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Across animal species, dopamine-operated memory systems comprise anatomically segregated, functionally diverse subsys-
tems. Although individual subsystems could operate independently to support distinct types of memory, the logical inter-
play between subsystems is expected to enable more complex memory processing by allowing existing memory to influence
future learning. Recent comprehensive ultrastructural analysis of the Drosophila mushroom body revealed intricate networks
interconnecting the dopamine subsystems—the mushroom body compartments. Here, we review the functions of some of
these connections that are beginning to be understood. Memory consolidation is mediated by two different forms of
network: A recurrent feedback loop within a compartment maintains sustained dopamine activity required for consolida-
tion, whereas feed-forward connections across compartments allow short-term memory formation in one compartment to
open the gate for long-term memory formation in another compartment. Extinction and reversal of aversive memory rely
on a similar feed-forward circuit motif that signals omission of punishment as a reward, which triggers plasticity that coun-
teracts the original aversive memory trace. Finally, indirect feed-forward connections from a long-term memory compart-
ment to short-term memory compartments mediate higher-order conditioning. Collectively, these emerging studies
indicate that feedback control and hierarchical connectivity allow the dopamine subsystems to work cooperatively to

support diverse and complex forms of learning.

Dopamine systems are ubiquitously important for learning in both
vertebrates and invertebrates. Although mammalian dopaminer-
gic neurons (DANs) were once regarded as a relatively uniform pop-
ulation that broadcasts reward signals, it has become clear that
they consist of functionally diverse groups, with some of them me-
diating aversive stimuli (Matsumoto and Hikosaka 2009; Lerner
et al. 2015; Menegas et al. 2018; de Jong et al. 2019; Yuan et al.
2019). The heterogeneity of DANs is not limited to the signs of va-
lence they convey. In the primate caudate nucleus, two subregions
receiving projections from distinct populations of DANs (Kim et al.
2014) contribute to flexible short-lasting memory and stable long-
lasting memory in reward conditioning tasks (Kim and Hikosaka
2013). Thus, anatomically distinct groups of DANs mediate dis-
tinct types of memory. Furthermore, the benefits of having multi-
ple dopamine subsystems bearing diverse properties in reward
predictions and learning rates have been theoretically predicted
and are supported by physiological and behavioral experiments
(ligaya et al. 2019; Dabney et al. 2020). However, major out-
standing questions include what circuit mechanisms underlie the
distinct properties of dopamine subsystems and how those subsys-
tems interact with each other to enable diverse forms of learning
and memory.

The Drosophila mushroom body (MB) has been an important
model to study the mechanisms of dopamine-dependent learn-
ing. The orderly arrangement of the dopaminergic input and
genetic tractability of individual circuit elements allowed detailed
functional characterization of each dopamine subsystem. Impor-
tantly, like mammalian systems, DANs in the Drosophila MB exhibit
considerable heterogeneity in their contribution to olfactory learn-
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ing. Moreover, advanced anatomical studies in this system revealed
that DANS receive numerous direct and indirect inputs from the
output neurons of the dopamine subsystems. In this review, we
spotlight these feedback and feed-forward networks within and
across dopamine subsystems.

Basic circuit principles of the Drosophila MB

The adult Drosophila MB consists of ~2600 neurons, of which
~2000 are Kenyon cells (KCs) that predominantly receive inputs
from the second-order olfactory neurons in the antennal lobes
(Li et al. 2020). Each KC is narrowly tuned to odors, and as a pop-
ulation, KCs accurately represent odor identity in a sparse format
(Turner et al. 2008; Honegger et al. 2011). KCs can be divided
into three major anatomical classes (a/, o'/p/, and y), each forming
separate axon bundles that collectively make up five MB lobes (o, B,
o/, B/, and y) (Crittenden et al. 1998; Lee et al. 1999). Those MB
lobes can be further divided into 15 anatomical compartments
(01-3, B1-3, 0’1-2, p'1-2, and y1-5) defined by matching innerva-
tion patterns of the dendrites of the MB output neurons (MBONS),
the postsynaptic neurons of the KCs, and the axons of DANs (Fig.
1A; Tanaka et al. 2008; Aso et al. 2014a). Thus, the overall structure
of the MB can be described as repeated anatomical units formed by
pairs of MBONs and DANs arranged along the axis of KC axon
bundles.

Just like anatomically segregated dopamine subsystems in
mammals mediate distinct valences and types of memory (as intro-
duced above), Drosophila MB compartments represent functionally
diverse memory units. Distinct populations of DANSs are involved
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Figure 1. Basic anatomy and function of the Drosophila MB. (A)
Arrangement of the MB lobes and 15 MB compartments. (Red) o/p
Lobes, (blue) o/B’ lobes, (yellow) y lobe. (B) Schematic illustrating the
anatomy underlying the valence balance model, which proposes that odor-
directed behavior is executed based on the balance of valence-related
output from the MBON population. In general, punishment-encoding
PPL1-DANs (orange) innervate compartments that activate approach-
promoting MBONSs, and reward-encoding PAM-DANSs (teal) innervate
compartments that activate avoidance-promoting MBONs. The depres-
sion of KC-MBON synapses by dopamine therefore promotes the appropri-
ate behavior by biasing behavior toward avoidance (in the case of
modulation by DANs activated by punishment) or approach (in the case
of modulation by DANs activated by reward).

in appetitive and aversive learning. The compartments innervated
by DANs belonging to the protocerebral anterior medial (PAM)
cluster are generally appetitive memory compartments, while
those innervated by the protocerebral posterior lateral 1 (PPL1)
cluster DANs are aversive memory compartments (Fig. 1B;
Schwaerzel et al. 2003; Burke et al. 2012; Liu et al. 2012; Aso and
Rubin 2016). Moreover, memory dynamics are also distinct across
compartments. Memories in some compartments develop slowly
but are resistant to extinction, while those in other compartments
are quickly formed but easily overwritten by subsequent condi-
tioning (Yamagata et al. 2015; Aso and Rubin 2016). The key step
of memory formation is cAMP-dependent long-term depression
(LTD) at KC-MBON synapses (Yamada and Hige 2023) induced
by coactivation of KCs and DANs (Cohn et al. 2015; Hige et al.
2015; Berry et al. 2018), which is thought to occur during simulta-
neous presentation of odor and punishment or reward. Since opto-
genetic activation of each MBON can promote either approach or
avoidance behavior, they are considered to signal either positive or
negative valence (Aso et al. 2014b; Owald et al. 2015; Perisse et al.
2016). Thus, compartment-specific induction of LTD should tip
the balance of the overall valence signaled by the MB and bias
the behavioral choice (Fig. 1B). In support of this valence balance
model (Owald and Waddell 2015; Hige 2018), a recent study iden-
tified a cluster of neurons that integrate synaptic inputs from mul-
tiple MBONSs, whose odor-evoked activity is unmasked upon LTD
induction in one of the presynaptic MBONSs (Aso et al. 2023).

As expected from the nonoverlapping tiling pattern of the MB
compartments, recent studies using dopamine sensors revealed
compartment-specific spatial patterns of dopamine signals (Sun
et al. 2020; Noyes and Davis 2023; Yamada et al. 2023), which ex-
plains compartment-specific modulation of MBON activity (Cohn
et al. 2015; Hige et al. 2015) and transmitter release from KCs
(Davidson et al. 2023). However, MB compartments are not entire-
ly functionally independent from each other or from their own
output. Anatomical analysis of the total population of MBONs
identified five neuropils where their axon terminals converge
(Aso et al. 2014a). Four of those neuropils collectively contain
90% of the dendritic arbors of DANs, suggesting the presence of
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MBON-DAN connections. The EM connectome indeed confirmed
that there are extensive monosynaptic and disynaptic connections
from MBONs to DANSs, constituting feedback and feed-forward
networks (Li et al. 2020). Those connections imply that MB com-
partments can dynamically tune their function based on ongoing
activity of themselves, history of learning, and the hierarchical re-
lationships between compartments. This interplay enables the in-
fluence of existing memories on future learning. This dense
MBON-DAN network was originally reported in the connectome
of the Drosophila larval MB (Eschbach et al. 2020). The
connectome-based computational modeling predicted that both
direct and indirect MBON-DAN connections are important for
multiple types of learning, including classical conditioning,
higher-order conditioning, context-dependent conditioning, and
extinction (Eschbach et al. 2020). Simulated neuronal activity
showed altered firing rates of modulatory neurons after condition-
ing, which may underlie at least some forms of learning. However,
some of the conditioning paradigms have been experimentally
demonstrated so far to be effective only in adult flies. Below, we in-
troduce recent advances in understanding the functions of
MBON-DAN networks in the adult brain by classifying them
into three categories: memory consolidation, memory update,
and higher-order conditioning.

Memory consolidation—feedback mechanism

Perhaps the simplest form of the circuit mediated by MBON-DAN
connections is a feedback loop, where MBONS of a given MB com-
partment synapse onto the DANs projecting back to the same com-
partment. Among all MB compartments, ol is the only
compartment whose resident MBONs and DANs do not directly
communicate with DANs or MBONs in other compartments (Li
et al. 2020). However, they do form a feedback loop from o/ KCs
to glutamatergic MBON-a1 to a subpopulation of PAM-o1 (DANs
in ol) (Fig. 2A), and the activity of this recurrent circuit is implicat-
ed in the consolidation of appetitive memory. While there are sev-
eral appetitive memory compartments (Burke et al. 2012; Liu et al.
2012; Huetteroth et al. 2015), ol is particularly essential for long-
term memory (LTM) formed by nutritious sugar rather than for
short-term memory (STM) formed by nonnutritious sweetness (Ya-
magata et al. 2015; Aso and Rubin 2016). Transient blockade of any
one of the three components of the feedback loop (i.e., o/p KCs,
MBON:-01, and PAM-a1) during or shortly after sugar conditioning
impairs memory measured after 24 h, representing LTM (Ichinose
et al. 2015). However, synaptic outputs from those neurons are no
longer needed between 22 h posttraining and the test period. These
results led to the model that self-sustained activity of the feedback
loop after learning contributes to the consolidation of memory.
However, the postulated reverberant circuit activity during the
consolidation period is yet to be demonstrated. The memory
consolidation function of this circuit depends on both Dop1R1
dopamine receptors on o/p KCs and N-methyl-D-aspartate
(NMDA)-type glutamate receptors on PAM-al (Ichinose et al.
2015). While dopamine can depolarize the postsynaptic neurons
(Cohn et al. 2015; Takemura et al. 2017), glutamatergic trans-
mission in the central brain of Drosophila has been generally
considered inhibitory (Liu and Wilson 2013). In particular, trans-
mission from glutamatergic MBON-o1 to another group of post-
synaptic neurons is also inhibitory (Aso et al. 2023). Cell
type-specific transcriptome analysis suggests that PAM-a1 abun-
dantly expresses glutamate-gated chloride channels in addi-
tion to NMDA receptors (Aso et al. 2019). Thus, it is entirely
possible that an additional indirect pathway from MBON-ol to
PAM-a1 is responsible for the function of this feedback loop. Inter-
estingly, a systematic study on the behavioral contribution of each
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Figure 2. Theinterconnected nature of feedback and feed-forward networks underlying memory con-
solidation, memory update, and higher-order conditioning. Each square with thick blue borders repre-
sents a compartment of the MB. Connecting lines emerging from the top half of a square (white)
represent output from KC axons, and connecting lines ending in the bottom half of a square
(orange) represent input to the DANs innervating this compartment. Connecting lines ending in a
point denote excitatory connections, while those ending in a perpendicular bar denote inhibitory con-
nections. Each circle represents an MBON. For simplicity, only connections that are directly mentioned in
this review are drawn, although some of the connections are not physiologically confirmed. Note that
this integrated illustration highlights the role of MBON-y1pedc and MBON-y2a/1 as hub neurons inter-
connecting different compartments and involvement of the circuits around the y5 compartment in mul-
titudes of functions. (A) Feedback loop from o/p KCs to MBON-a1 to PAM-al; involved in the
consolidation of appetitive memory (Ichinose et al. 2015). (B) Excitatory feedback loop from y KCs to
MBON-y5p'2a to PAM-y5; involved in the consolidation of courtship memory (Kriittner et al. 2015;
Zhao et al. 2018). Together with the connection illustrated in £, this circuit is also implicated in the ex-
tinction of aversive memory (Felsenberg et al. 2018). (C) Inhibitory feedback loop from MBON-y1pedc
to PPL1-ylpedc; involved in the consolidation of appetitive memory (Pavlowsky et al. 2018). (D)
Depression of MBON-y1pedc olfactory activity is considered to disinhibit PPL1-0/20.2 and PPL1-a3; in-
volved in the consolidation of aversive memory (Awata et al. 2019; Schnitzer et al. 2022). (£)
Depression of MBON-y1pedc olfactory activity is also considered to disinhibit MBON-y58'2a, leading
to excitatory feedback from MBON-y5f'2a to PAM-y5 via the circuit illustrated in B; involved in the ex-
tinction of aversive memory (Felsenberg et al. 2018). (F) Feed-forward excitation from MBON-y20/1 to
PAM-p'2a and PAM-y5; involved in the reversal of aversive memory (McCurdy et al. 2021) and in learn-
ing relative aversive value (Villar et al. 2022). (G) Excitatory feedback loop from MBON-y2a/1 to
PPL1-y20/1; involved in the reconsolidation of appetitive memory (Felsenberg et al. 2017). (H)
Depression of MBON-a1 disinhibits SMP353/354, activating SMP108, which excites PAM-B'2a and
PAM-y5 among other PAM-DANSs; involved in second-order conditioning (Aso et al. 2023; Yamada
et al. 2023).

MBON revealed that all MBONs making major contributions to
appetitive memory (namely, MBON-a.1, MBON-B1, MBON-y5p'2a,
and MBON-f'2mp) are glutamatergic and form recurrent circuits at
least anatomically (Ichinose et al. 2021). Thus, it is possible that
this glutamatergic feedback motif plays a common role in reward
memory beyond memory consolidation.

Similar reverberant activity of a feedback loop is considered to
underlie the consolidation of courtship memory. When a naive
male is placed with a recently mated female, repetitive courtship
rejections by the female suppress the male’s subsequent courtship
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toward mated females (Siegel and Hall
1979). PAM-y5 DANS, originally annotat-
ed as fruitless-positive aSP13 DANS, play a
crucial role in this learning (Keleman
et al. 2012). Transient blockade of these
DANs during the consolidation period
can prevent the formation of LTM after
long conditioning, whereas artificial acti-
vation can convert STM, formed by short
conditioning, to LTM (Kriittner et al.
2015). Like in o1, the three sets of neu-
rons (y KCs, glutamatergic MBON-y5p'2a,
and PAM-y5) form a recurrent loop (Fig.
2B), but in this case, the excitatory na-
ture of connections is demonstrated by
calcium imaging; y KCs can excite
MBON-y5f'2a only in the presence of
dopamine, and a transient activation of
MBON-y5p'2a induces a prolonged acti-
vation of PAM-yS (Zhao et al. 2018). The
time scale of the prolonged activity of
PAM-yS (i.e., a few minutes after termina-
tion of MBON-y5f'2a activation) (Zhao
etal. 2018) does not explain the time win-
dow in which PAM-y$ activity is required
for consolidation (i.e., 1-3 h after the end
of training) (Kriittner et al. 2015). This
mismatch may suggest the involvement
of additional circuits to reactivate or
maintain the activity of PAM-y5. Interest-
ingly, PAM-yS5 is activated during daytime
sleep, the duration of which increases af-
ter the long conditioning required for
LTM (Dag et al. 2019). A key difference
from the appetitive olfactory memory
formed in a1 is that the recurrent circuit
is also required for STM formation; block-
ade of MBON-y5p8'2a during training im-
pairs courtship STM (Zhao et al. 2018),
whereas that of MBON-o1 does not affect
appetitive olfactory STM (Ichinose et al.
2015). This difference may be related to
the difference in the typical duration of
conditioning: 1 h for short-term court-
ship memory versus 1 min for appetitive
olfactory memory.

The above two examples propose the
importance of sustained excitatory activi-
ty of the feedback loop. Another case
shows that inhibitory feedback loops
could also contribute to memory consoli-
dation. Immediately after conditioning
with nutritious sugar, PPL1-ylpedc, the
DAN projecting to the yl compartment,
shows an increased rhythmic activity,
slowly oscillating at ~0.04 Hz for 0.5-1

h (Musso etal. 2015). The transiency of this activity is key for mem-
ory consolidation because artificial activation of PPL1-ylpedc after
this time window impairs LTM (Pavlowsky et al. 2018). The elevat-
ed activity of PPL1-y1pedc initially suppresses MBON-y1pedc but
later excites it by recruiting different types of dopamine receptors.
The activated MBON-y1lpedc, which is GABAergic, in turn sup-
presses PPL1-y1pedc via GABAg receptors (Fig. 2C). Thus, the com-
plex reciprocal interplay between PPL1-y1pedc and MBON-y1pedc
shapes the temporal dynamics of the dopamine activity beneficial
for consolidation. However, it remains to be studied how the
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transient activity of dopamine in ylpedc, which is known as one of
the aversive memory compartments (Claridge-Chang et al. 2009;
Aso et al. 2010), helps consolidate the appetitive memory and
how DAN activity outside the narrow time window disrupts the
consolidation process.

One potential problem shared by the consolidation models
involving sustained recurrent activity is the maintenance of the
stimulus specificity of memory. That is, during the consolidation
period, there is no longer an olfactory input that evokes odor-
specific activity in KCs; meanwhile, DANs keep releasing dopa-
mine to all KCs in the compartment. This may result in nonspecific
modulation of KC outputs and therefore a decrease in stimulus spe-
cificity. Such a decline in stimulus specificity of LTM as compared
with STM has been shown in appetitive memory (Ichinose et al.
2015). In the case of courtship learning, this trade-off may be less
significant because the role of accurate sensory coding in KCs is
not well defined in this behavioral paradigm. Another related issue
that remains to be solved is how sustained input from DANs mod-
ulates KC outputs. At this point, bidirectional modulation of KC-
MBON synapses is only demonstrated as dependent on the relative
timing of the activity of KCs and DANs (Handler et al. 2019), the
size of odor-evoked calcium transient in the KC presynaptic termi-
nal (Davidson et al. 2023), or the second-messenger pathway im-
plicated in a cotransmitter of DANs (Aso et al. 2019; Yamada and
Hige 2023), none which can easily explain the action of dopamine
during consolidation. Aversive LTM formation also depends on
protein synthesis in a small subset of MBONSs at specific time points
during the consolidation period (Wu et al. 2017), suggesting the in-
volvement of plasticity on the postsynaptic neurons. The presence
of transcriptional memory trace has been also suggested in at least
one of the MBONSs in the context of appetitive LTM (Widmer et al.
2018).

Memory consolidation—feed-forward mechanism

Multiple lines of evidence indicate that different classes of KCs
preferentially contribute to different phases of memory. In general,
v KCs serve as an important “gateway” of memory or primary asso-
ciation site for olfactory and punishment/reward signals, whereas
output from o/p KCs is critical for LTM (Isabel et al. 2004; Yu
et al. 2006; Krashes et al. 2007; Krashes and Waddell 2008; Blum
et al. 2009; Trannoy et al. 2011; Qin et al. 2012; Huang et al.
2013). These findings are in line with MB compartment-specific
contributions to STM and LTM. For appetitive learning, a series
of studies using artificial activation and blockade of DANs or
MBON:Ss identified ol as one of the LTM compartments and
vSp2a as an STM compartment (Huetteroth et al. 2015;
Yamagata et al. 2015; Aso and Rubin 2016). Similarly, for aversive
learning, ylpedc was identified as one of the STM compartments,
and o3 as an LTM compartment (Pai et al. 2013; Aso and Rubin
2016; Jacob and Waddell 2020), although o3 is also implicated in
appetitive LTM (Placais et al. 2013). The observations that memo-
ries with different retention times depend on distinct neuronal
substrates of the MB invited active debates over the origin of
LTM in relation to STM. In an extreme scenario, STM and LTM
could form and develop in parallel in completely independent, seg-
regated circuits. The LTM induction mechanisms that we reviewed
so far do not contradict this view because they reside within a sin-
gle MB compartment, even though they may involve additional
neurons outside the MB. However, the mechanisms that we intro-
duce next, which are mediated by MBON-DAN feed-forward cir-
cuits, are in support of another view: Formation of STM
sequentially induces LTM, involving multiple KC classes and MB
compartments.

Learning & Memory Vol. 31, No. 5, a053807.123

Aversive olfactory LTM is typically induced by so-called spaced
training, in which odor-shock conditioning is repeated multiple
times with certain intervals (Tully et al. 1994; Beck et al. 2000),
and the optimum interval is at least in part determined by the level
of protein phosphatase activity (Pagani et al. 2009). During later cy-
cles of the spaced training, GABAergic MBON-y1pedc and a subset
of the presynaptic y KCs decrease their odor-evoked activity (mea-
sured by the level of phosphorylation of extracellular signal-related
kinase [pERK]) in a Dop1R1-dependent manner (Awata et al. 2019).
In contrast, PPL1-0/202, one of the DANs postsynaptic to
MBON-y1pedc, shows a concurrent increase in the pERK reported
activity, suggesting disinhibition from MBON-ylpedc (Fig. 2D).
This suggests that in the later cycles of spaced training, both KCs
and DANS are strongly activated in the o202 compartment. Simul-
taneous thermogenetic activation of PPL1-o/202 and a/fs KCs,
which are the subset of o/p KCs identified as particularly essential
for LTM retrieval (Huang et al. 2013), induces Arc2 mRNA expres-
sion in o/Bs KCs, which is implicated in LTM formation. Thus, these
observations suggest that LTM induction involves the coordinated
action of multiple MB compartments.

Although care must be taken when interpreting these results
because of the use of indirect measurement of neuronal activity
and plasticity (Awata et al. 2019), a similar circuit mechanism
was independently proposed by another study using elegant volt-
age imaging tools (Schnitzer et al. 2022). This work also points to
the importance of MBON-ylpedc plasticity as a trigger to open
the gate for plasticity in other MB compartments in the o lobe. Re-
petitive odor-shock pairing induces an odor-specific decline in
spike responses in MBON-y1pedc in later cycles, as expected from
the above-mentioned pERK reported activity (Awata et al. 2019)
as well as other studies (Hige et al. 20135; Perisse et al. 2016; Felsen-
berg et al. 2018; Cervantes-Sandoval et al. 2020; McCurdy et al.
2021; Hancock et al. 2022; Davidson et al. 2023; Zeng et al.
2023). This activity decline is accompanied by the odor-specific ac-
tivity increase in PPL1-03, which is also postsynaptic to
MBON-y1lpedc (Scheffer et al. 2020), as well as in PPL1-o/202
(Fig. 2D; Schnitzer et al. 2022). Importantly, MBON-a3 shows
odor-specific depression for up to 48 h after conditioning (Schnit-
zer et al. 2022), whereas MBON-y1pedc recovers from depression
after 1 h (Cervantes-Sandoval et al. 2020; Schnitzer et al. 2022;
but see Perisse et al. 2016; Felsenberg et al. 2018). Thus, MBON-
DAN feed-forward circuits assign hierarchical relationships be-
tween MB compartments, enabling STM formation in one com-
partment to gate the plasticity in another compartment for LTM
induction. Since bypassing this circuit mechanism by direct opto-
genetic activation of DANs in ylpedc and o3 results in the forma-
tion of STM and LTM, respectively, with different learning rates
(Aso and Rubin 2016), intrinsic properties of the MB compart-
ments, such as compartment-specific expression of a DAN cotrans-
mitter (Aso et al. 2019), are also an important determinant of the
induction of LTM.

Memory update

While forming, stabilizing, and maintaining a memory are certain-
ly important aspects of learning, memories also require sufficient
flexibility to be updated; for example, in response to more recent
experience that does not align with the previously learned associ-
ation. We next introduce the circuit mechanisms of various types
of memory update involving MBON-DAN connections.

After forming an association between an odor (conditioned
stimulus® [CS*]) and shock, the aversive olfactory memory can be
extinguished by subsequent presentation of the CS* alone
(Tempel et al. 1983; Schwaerzel et al. 2002), and this extinction in-
volves an excitatory MBON-DAN connection (Felsenberg et al.
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2018) that also plays a role in the aforementioned consolidation
process of courtship memory (Zhao et al. 2018). As repeatedly men-
tioned, aversive conditioning induces CS*-specific depression in
MBON-ylpedc. This GABAergic MBON sends axon collaterals to
the MB lobes to make contacts with multiple MBONS, including
MBON-y5p'2a (Fig. 2E), which belongs to an appetitive memory
compartment. After aversive training, the CS* response of the
axon of MBON-y5p'2a is potentiated (as compared with control
odors), presumably due to disinhibition from MBON-ylpedc
(Owald et al. 2015; Perisse et al. 2016; Felsenberg et al. 2018).
This relative potentiation of the CS* response is expected to con-
tribute to conditioned avoidance of CS* because direct activation
of a cluster of MBONS, including MBON-y5f'2a, drives avoidance
behavior (Aso et al. 2014b; Owald et al. 2015). During re-exposure
to CS* or extinction training, this potentiated CS* response drives
excitation of a subset of the PAM-y5 DANSs via direct synaptic con-
tacts (Otto et al. 2020), which in turn induces depression in the y5
branch of the MBON-y5p'2a dendrites (Felsenberg et al. 2018).
Although MBON-y1pedc remains depressed after extinction train-
ing, the dendritic depression of MBON-y5f'2a neutralizes the po-
tentiation effect in its axon. Thus, this excitatory feedback
connection, perhaps representing the “reward” of the absence of
shock or prediction error, induces plasticity in the appetitive mem-
ory compartment, which counteracts that induced by the original
aversive training. A similar antagonism between coexisting oppos-
ing memories is considered to underlie the extinction of appetitive
memory (Felsenberg et al. 2017). In this case, activation of
punishment-encoding PPL1-DANS via corresponding MBONSs dur-
ing extinction training is crucial, although a less detailed process
compared with aversive memory extinction is known.

Reversal learning is somewhat similar to extinction but re-
quires more flexible updates of memory, as it completely flips the
stimulus contingency between trainings rather than simply omit-
ting the reinforcement. In this paradigm, after normal associative
learning, the cue that was presented without reinforcement during
original training (conditioned stimulus™ [CS7]) is paired with rein-
forcement, while the original CS* is presented alone without rein-
forcement (Shuai et al. 2010; Cervantes-Sandoval et al. 2016; Berry
et al. 2018; McCurdy et al. 2021). Unsurprisingly, the reversal of
aversive learning induces neuronal activity changes that overlap
with those observed after the extinction of aversive memory
(McCurdy et al. 2021). As mentioned above, aversive conditioning
potentiates the CS* response of MBON-y5f'2a presumably via dis-
inhibition from MBON-y1pedc. Just like in extinction, the central
mechanism of attenuation of CS* avoidance after reversal learning
is also neutralization of the plasticity (or depotentiation) of
MBON-y5p'2a. However, in reversal learning, the depression that
counteracts the ongoing potentiation is mediated by PAM-f'2a
DANSs, not PAM-yS as seen in the case of extinction (Felsenberg
et al. 2018; Otto et al. 2020). The CS* response of PAM-p'2a, previ-
ously depressed by aversive conditioning, regrows during reversal
training to depotentiate MBON-y5f'2a (McCurdy et al. 2021).
This activity pattern of PAM-p'2a mirrors that of cholinergic
MBON-y20/1 (Berry et al. 2018; McCurdy et al. 2021), which is pre-
synaptic to PAM-f'2a (Fig. 2F). Thus, although slightly different in
the routes leading to plasticity, both reversal learning and extinc-
tion induce parallel opposing memory traces via MBON-DAN
pathways to attenuate the conditioned behavior. Interestingly, a
closely overlapping mechanism is used for learning of relative aver-
sive value (Villar et al. 2022). In this learning, flies experience
strong electric shocks with odor A and then milder shocks with
odor B, after which they develop a relative preference of B over A
(Yin et al. 2009; Perisse et al. 2013). During pairing with odor B,
a subset of reward-encoding PAM-DANs (namely, PAM-p'2a and
PAM-y5) shows an increased activity, likely driven by elevated ac-
tivity of MBON-y2¢'1 (Fig. 2F; Villar et al. 2022). Thus, the circuitry
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around PAM-f'2a and PAM-y5 may have a specialized role of repre-
senting “relative reward” based on the animal’s past experience.

Memory update does not always mean that memory is extin-
guished or reversed; some memory just needs to be refreshed and
re-established, especially since memory appears to become tempo-
rarily labile after retrieval (Nader et al. 2000; Schafe and LeDoux
2000), often triggering reconsolidation to maintain the originally
learned association. In flies, moderate reactivation of aversive
memory by re-exposure to CS* alone triggers reconsolidation,
whereas intense reactivation results in extinction (Lagasse et al.
2009). Reconsolidation of appetitive memory can be initiated by
postlearning re-exposure to CS™ alone, and this process relies on
the excitation of multiple types of DANs via both feedback and
feed-forward MBON-DAN networks (Felsenberg et al. 2017). After
appetitive learning, MBON-y2¢/1 shows an increased response to
CS~, which is counterintuitive because MBON-y20/1 promotes ap-
proach behavior (Aso et al. 2014b); the elevated response to CS™
could counteract the conditioned approach to CS*. However, this
cholinergic MBON feeds a critical excitatory drive to its partner
DAN PPL1-y20'1 (Fig. 2G) via a feedback loop and also to PAM-
DANS via feed-forward connections, both of whose activity is re-
quired for reconsolidation with different timing; PPL1-y20/1 is re-
quired during CS™ re-exposure, and PAM-DANSs are required right
after it (Felsenberg et al. 2017). Although the detailed process is still
elusive, sequential action of those DANs driven by MBON-DAN
connections is expected to induce destabilization and restabiliza-
tion of memory.

Higher-order conditioning

The examples so far show that the hierarchical interconnection be-
tween dopamine subsystems enables existing memory to gate LTM
or update it based on new experiences. In general, this circuit archi-
tecture allows previous learning to influence future learning. This
feature also enables a complex form of learning, in which animals
use a previously learned, rather than an innate, valence of stimuli
to learn a new association. Second-order conditioning is one such
type of indirect learning that has been observed in many different
species, including Drosophila (Rizley and Rescorla 1972; Rashotte
et al. 1977; Bitterman et al. 1983; Hawkins et al. 1998; Brembs
and Heisenberg 2001; Mizunami et al. 2009; Tabone and de Belle
2011; Yamada et al. 2023). In appetitive unimodal olfactory
second-order conditioning, starved flies first undergo odor (S1)-
sugar conditioning. This S1 serves as a reward in the following
round of training, in which flies are presented with another odor
(S2) followed by S1 but not by sugar. After this training, flies
develop a robust preference toward S2 even though it was never
presented with the primary reward (Yamada et al. 2023). Optoge-
netic imprinting of S1 memory in targeted reward memory com-
partments followed by S$2-S1 conditioning identified ol, the
LTM compartment, as the most efficient “teacher” compartment
capable of instructing second-order memory. Paradoxically, as
mentioned above, a1 is the most “isolated” compartment in terms
of direct connectivity with other compartments, lacking mono-
synaptic connection between MBON-ol and non-al DANs (Li
et al. 2020). It turned out, however, that there is a robust network
indirectly connecting MBON-a.1 to multiple PAM-DANs innervat-
ing reward memory compartments. A cluster of cholinergic neu-
rons (SMP353/354) receiving inhibitory inputs from MBON-o1
acquires an excitatory S1 response upon induction of depression
in ol, mimicking S1 memory formation (Aso et al. 2023).
SMP353/354 converge on a single cholinergic neuron named
SMP108, which also acquires an excitatory S1 response (Yamada
etal. 2023). SMP108 in turn synapses on PAM-DANs and, upon ac-
tivation, can induce dopamine release in multiple “student”

50f9


http://learnmem.cshlp.org/
http://www.cshlpress.com

Downloaded from learnmem.cship.org on June 12, 2024 - Published by Cold Spring Harbor Laboratory Press

Dopamine subsystem network in Drosophila

compartments, including the STM compartments y5 and f'2a (Fig.
2H). $2-S1 conditioning after S1 memory formation in ol indeed
induces S2-specific depression in MBON-y5p'2a. Successful second-
order conditioning generally involves repetitive S2-S1 pairing.
This requires S1 memory to be resistant to extinction because no
reward is presented during S2-S1 pairing. This requirement may
explain why o1, which can hold stable and long-lasting memory,
is most effective as a teacher compartment. On the other hand,
the retention time of S2 memory is known to be short across spe-
cies (Gewirtz and Davis 2000). This feature could be explained by
the memory properties of the student compartments. Thus, the
identified circuit mechanisms of second-order conditioning may
account for distinct properties of first- and second-order memory.
A somewhat similar mechanism may underlie aversive second-
order learning because suppression of MBON-y1pedc, which mim-
ics the plasticity following first-order conditioning, paired with an
odor presentation induces aversive memory (Ueoka et al. 2017;
Konig et al. 2019), although the exact mechanisms are yet to be
studied.

Current limitations and future prospects

Apart from a notable exception of the second-order learning study
(Yamada et al. 2023), the majority, if not all, of the studies men-
tioned in this review focused on, or attributed the identified func-
tions to, direct MBON-DAN connections. However, experimental
evidence to support the specific role of the direct connections is
typically circumstantial and does not formally exclude the poten-
tial involvement of indirect connections. For example, even the
presence of an EM-confirmed monosynaptic connection from an
MBON to DANs and corresponding behavioral evidence of the re-
quirement of DAN expression of receptors for the transmitter re-
leased by the MBON do not rule out the possibility that other
neurons that use the same transmitter and synapse on the DANs
play an important role. Additionally, although the relationship be-
tween the ultrastructural arrangement of synapses and physiolog-
ically measured synaptic strength has been studied in certain cell
types (Liu et al. 2022), it is unclear whether we can extrapolate
the results to other cells. In general, we need more information
about the subcellular localization of transmitter receptors to vali-
date the connectome-identified synapses. We also need tools to
manipulate specific synapses or axon branches rather than switch-
ing the entire output of a given neuron on and off to understand
the function of the specific connections of interest. For example,
a recent study in T4/T5 neurons of the fly visual system used
epitope-tagged endogenous transmitter receptors together with ex-
pansion microscopy to demonstrate subtype-specific localization
of receptors to dendritic domains within a neuron (Sanfilippo
et al. 2023). Subtype compositions of the receptors are also distinct
among synapses within the same dendritic domains. Such high-
resolution information may enable input-specific manipulation
of synapses by, for example, cell type-specific knockout of a specific
receptor subtype. To explore the presence of indirect connections,
the combination of EM connectome data and the neurotransmit-
ter prediction from the EM images (Eckstein et al. 2023) would
be a powerful tool. However, to test the functions of the identified
connections, genetic drivers for the interneurons connecting
MBONSs and DANSs are required. Although such an approach has
proven to be successful in identifying the circuit mediated by
two interneurons (Yamada et al. 2023), the creation of specific ge-
netic drivers for interneurons can be a rate-limiting step.

Another complicating factor is the heterogeneity of DANs
projecting to the same MB compartment. While there is only a sin-
gle cell per cell type of PPL1-DANs, which occupies the entire MB
compartment, there are a few up to dozens of neurons per cell
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type of PAM-DANSs (Li et al. 2020). A given PAM-DAN cell type,
as a population, occupies the entire MB compartment, but individ-
ual cells project to a subregion of the compartment. In the y5
compartment, which is innervated by ~20 PAM-DANS, such ana-
tomical heterogeneity has been successfully linked to their func-
tional segregation (Otto et al. 2020). However, the ability to
interrogate the different roles across subclasses of PAM-DANSs is
again limited by the availability of specific genetic drivers.

Finally, to monitor the dynamic sequential changes of neuro-
nal activity across multiple MB compartments, simultaneous re-
cording of neurons and behavioral changes would be ideal. The
recent development of optical probes represented by genetically
encoded voltage sensors made it possible to report the spiking ac-
tivity of neurons in head-fixed-behaving flies (Schnitzer et al.
2022). However, monitoring the activity of neurons while flies
show learning-induced behavioral changes is still challenging, pre-
sumably due to the impact of surgery and head fixation on their in-
ternal state. One avenue to mitigate the problem might be to record
from free-moving flies using less invasive imaging with biolumi-
nescence probes (Mercier et al. 2018). Given the dense network
of MBONs and DANs, however, the flip side of monitoring actual
learning-induced changes is that it may make it difficult to discrim-
inate the primary location of plasticity from the regions undergo-
ing plasticity induced by the primary plasticity. To probe these
relationships, artificial learning induced by site-directed memory
imprinting using methods such as optogenetic activation of a spe-
cific DAN population should be useful.

Conclusions

In a simplified view, the Drosophila MB can be regarded as repeating
memory modules controlled in parallel by dopamine and operat-
ing with different intrinsic parameters for plasticity induction
and maintenance. However, the intricate network interconnecting
the MB compartments revealed by the EM connectome suggests
that these memory modules are far from independent from each
other. Recent studies confirm that DANs in a given module are un-
der the effect of its own or other modules’ output, which enables
previous learning to influence future learning. Computational
modeling studies have also begun to account for such connectivi-
ty, illustrating the importance of these connections in processes
like extinction learning and testing reward prediction capabilities
of DANs (Bennett et al. 2021; Jiang and Litwin-Kumar 2021;
Springer and Nawrot 2021; Zhao et al. 2021; Gkanias et al. 2022).
It should be noted that, as evident from the circuit underlying
second-order conditioning, even MBONs and DANs that are three
synapses away can mediate a robust function. Thus, the potential
impact of MBON-DAN connections should be even more signifi-
cant than what one would expect from direct connectivity, which
already appears dense. Indeed, there are more functions of the MB
that are likely to involve this MBON-DAN network (Hattori et al.
2017; Jacob and Waddell 2020). Moreover, DAN activity is influ-
enced not only by previous learning but also by a complex combi-
nation of the innate value of stimuli, the internal state of the
animal, ongoing locomotion, and microcircuits inside the MB
compartments (Krashes et al. 2009; Cohn et al. 2015;
Cervantes-Sandoval et al. 2017; Tsao et al. 2018; Lyutova et al.
2019; Siju et al. 2020; Zolin et al. 2021; Schnitzer et al. 2022;
Kato et al. 2023). Thus, the MB offers ample opportunities to ex-
plore the functions of higher-order connections between dopa-
mine subsystems.
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