, Pinney JW, Thomas JE, Turner AJ, Isaac RE (2008) Bioinfor-
matic analysis of the neprilysin (M13) family of peptidases reveals com-
plex evolutionary and functional relationships. BMC Evol Biol 8.

Bourdet I, Préat T, Goguel V (2015) The full-length form of the Drosophila
amyloid precursor protein is involved in memory formation. J Neurosci
35:1043–1051. CrossRef Medline

Bouzaiane E, Trannoy S, Scheunemann L, Plaçais PY, Préat T (2015) Two
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