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Imaging brain learning and memory circuit kinase signaling is a monumental challenge. The separation of phases-based activity
reporter of kinase (SPARK) biosensors allow circuit-localized studies of multiple interactive kinases in vivo, including protein kinase
A (PKA) and extracellular signal-regulated kinase (ERK) signaling. In the precisely-mapped Drosophila brain learning/memory cir-
cuit, we find PKA and ERK signaling differentially enriched in distinct Kenyon cell connectivity nodes. We discover that potentiating
normal circuit activity induces circuit-localized PKA and ERK signaling, expanding kinase function within new presynaptic and post-
synaptic domains. Activity-induced PKA signaling shows extensive overlap with previously selective ERK signaling nodes, while
activity-induced ERK signaling arises in new connectivity nodes. We find targeted synaptic transmission blockade in Kenyon cells
elevates circuit-localized ERK induction in Kenyon cells with normally high baseline ERK signaling, suggesting lateral and feedback
inhibition. We discover overexpression of the pathway-linking Meng-Po (human SBK1) serine/threonine kinase to improve learning
acquisition and memory consolidation results in dramatically heightened PKA and ERK signaling in separable Kenyon cell circuit
connectivity nodes, revealing both synchronized and untapped signaling potential. Finally, we find that a mechanically-induced epi-
leptic seizure model (easily shocked “bang-sensitive” mutants) has strongly elevated, circuit-localized PKA and ERK signaling. Both
sexes were used in all experiments, except for the hemizygous male-only seizure model. Hyperexcitable, learning-enhanced, and epi-
leptic seizure models have comparably elevated interactive kinase signaling, suggesting a common basis of use-dependent induction.
We conclude that PKA and ERK signaling modulation is locally coordinated in use-dependent spatial circuit dynamics underlying
seizure susceptibility linked to learning/memory potential.
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Significance Statement

Critical protein kinases act in learning/memory circuits to enable experience-dependent plasticity. This work images kinase
signaling in vivo to elucidate circuit-level organization relative to mapped connectivity nodes. We discover different kinases
exhibit heightened signaling in different circuit domains, which is dramatically reorganized by use-dependent synaptic trans-
mission and circuit activity levels. We discover the newest learning/memory kinase, Meng-Po/SBK1, co-regulates different
kinases within distinct circuit connectivity nodes. Targeted over-expression of Meng-Po/SBK1 improves learning and mem-
ory, and elevates kinase signaling, indicating untapped kinase signaling potential may enhance capabilities to learn and
remember. Linked heightened seizure susceptibility similarly increases kinase signaling in learning/memory circuitry, indi-
cating a trade-off of benefit for instability. This work mechanistically connects hyperexcitation seizure susceptibility and
learning/memory via circuit-level kinase signaling.
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Introduction
Brain circuits use interactive kinase signaling to regulate the
synaptic connectivity plasticity enabling behavioral adaptations
like learning and memory (Giese and Mizuno, 2013; Lee, 2015;
Khan et al., 2021). Regulated local kinase signaling is a critical
interface linking epileptic seizure susceptibility to learning/mem-
ory abilities (Cole, 2000; Wang and Chen, 2019). Major players
are serine/threonine kinases protein kinase A (PKA) and extra-
cellular signal-regulated kinase (ERK; Wiegert and Bading,
2011; Giese and Mizuno, 2013; Lee, 2015). PKA signaling is crit-
ical for circuit plasticity underlying learning and memory (Li
et al., 1996; Blitzer et al., 1998). ERK signaling likewise contributes
to synaptic plasticity (Impey et al., 1999; Mao and Wang, 2016).
Their interactive signaling is complex, since cAMP activates both
PKA and ERK, and PKAmoreover activates and suppresses ERK
function in a context-dependent manner (Wiegert and Bading,
2011; Taylor et al., 2013; Jain et al., 2018). This localized signaling
integration drives the need to understand kinase function in
baseline, activity-modulated, and disease model states. In partic-
ular, we need to determine when and where kinase signaling
occurs in well-mapped brain learning/memory circuits.
Knowledge of circuit-localized, subcellular kinase signaling is
essential to instruct analyses of normal plasticity mechanisms
and to improve dysfunction intervention strategies. To this
end, we use transgenic kinase function biosensors to image local-
ized signaling integration.

TheDrosophila central brain mushroom body learning/mem-
ory center provides a model to dissect circuit-localized kinase sig-
naling. This ∼2,000 Kenyon cell (KC) centered circuit (Aso et al.,
2014b; Li et al., 2020; Modi et al., 2020) displays sensory-behavior
integration plasticity requiring PKA and ERK signaling (Zhang
et al., 2018b; Turrel et al., 2020; Zhao et al., 2023). Three KC
classes (α/β, α’/β’, γ) project to connectivity nodes of opposing
behaviors (e.g., approach vs avoid; Crittenden et al., 1998; Aso
et al., 2014a,b), with immunologically separable somata, calyx
and axonal lobes (Liu et al., 2019; Lai et al., 2022). Defined KC
classes have autonomous learning/memory roles, which require
differential kinase signaling (Zars et al., 2000; Buchanan and
Davis, 2010). For imaging, separation of phases-based activity
reporter of kinase (SPARK) biosensors can be neuron-targeted
for precise spatiotemporal analyses (Zhang et al., 2018a; Li et
al., 2022). We previously mapped age-dependent PKA signaling
to show normal function detectable in only three α’/β’ output
regions (α’1, β’1, β’2), but expanded by KC synaptic output
blockade (Sears and Broadie, 2022). This PKA signaling plasticity
begs the question of activity regulation in orchestration with ERK
signaling, given the complex synergistic and antagonistic PKA/
ERK signaling interactions (Wiegert and Bading, 2011; Taylor
et al., 2013; Jain et al., 2018).We now use an ERK-SPARK biosen-
sor to image signaling in both normal and activity-modulated
circuits. We then image both PKA and ERK signaling in altered
behavioral state models of enhanced learning/memory and ele-
vated epileptic seizure susceptibility.

In this study, we first use SPARK reporters to image circuit-
localized PKA and ERK signaling in resting, activity-modulated,
and neurotransmission output-blocked conditions. We discover
baseline distinctions between heightened PKA and ERK signal-
ing domains, with heightened activity driving elevated function
and newly-induced signaling domains. Kenyon cell neurotrans-
mission blockade with targeted tetanus toxin (Doll et al., 2017)
or temperature-sensitive dynamin (shibirets; Vijayakrishnan et al.,
2010) broadens kinase signaling in both pre- and postsynaptic

compartments. Potentiated circuit activity with transgenic
sodium channels (NaChBac; Mabuchi et al., 2023) or
temperature-sensitive TRP channels (TRPA; Dear et al., 2017)
upregulates separable PKA and ERK signaling. We next employ
SPARK reporters to image circuit-localized PKA and ERK signal-
ing in behavioral mutant models improving learning/memory
capabilities and elevating seizure susceptibility. Targeted
Meng-Po kinase overexpression strengthening learning/memory
(Lee et al., 2018) causes increased PKA and ERK signaling in dis-
tinct circuit connectivity nodes. The “bang-sensitive” easily
shocked mutant epilepsy model (Jeong et al., 2021) consistently
manifests elevated PKA and ERK signaling in nonoverlapping
circuit domains. These results indicate coordinated PKA and
ERK signaling at baseline with activity-dependent changes sug-
gesting an untapped kinase potential associated with improved
learning and memory.

Materials and Methods
Materials availability. Contact the senior author for assistance in

obtaining any materials used in this study. We are pleased to share
Drosophila lines with only reasonable compensation for shipping.

Data availability. All data supporting findings of this study are avail-
able from the senior author on request.

Drosophila genetics. All animals were reared and maintained on a
12/12 h light/dark cycle at 25°C with standard cornmeal/agar/molasses
food, unless specified otherwise. Females and males were used in all
experiments, unless specified otherwise. Animals were outcrossed to
the w1118 genetic background control (Bloomington Drosophila Stock
Center, BDSC 3605). The Kenyon cell OK107-Gal4 driver (BDSC 854;
Connolly et al., 1996) was used with UAS-PKA-SPARK and
UAS-ERK-SPARK to image circuit kinase signaling (Xiaokun Shu;
Zhang et al., 2018a). The following UAS lines were used; (1)
UAS-Rafgof (BDSC 2033; Brand and Perrimon, 1994) and UAS-rlSem

(BDSC 59006) to modulate ERK signaling (Brunner et al., 1994; Sun
et al., 2020), (2) UAS-TNT with inactive UAS-IMP-TNT control (BDSC
28841; Brian McCabe, Brain Mind Institute, EPFL) (Yamasaki et al.,
1994; Sweeney et al., 1995; Haag et al., 2016) and UAS-shibirets (BDSC
44222; Kitamoto, 2001) to block neurotransmission (Vijayakrishnan
et al., 2010; Sears and Broadie, 2022), (3) UAS-NaChBac (BDSC 9469;
Nitabach et al., 2006) and UAS-TRPA1 (BDSC #26263; Pulver et al.,
2009) to elevate circuit activity (Dear et al., 2017), and (4)
UAS-meng-po.HA (BDSC 80145; Lee et al., 2018) for overexpression.
A rolled hypomorphic allele rl1 was used as an ERK loss of function con-
trol (BDSC 386; Biggs et al., 1994). The easily shocked (eas2) allele was
used as the hyperexcitable seizure model (Barry Ganetzky, University
of Wisconsin; Benzer, 1971; Pavlidis et al., 1994; Pascual et al., 2005).
X chromosome hemizygotic male eas2 mutants and matched controls
were compared. UAS-SPARK animals were assayed alone or crossed
with OK107-Gal4, for both UAS transgene and driver controls, respec-
tively. In all experiments, the Gal4 driver and UAS responder(s) were
always heterozygous (e.g., UAS-ERK-SPARK/+; OK107-Gal4/+).

Temporal thermogenetics. For conditional experiments, temperature-
sensitive (ts) transgenes were used with timed temperature shifts as pre-
viously reported (Dear et al., 2017; Sears and Broadie, 2022). Briefly,
UAS-shibirets is a dynamin semi-dominant negative above 29°C
(Koenig et al., 1983; Kitamoto, 2001) to block synaptic transmission
(Rohrbough and Broadie, 2002; Vijayakrishnan et al., 2010), and
UAS-TRPA1 (transient receptor potential A1) is a cation channel acti-
vated above 23°C (Hamada et al., 2008; Pulver et al., 2009) to elevate neu-
ronal function (Dear et al., 2017). UAS-SPARK; OK107-Gal4 animals
were crossed with UAS-shibirets or UAS-TRPA1. Animals of all geno-
types were reared at 20°C as eggs, larvae, and pupae until posteclosion.
Adults weremaintained at 20°C ormoved to 30°C for 7 d. Animalsmain-
tained at 20°C as adults serve as controls, since 20°C is below dominant-
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negative shibirets and TRPA1 channel activation thresholds. Adults at 30°C
are the experimental groups. Age-matched control and experimental
brains were processed in parallel for immunolabeling analyses as detailed
below.

Immunocytochemistry imaging. Drosophila brains were dissected in
phosphate-buffered saline (PBS) and then fixed for 10 min in 4% para-
formaldehyde in PBS+ 4% sucrose with rotation at room temperature
(RT). Brains were blocked for 1.5 h at RT with rotation in blocking
buffer (PBS, 1% bovine serum albumin, 0.5% goat serum, 0.2% Triton
X-100). Brains were incubated in a 1:100 dilution of mouse anti-Trio
(DSHB 9.4A) in blocking buffer for 2 h at RT with rotation then washed
three times for 10 min with blocking buffer. Brains were incubated with
fluorescent secondaries and primaries for 2 h at RT with rotation, then
washed three times for 10 min with blocking buffer. Brains were
mounted between two #1 coverslips separated by a die-cut Oracal 651
vinyl spacer to allow for imaging of rostral (lobes) and caudal (somata
and calyx) regions from each brain, with imaging performed from
both directions. FITC-conjugated goat anti-GFP (Abcam ab6662; 1:500
dilution) was used to better visualize PKA-SPARK. Anti-mouse Alexa
555 (Invitrogen A31570; 1:500 dilution) was used to visualize Trio
immunolabeling. Brightness and contrast were altered only in the case
of Trio immunolabeling in figure images, with all changes to the entire
image, to better display Trio+ and Trio− areas. Brains were imaged using
confocal microscopy in serial optical sections as rostral lobe z-stacks and
caudal calyx/somata z-stacks. The focal planes, sections, and stacks
shown are indicated in all figure legends. Mounted brains were imaged
using an LSM 510 Zeiss confocal microscope and a PLAN
Apochromat 63X/1.4NA objective, with pixel dwell of 1.26 µs and
1 µm optical slice width as z stacks of rostral lobes and caudal somata
+ calyx.

Experimental design and statistical analysis. Animals were reared as
described above with molecular genetics enabling expression of SPARK
tools in the Kenyon cells in aged Drosophila adult brains. Brains were
extracted, processed, and imaged using confocal microscopy in serial
optical sections. SPARK puncta were counted using the ImageJ Point
Tool and circuit localized using established mushroom body output neu-
ron (MBON) maps (Tanaka et al., 2008; Aso et al., 2014b). Neuron clas-
ses were identified using Trio immunolabeling, which labels γ neurons
moderately, α’/β’ neurons strongly, and does not label α/β neurons
(Liu et al., 2019; Lai et al., 2022). Cells and lobes were separated during
analysis by location, position, labeling, and z-stack depth. All statistical
analyses were conducted using GraphPad Prism (version 10). Datasets
were compared using either two-tailed Mann–Whitney tests (n= 2 data-
sets) or with Kruskal–Wallis tests with Dunn's correction (n > 2 datasets).
All graphs display individual data points and mean ± SEM. Significance
is shown as *p< 0.05, **p < 0.01, ***p < 0.001 and is not statistically sign-
ificant (p > 0.05; n.s.).

Results
Differential circuit-localized PKA and ERK signaling in
Kenyon cells
We began by testing side-by-side PKA and ERK signaling in
Kenyon cells (KCs). The three major classes (α/β, α’/β’, γ) extend
dendrites into the calyx, and axons into five lobes (α, β, α’, β’,γ;
Tanaka et al., 2008; Aso et al., 2014b; Modi et al., 2020). Other
KC classes, dorsal γ (γd) and α/βp, project to near lobe regions
and adjacent ventral/dorsal accessory calyx, respectively (Aso
et al., 2014b). The lobes are subdivided into 16 tiling domains
(e.g., α’1, β’1, β2, α3, γ1, γ3, γ5) with informed circuit signaling
maps (Aso et al., 2014b; Sears and Broadie, 2022). Kenyon cells
project to both aversive and appetitive outputs, making them
powerful models to analyze compartmentalized kinase signaling
(Aso et al., 2014a; Modi et al., 2020; Davis, 2023). Kenyon cells
display variable baseline excitability, with α’/β’ showing higher
excitability (Turner et al., 2008; Inada et al., 2017; Leinwand

and Scott, 2021). To test PKA and ERK signaling, we use
Kenyon cell OK107-Gal4 (Connolly et al., 1996; Pardo-Garcia
et al., 2023) to drive the two SPARK biosensors which, when
phosphorylated by each specific kinase, reversibly generate
florescent GFP puncta (Zhang et al., 2018a; Sears and Broadie,
2020; Shaheen et al., 2023). Since the two SPARK biosensors
have different fluorescence labels, affinities, and EC50 levels
(Zhang et al., 2018a), we cannot compare their quantification
directly. However, we can compare circuit domains with/without
detectable signaling, as well as altered signaling from experimen-
tal manipulations. All imaging is staged at 7 d posteclosion
(7 dpe, 25°C) to reduce result variation. To lay the groundwork
for subsequent activity-modulated conditions, mutant analyses,
and behavioral models, we start by testing side-by-side PKA
and ERK signaling in the resting (basal) ground state.

We previously found baseline PKA signaling to be upregu-
lated in only 3 of the 16 axon lobe domains (α’1, β’1, and β’2),
with few PKA-SPARK puncta present outside these defined con-
nectivity nodes (Sears and Broadie, 2022). In sharp contrast,
heightened ERK signaling is restricted primarily to the α and β
lobes, especially to α3 and β2 domains (Fig. 1A, top rows).
Importantly, ERK-SPARK puncta are not detected in the α’1,
β’1, and β’2 output domains, where PKA signaling predominates.
Quantification shows high PKA-SPARK and low ERK-SPARK
puncta in both the α’1 and β’1 circuit nodes, with significant
(p = 0.000000740; Mann–Whitney U= 0), >50-fold elevated
PKA-SPARK puncta over ERK-SPARK puncta in both these
domains (Fig. 1B, left). Conversely, there is undetectable
PKA-SPARK puncta and extremely high ERK-SPARK puncta
in both the α3 and β2 nodes, with significant (p= 0.000000740;
Mann–Whitney U= 0), >45-fold elevation of ERK-SPARK over
PKA-SPARK puncta (Fig. 1B, right). As will become important
later in these analyses, neither PKA nor ERK biosensors detect
any significant baseline signaling in the medial γ lobe (γ2 to
γ5; Fig. 1A, top and 2nd rows). Thus, in the resting, basal state,
heightened PKA and ERK signaling is circuit-localized to a small
subset of Kenyon cell output domains, with a striking presynaptic
separation between PKA (α’/β’) and ERK (α/β) signaling. We
conclude that this spatial distinction indicates independent reg-
ulation and the possibility of antagonistic regulatory interactions.

We next sought to test other circuit regions for distinguish-
able kinase signaling, including Kenyon cell somata and mush-
room body calyx dendritic arbors. Axonal lobes are easily
mapped based on their distinctive architecture, but delineating
somata and calyx regions is much more difficult. We therefore
co-labeled with an antibody against the RhoGEF Trio, which
clearly marks γ and α’/β’ neurons, with no α/β labeling (Liu
et al., 2019; Lai et al., 2022). PKA signaling occurs in both Trio
negative (Trio−) and Trio positive (Trio+) somata, with more
PKA-SPARK puncta in Trio− cells (Fig. 1A, somata). In direct
contrast, there are almost no detectable ERK-SPARK puncta in
the somata (Fig. 1C). Quantification shows high PKA-SPARK
puncta in the Trio− somata, with a significant (p= 0.000175;
Mann–Whitney U= 0), >30-fold elevation over ERK-SPARK
puncta number (Fig. 1C). In the calyx, PKA signaling is elevated
in the Trio+ regions, but not in the Trio− negative regions
(Fig. 1A, bottom, yellow dashed circles). ERK-SPARK puncta
are nearly undetectable in the calyx (Fig. 1D). Quantification
shows high PKA signaling in Trio+ calyx regions, and higher
overall PKA-SPARK compared to ERK-SPARK puncta
(p= 0.000175; Mann–Whitney U= 0; >60-fold difference;
Fig. 1D). To test for leaky expression, we compared both
PKA- and ERK-SPARK, with and without the OK107-Gal4
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driver. We find detectable SPARK expression only if
OK107-Gal4 is present (Fig. 2). Taken together, we find higher
PKA signaling but negligible ERK signaling in Kenyon cell
somata, and similarly higher PKA signaling especially in Trio+
regions of the postsynaptic calyx, but nominal ERK signaling
in the calyx. We next turned to dissecting this newly revealed
localized ERK signaling in the Kenyon cell circuit.

Distinct circuit-localized ERK signaling with layered pathway
activation
ERK signaling has been previously reported to show activity-
dependent induction, but circuit mapping of ERK signaling
with immunolabeling alone is extremely challenging (von
Kriegsheim et al., 2009; Zhang et al., 2018b). To test the regula-
tion of the above ERK-SPARK signaling within Kenyon cells,
we used two targeted pathway manipulations; (1) a constitutively
active gain-of-function Raf (Rafgof) upstream in the mitogen-
activated protein kinase (MAPK) regulatory pathway (Brand
and Perrimon, 1994;Wei et al., 2021) and (2) constitutively active
RolledSevenmaker (RlSem) directly at the level of ERK enzymatic
function (Brunner et al., 1994; Sun et al., 2020). With these two
OK107-Gal4 targeted transgenic manipulations, we fully
expected maximally elevated ERK-SPARK signaling throughout
the Kenyon cells, as we reported previously for transgenic PKA-C
activation of PKA-SPARK signaling (Sears et al., 2019; Sears and
Broadie, 2020). However, to our surprise, both Rafgof and RlSem

drive elevated ERK-SPARK signaling to a more limited degree
(Fig. 3), suggesting very strong restrictive mechanisms must exist
in Kenyon cells to limit ERK signaling activation. Using the same
circuit mapping strategy as above, we test localized ERK-SPARK
signaling induced by pathway activation at these two very differ-
ent levels (Rafgof and RlSem) compared to the OK107-Gal4 trans-
genic driver control. We assay ERK-SPARK signaling in all three
genotypes in the mapped Kenyon cell lobe presynaptic domains,
somata, and calyx postsynaptic dendritic arbors. Representative
images and quantified results are shown in Figure 3.

Compared to the driver control, Rafgof and RlSem increase
ERK signaling within the α/β lobes (Fig. 3A). Quantification
shows significant elevations in β2 for Rafgof and RlSem (control
vs Rafgof, p= 0.0436, Z= 2.29; control vs RlSem, p= 0.000714,
Z= 3.57; Fig. 3B, left). Interestingly, Rafgof but not RlSem drives
expanded ERK signaling in two medial domains; γ5 and dorsal
γ5 (Fig. 3A). Quantification reveals significant increases in both
domains (γ5, control vs Rafgof, p= 0.000139, Z= 3.98; γ5, control
vs RlSem, p= 0.999, Z= 0.263; dorsal γ5, control vs Rafgof,
p= 0.000373, Z= 3.737; control vs RlSem, p= 0.999, Z= 0.465;
Fig. 3B, center/right). In Kenyon cell somata, ERK signaling is
elevated with both Rafgof and RlSem (Fig. 3C). Rafgof results in
stronger activation, with enlarged ERK-SPARK puncta relative
to RlSem. Trio immunolabeling reveals further striking differ-
ences; Rafgof causes elevated ERK signaling almost exclusively
within the Trio+ neurons, whereas RlSem drives ERK signaling

Figure 1. Distinct PKA versus ERK signaling in Kenyon cell connectivity nodes. A, Drosophila brain imaging of PKA-SPARK and ERK-SPARK signaling (grayscale) with the OK107-Gal4 driver for
Kenyon cells in the mushroom body learning/memory center. Co-labeled with anti-Trio (magenta), with the merged images on the right. Highlighted are the axonal lobes (top), Kenyon cell
somata (middle) and dendritic arbor calyx (bottom). Dashed yellow lines delineate Trio−negative calyx regions. B, Quantification of SPARK puncta in indicated lobe circuit nodes. C, Quantification
of SPARK puncta in Kenyon cell somata. D, Quantification of SPARK puncta in the calyx. Trio-positive (Trio+), negative (Trio−) and total domain counts are shown as indicated. Images are
z-projections (lobes) or single slices (somata and calyx), with the lobes in rostral and calyx/somata in caudal aspects of the brain. All individual data points shown with mean ± SEM. Significance
in Mann–Whitney tests: ***p< 0.001. Scale bars: 10 µm.
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in Trio+ and Trio− somata (Fig. 3C). Quantification shows a
significant increase in ERK-SPARK puncta in the Kenyon cell
somata with both Rafgof and RlSem (control vs Rafgof, p=
0.000146, Z=3.97; control vs RlSem, p=0.000319, Z=3.78;
>5-fold difference; Fig. 3D). Within the postsynaptic calyx, we
observe only weak ERK signaling activation with RlSem, and
none at all with Rafgof (Fig. 3C). Quantification shows a small
but significant increase of ERK-SPARK puncta with RlSem (control
vs RlSem, p=0.0223, Z=2.54; Fig. 3E). Taken together, both Rafgof

and RlSem drive circuit-localized ERK signaling, in overlapping as
well as different cell types, perhaps due to downstream regulation.
Given the strong Rafgof phenotype, we next tested ERK function by
introducing the viable rolled/ERK hypomorph rl1.

We first compared rl1 homozygous mutants to matched con-
trols with ERK-SPARK expressed in the Kenyon cells (Fig. 4A,B).
Consistent with expectations, we find rl1 mutants display far
fewer ERK-SPARK puncta in α/β domains of normally height-
ened ERK signaling (Fig. 4A). To quantify this phenotype, we
assayed both β1 and β2 (Fig. 4A, left) to find significant reduction
in ERK-SPARK puncta in rl1 mutants in both domains (β1:
p= 0.0000289, Mann–Whitney U= 29.5; β2: p= 0.00000585,
Mann–Whitney U= 22; Fig. 4B). We next compared animals
expressing Rafgof in Kenyon cells with animals in a rl1 homozy-
gous mutant background (rl1; Rafgof). These double mutants
show suppression of Rafgof-dependent ERK-SPARK puncta,
with a signaling loss in both γ5 and dorsal γ5 compared to
Rafgof alone (Fig. 4C). Quantification reveals a highly significant
decrease in ERK-SPARK puncta in both domains in rl1; Rafgof

double mutants compared to Rafgof animals (γ5: p= 0.000382,
Mann–Whitney U= 23; dorsal γ5: p= 0.000000598, Mann–
Whitney U= 3; Fig. 4D). Finally, we predicted the rl1 background
would prevent Rafgof-dependent ERK-SPARK puncta signaling
in Trio+ somata (Fig. 3). Consistently, we find an almost total
loss of ERK-SPARK puncta in the Kenyon cell somata of Rafgof

in the rl1mutant background (Fig. 4E). There is a large reduction
in ERK-SPARK puncta in the somata (p= 0.00000231, Mann–
Whitney U= 4), with the most ERK signaling loss in Trio+
somata (Fig. 4F). Taken together, we find rl1 mutants have
ERK-SPARK puncta loss both at baseline and with Rafgof

Figure 2. PKA- and ERK-SPARK biosensors require Kenyon cell driver expression. A, The
UAS-PKA-SPARK biosensor driven by the Kenyon cell OK107-Gal4 driver (top) and without
the driver (bottom). Images are separated to show the mushroom body axonal lobes (left)
and the postsynaptic calyx with somata (right). The PKA-SPARK signal alone is displayed
in grayscale (first and third columns), and together with anti-Trio (magenta) co-labeling (sec-
ond and fourth columns). There is no detectable PKA-SPARK in the absence of the driver.
B, UAS-ERK-SPARK biosensor imaging displayed in an identical manner. Note the Kenyon
cell circuit domain separation between PKA signaling (A) and matched ERK signaling (B).
There is no detectable ERK-SPARK in the absence of the Kenyon cell OK107-Gal4 driver, show-
ing targeted biosensor reporting. All images shown are z-stack projections of lobes or single
slice somata/calyx. Scale bar: 10 µm.

Figure 3. Localized ERK signaling with gain-of-function ERK pathway activation.
A, ERK-SPARK in Kenyon cell axonal lobes in the OK107-Gal4 driver control (left), and driving
UAS-Rafgof (middle) and UAS-ERK/RlSem (right). The circuit connectivity nodes with the largest
ERK signaling changes are indicated. B, Quantification of ERK-SPARK puncta within the indi-
cated lobe nodes. C, ERK-SPARK within the Kenyon cell somata and adjacent postsynaptic
calyx with the OK107-Gal4 driver control (left) and driving UAS-Rafgof (middle) and
UAS-ERK/RlSem (right). Quantification of ERK-SPARK puncta in somata (D) and in the calyx
dendritic arbor (E). All images are z-stack projections, with lobes in rostral and calyx/somata
in caudal aspects of the brain. All individual data points shown with mean ± SEM. Significance
in Kruskal–Wallis tests with Dunn's correction: *p< 0.05, **p< 0.01, ***p< 0.001, and not
statistically significant (n.s.). Scale bars: 10 µm.
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activation. We next turned to circuit signaling as a mechanism
for this ERK pathway regulatory control.

Targeted neurotransmission blockade elevates localized ERK
signaling
Kenyon cell neurotransmission output provides both lateral con-
trol and feedback regulation via compartmentalized PKA signal-
ing (Manoim et al., 2022; Sears and Broadie, 2022). To test
impacts on circuit-localized ERK signaling, we first use targeted
tetanus toxin light chain (TNT) to block Kenyon cell synaptic
transmission (Sweeney et al., 1995; Haag et al., 2016). TNT pro-
teolytically cleaves the vesicle SNARE Synaptobrevin to prevent
synaptic vesicle exocytosis fusion (Link et al., 1992; Schiavo et
al., 1992). We use Kenyon cell OK107-Gal4 to target
ERK-SPARK and quantify puncta with TNT block, without
TNT, and with a mutated inactivated IMP-TNT control
(Yamasaki et al., 1994). In the axonal lobes, ERK signaling is rel-
atively normal in the absence of neurotransmission, with one
dramatic exception; TNT causes profound ERK signaling induc-
tion in the core γ1 domain stretching deep into the anterior ped-
unculus (Fig. 5A). This γ1 output node sub-region is composed
of Trio− α/β neurons, suggesting that circuit output limits signal-
ing in this specific domain. 3D-projections reveal the striking

TNT neurotransmission block expansion (Fig. 5A, lower panels).
Quantification shows few γ1 ERK-SPARK puncta in background
and IMP-TNT controls, but a significant, >4-fold puncta increase
with the TNT blockade (control vs IMP-TNT, p= 0.896, Z= 1.04;
control vs TNT, p= 0.00000281, Z= 4.90; IMP-TNT vs TNT,
p= 0.00000321, Z= 4.88; Fig. 5B). A loss of Kenyon cell synaptic
function also causes expansion of postsynaptic ERK signaling
within the calyx (Fig. 5C). Quantification in the calyx once again
shows few ERK-SPARK puncta in background and IMP-TNT
controls, but a significant, >5-fold increase with TNT blockade
(control vs IMP-TNT, p= 0.999, Z= 0.677; control vs TNT,
p = 0.00233, Z= 3.36; IMP-TNT vs TNT, p= 0.00000283,
Z= 4.90; Fig. 5D).

To further test the role of KC synaptic output regulation on
local ERK signaling, independent of possible developmental
effects, we used a targeted, conditional method to block neuro-
transmission. The temperature-sensitive (ts) mutation in dynamin
(shibirets) blocks synaptic vesicle cycling to completely prevent
neurotransmission at temperatures above 29°C (Koenig et al.,
1983; Kitamoto, 2001). We used the OK107-Gal4 driver to target
shibirets to Kenyon cells, and tested ERK-SPARK signaling at per-
missive (20°C) and restrictive (30°C) temperatures. We previously
reported similar neurotransmission blockade phenotypes for

Figure 4. ERK reduction lowers baseline and Rafgof-dependent ERK signaling. A, ERK-SPARK in Kenyon cell axonal lobes driven by OK107-Gal4 in control animals (left) and in the homozygous
rl1 hypomorphic mutant in ERK (right). B, Quantification of ERK-SPARK puncta within the indicated compartments. C, ERK-SPARK in Kenyon cell axonal lobes with OK107-Gal4 driven UAS-Rafgof in
the control background (left), and in the rl1 mutant background (right). D, Quantification of ERK-SPARK puncta within the indicated compartments. E, ERK-SPARK in Kenyon cell somata and calyx
with OK107-Gal4 driven UAS-Rafgof in the control background (left), and in the rl1 mutant background (right). F, Quantification of ERK-SPARK puncta in Trio+ somata (left) and in all somata
(right). Images are z-projections (lobes) or single slices (somata and calyx), with lobes in rostral and calyx/somata in caudal aspects of the brain. All individual data points shown with mean ±
SEM. Significance in Mann–Whitney tests: ***p< 0.001. Scale bars: 10 µm.
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TNT and shibirets in the regulation of PKA-SPARK signaling
(Sears and Broadie, 2022), although we also observed mushroom
body morphological defects in shibirets mutants even at permis-
sive temperatures. Based on above TNT analyses, we predicted
elevated ERK-SPARK signaling in the γ1 domain of adult shibir-
ets mutants at the blockaded 30°C, relative to 20°C control.
Consistently, compared to the permissive 20°C condition, we
find a significant increase in γ1 ERK-SPARK at restrictive 30°C
(p= 0.00000000688; Mann–Whitney U= 0; Fig. 5E,F). Also con-
sistent with TNT results, we find significantly higher
ERK-SPARK signaling in the calyx of adults at 30°C relative to
the 20°C controls (p= 0.0000000499; Mann–Whitney U= 0;
Fig. 5G,H). As reported previously (Sears and Broadie, 2022),
we also observe shibirets mushroom body morphological defects
at both 20°C and 30°C (Fig. 5E,G). These results indicate KC

neurotransmission local feedback inhibition of ERK signaling.
We next used targeted channel manipulations to test for activity-
dependent kinase signaling alterations.

Potentiated circuit activity induces separable PKA and ERK
signaling domains
The above results indicate that Kenyon cell circuit domains
differentially regulate kinase activation. We hypothesized
activity-dependent control with the local induction of PKA ver-
sus ERK signaling to drive kinase-specific activation patterns. To
test this hypothesis, we drove the depolarization-activated
NaChBac sodium channel in Kenyon cells, which acts to poten-
tiate normal circuit activity, rather than imposing exogenous
activity (Nitabach et al., 2006; Zimmerman et al., 2017). We
used PKA- and ERK-SPARK biosensors, with analyses in both
Kenyon cell presynaptic axonal lobes and postsynaptic calyx.
With PKA-SPARK, we find NaChBac induces strong PKA
signaling in the α/β lobes, including both the β2 and α2 nodes
(Fig. 6A, left). Quantification reveals a significant
(p= 0.0000000575; Mann–Whitney U= 0), >250-fold signaling
induction in β2 compared to controls (Fig. 6B). In the anterior
γ3 domain, we likewise find abundant PKA-SPARK puncta
that are nearly absent in control animals (>70-fold difference;
p= 0.000000213; Mann–Whitney U= 0). In the postsynaptic
calyx, NaChBac activity expands PKA signaling in dendritic
arbors, with densely-packed, large PKA-SPARK puncta in all
calyx regions (Fig. 6A, right). Quantification shows a significant,
>4-fold increase in PKA-SPARK puncta with elevated activity
compared to the driver control (p= 0.000311, Mann–Whitney
U = 0; Fig. 6B, right). We conclude that Kenyon cell activity
strongly drives localized PKA signaling, with NaChBac
channel-induced heighted activity expanding axonal lobe pre-
synaptic signaling in both the α/β and γ3 connectivity nodes,
as well as dramatically increasing the postsynaptic signaling
within the calyx dendritic arbors.

For ERK-SPARK signaling, we again find low overall signal-
ing in both α’ and β’ lobes, with clear ERK activation in both α
and β connectivity nodes (Fig. 6C, left). Compared to the driver
controls, NaChBac-potentiated activity causes elevated ERK sig-
naling in a subset of lobe domains, with particularly strong
induction in the γ5 node (Fig. 6C, lower left). However, note
that ERK signaling is still absent in the β’1 domain (Fig. 6C, yel-
low arrow). Quantification shows a very high activity-dependent
elevation in the number of ERK-SPARK puncta in the γ5 circuit
domain compared to the controls, indicating a significant
(p=0.0000119; Mann–Whitney U=0), >200-fold local increase
in the ERK signaling level (Fig. 6D, left). In the postsynaptic calyx,
the driver controls display few if any ERK-SPARK puncta, again
demonstrating very low baseline ERK signaling (Fig. 6C, right).
In sharp contrast, calyx regions with NaChBac-potentiated activity
show a dramatic increase in the level of local ERK signaling, with
especially dense concentrations of enlarged ERK-SPARK puncta
within the Trio− α/β Kenyon cell dendritic arbors (Fig. 6C, dashed
yellow lines). Quantification reveals a highly increased number of
activated ERK-SPARK puncta within the postsynaptic calyx with
NaChBac activity potentiation compared to the driver controls,
which is a significant, >50-fold elevation in circuit-localized ERK
signaling in these KC postsynaptic domains (p=0.000250;
Mann–Whitney U=0; Fig. 6D, right).

To further explore the role of Kenyon cell activity regulation of
kinase signaling, independent of possible developmental effects, we
used a targeted, conditional method to induce elevated activity.
The temperature-gated TRPA1 channel (Hamada et al., 2008;

Figure 5. Expanded ERK signaling with synaptic transmission output blockade.
A, ERK-SPARK imaging in the axonal lobes with inactive tetanus toxin control (IMP-TNT;
left) and tetanus toxin light (TNT; right) to block Kenyon cell synaptic output. Upper panel
boxed areas displayed below at higher magnification, as single slices (left) and 90° rotated
3D-projections (right). B, ERK-SPARK quantification in boxed domains. C, ERK-SPARK in the
calyx under the same conditions. D, ERK-SPARK puncta quantification in calyxes. E, ERK-SPARK
imaging in the axonal lobes with shibirets at permissive 20°C (left) and restrictive 30°C (right)
to block Kenyon cell synaptic output. Images displayed identically to (A). F, ERK-SPARK
quantification in boxed domains. G, ERK-SPARK in the calyx under the same conditions as
(E). H, Quantification of ERK-SPARK puncta in the calyx. Z-projections (lobes), 3D projections
(indicated above), or single slices (calyx and as indicated above) are shown, with lobes in
rostral and calyx/somata in caudal aspects of the brain, and γ1/pedunculus caudal relative
to other lobe regions. All individual data points shown with mean ± SEM. Significance
from Kruskal–Wallis tests with Dunn's correction (B,D) or Mann–Whitney tests (F,H):
**p< 0.01, ***p< 0.001, and not statistically significant (n.s.). Scale bars: 10 µm.
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Pulver et al., 2009; Dear et al., 2017) allows for the temperature-
dependent elevation in neuronal activity. At temperatures above
23°C, TRPA1 elicits strong neuronal activity and cause both strik-
ing and sustained behavioral effects (Pulver et al., 2009). As above,
we used the OK107-Gal4 driver to target UAS-TRPA1 to Kenyon
cells, and tested both the PKA-SPARK and ERK-SPARK signaling
at the inactive control (20°C) and activity induced (30°C) temper-
atures. To eliminate possible developmental effects, we reared ani-
mals at 20°C until adulthood, then compared adults maintained at
20°C to adults shifted to 30°C. PKA-SPARK and ERK-SPARK sig-
naling induction patterns at 30°C similar to NaChBac would sup-
port an activity-dependent regulatory mechanism. Like
constitutive NaChBac, conditional adult TRPA1 expression with
30°C activation increases PKA-SPARK puncta in the β2, γ3, and
calyx domains (p= 0.000000000961, Mann–Whitney U 3.5;
p= 0.00000000491, Mann–Whitney U= 6.5; p=0.00124, Mann–
Whitney U=2, respectively; Fig. 7A,B). Likewise, ERK-SPARK
puncta are increased in both γ5 and the calyx (p=0.000108,
Mann–Whitney U= 0; p=0.00216, Mann–Whitney U=0, respec-
tively; Fig. 7C,D). Taken together, these combined results reveal
striking activity-dependent kinase signaling induction within
tightly-restricted circuit domains.

Increased neuronal activity may alter output-dependent
affects, or vice versa, so we next attempted to separate

cell-autonomous functions by simultaneously driving both
TNT and NaChBac together in Kenyon cells (Fig. 8). Using the
OK107-Gal4 driver to express ERK-SPARK, we quantified sig-
naling puncta in circuit-localized domains. Like NaChBac alone,
we find significant ERK-SPARK induction in the γ5 domain and
a lack of signaling in α’1 and β’1 domains (Fig. 8A).
Quantification reveals a significant increase in γ5 ERK-SPARK
puncta (p= 0.0000457, Mann–Whitney U= 0; Fig. 8B, left).
Unlike TNT alone, we find ERK-SPARK puncta numbers in
the γ1 inner domain comparable to driver control, and expanded
signaling in the surrounding KC neuropil (Fig. 8A).
Quantification reveals similar ERK-SPARK puncta in the γ1
inner domain comparing the driver controls to animals with
both TNT and NaChBac (p= 0.106, Mann–Whitney U= 32;
Fig. 8B), but also increased ERK signaling in the γ1 outer domain
(p= 0.00000313, Mann–Whitney U= 0; Fig. 8B). IMP-TNT con-
trols show a similar lack of ERK-SPARK puncta in outer γ1 com-
pared to controls (p= 0.278, Mann–WhitneyU= 32.5). However,
defects/gaps in the α/β/γ neuropils complicate this interpreta-
tion, showing sensitivity to combined transgenic manipulation.
These results suggest complex roles for KC synaptic output in
the context of elevated neuronal activity, and feedback-
independent signaling in circuit domains with activity-
dependent regulation. We next turned to behavioral mutant

Figure 6. Potentiated activity induces circuit-localized PKA and ERK signaling. A, PKA-SPARK imaging in the OK107-Gal4 driver control (top) or with expression of the voltage-gated Na+

channel NaChBac (bottom) in Kenyon cell axonal lobes (left column) and postsynaptic calyx (middle column). Anti-Trio colabelling (magenta) is shown for the merged images (right column).
Dashed yellow lines indicate the Trio-negative domains. B, Quantification of PKA-SPARK puncta in the indicated domains. C, ERK-SPARK imaging under identical conditions. The yellow arrow
indicates the β’1 domain. Dashed yellow lines delineate the Trio-negative domains. D, Quantification of ERK-SPARK puncta in the two indicated circuit domains. Images are single slices, with
lobes in rostral and calyx in caudal aspects of the brain. All individual data points shown with mean ± SEM. Significance in Mann–Whitney tests: ***p< 0.001. Scale bars: 10 µm.
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models to test for associated circuit-localized kinase signaling
changes.

Meng-Po/SBK1 overexpression drives circuit-localized kinase
signaling
One of the most recently discovered kinases with a critical role in
learning and memory is Meng-Po (MP), a homolog of human
SBK1 (Nara et al., 2001; Lee et al., 2018). Meng-Po synergizes
with PKA signaling in Kenyon cells, and improves learning
and memory when overexpressed in these neurons (Lee et al.,
2018). We previously discovered Meng-Po overexpression
(MPOE) results in striking PKA signaling induction in the axonal
lobes, most prominently in the α’1, β’1, and γ3 connectivity
nodes of normally heightened PKA signaling (Sears and
Broadie, 2022). Since SBK1 is predicted by gene ontology strate-
gies to enable serine/threonine kinase activity (Gaudet et al.,
2011), we hypothesized that ERK signaling might also increase
with MP overexpression, including expansion into γ lobe
domains, and potentially somata and calyx regions.
Consistently, we find MPOE increases ERK signaling in the lobes,
somata, and calyx (Fig. 9). In the lobes, new ERK-SPARK puncta
appear in the γ1 and γ5 connectivity nodes (Fig. 9A), with similar
circuit localization to the activity-dependent NaChBac and
TRPA1 inductions (Figs. 6C, 7C). Quantification shows new
ERK signaling from MPOE in the γ1 and γ5 connectivity nodes,

both with significant (γ1: p= 0.000311, Mann–Whitney U= 0;
γ5: p= 0.000155, Mann–Whitney U = 0) elevations of
ERK-SPARK puncta compared to the driver control (Fig. 9B).
However, we still find little ERK signaling in the α’1 or β’1 nodes,
where PKA signaling is heightened (compare Fig. 1A, top to 9A,
bottom). These results show that overexpression of a
PKA-associated kinase improving learning/memory induces
localized ERK signaling within Kenyon cells in the underlying
circuit.

In the somata, enlarged ERK-SPARK puncta are induced by
MPOE within both the Trio− and Trio+ Kenyon cells (Fig. 9C).
Quantification shows the few ERK-SPARK puncta in the control
somata are increased significantly >8-fold by MPOE (p= 0.00117,
Mann–Whitney U= 0; Fig. 9D). Dramatic ERK signaling is also
induced in the calyx, in Trio− and immediately surrounding
regions, with ERK-SPARK puncta concentrated in restricted
regions at the periphery (Fig. 9C). Quantification shows signifi-
cant >40-fold elevation in the number of ERK-SPARK puncta
with MPOE (p= 0.000400; Fig. 9E). Given this strong
MP-dependent induction of ERK signaling, we wondered if
MP might also drive PKA signaling in somata and calyx. MPOE

strongly increases PKA signaling in the somata, but the calyx
shows no consistent change (Fig. 9F). The induced puncta are
especially large, suggesting much of the PKA-SPARK biosensor
is phosphorylated. Quantification shows significantly more

Figure 7. Thermogenetic activity induces circuit-localized PKA and ERK signaling. A, PKA-SPARK imaging with OK107-Gal4 driving temperature-sensitive TRPA1 in axonal lobes (left), calyx
(middle), and with anti-Trio (magenta) colabeling (right). Dashed yellow lines indicate Trio-negative domains. The control inactive temperature (20°C) is shown in the top panels, and
channel-activating temperature (30°C) is shown in the bottom panels. B, Quantification of PKA-SPARK puncta in indicated circuit domains. C, ERK-SPARK imaging under identical conditions
as (A). The yellow arrow indicates β’1. Dashed yellow lines delineate Trio-negative domains. D, Quantification of ERK-SPARK puncta in the two indicated circuit domains. Images are z-projections
(lobes) or single slices (calyx). All individual data points shown with mean ± SEM. Significance from Mann–Whitney tests: **p< 0.005 and ***p< 0.001. Scale bars: 10 µm.
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PKA-SPARK puncta with MPOE compared to the driver controls
(p= 0.000622, Mann–Whitney U= 2; Fig. 9G). Thus, MPOE

induces PKA signaling in the axonal lobes (Sears and Broadie,
2022) as well as Trio− and Trio+ somata. Taken together, these
results show that Meng-Po/SBK1 activates both PKA and ERK
signaling, but differentially in circuit-localized connectivity
nodes. These discrete induction domains are similar between
NaChBac/TRPA1 elevated circuit activity and Meng-Po overex-
pression manipulations, leading us to next test whether hyperex-
citable behavioral models display comparably heightened kinase
signaling.

A seizure model exhibits heightened circuit-localized
PKA/ERK signaling
The above results suggest consistent rules for activity-dependent
kinase signaling, so we sought a hyperexcitable disease model to
test this relationship. The Drosophila “bang-sensitive” epilepsy

models (Benzer, 1971; Ganetzky and Wu, 1982; Pavlidis and
Tanouye, 1995) show characteristic seizure behaviors and refrac-
tory recovery periods (Tan et al., 2004; Reynolds, 2018). The eas-
ily shocked (eas) mutants manifest these behaviors (Ganetzky and
Wu, 1982; Pavlidis et al., 1994; Chaturvedi et al., 2022), with
recordings showing hyperexcitable neurons activated at lowered
stimulation thresholds (Kuebler et al., 2001). Although eas
mutants show altered mushroom body morphology, this devel-
opmental defect is independent of hyperexcitability and seizure
phenotypes (Pavlidis et al., 1994; Pascual et al., 2005). With
PKA-SPARK, we find dramatically elevated PKA signaling in
the eas mutants compared to genetic background controls
(Fig. 10A). In axonal lobes, we find easmutants expand PKA sig-
naling in α/β domains, a small increase in the β’1 node, and γ3
induction (Fig. 10A, left). Quantification reveals a significant
(p= 0.0164; Mann–Whitney U= 46) increase in PKA-SPARK
puncta in β’1, as well as new induction in both β2 (p= 0.00188;
Mann–Whitney U = 8.5; >40-fold increase) and γ3 (p= 0.0254;
Mann–Whitney U= 51; >25-fold increase) connectivity nodes
(Fig. 10B). In the postsynaptic calyx, we likewise find increased
PKA signaling in the eas seizure model, with clustered and
enlarged puncta (Fig. 10A, right). Quantification shows eas
mutants have a significant increase in calyx PKA-SPARK puncta
(p= 0.00186; Mann–WhitneyU= 4), often with particularly large
puncta (Fig. 10A,B; right). These highly localized focal pheno-
types may indicate enhanced activity-induced local tetanic
firing events in the eas mutant seizure model.

Figure 8. Synaptic output block with potentiated activity rebalances ERK signaling.
A, ERK-SPARK imaging in Kenyon cell axon lobes in the OK107-Gal4 driver control (left)
and with driven co-expression of both tetanus toxin light chain (TNT) to block Kenyon cell
neurotransmission and the voltage-gated Na+ channel (NaChBac) to also potentiate
Kenyon cell activity at the same time (TNT + NaChBac; right). The upper panels show the
full z stack projections, whereas the lower panels show single optical slices. The dashed
line insets (bottom panels) display adjacent γ1/pedunculus domains. B, Quantification of
ERK-SPARK puncta in the indicated circuit domains. Note inner and outer γ1 domain
differences. Images display lobes in the rostral portion of the brain and the more caudal
γ1/pedunculus. All individual data points shown with mean ± SEM. Significance from
Mann–Whitney tests: ***p< 0.001 and not statistically significant (n.s.). Scale bars: 10 µm.

Figure 9. Meng-Po/SBK1 overexpression dramatically elevates kinase signaling.
A, ERK-SPARK imaging in Kenyon cell axon lobes in OK107-Gal4 driver control (left) and
driving Meng-Po overexpression (MPOE, right). Upper panels are z stack projections, and lower
panels are single optical slices. Dashed line insets display the γ1/pedunculus. B, Quantification
of ERK-SPARK puncta in indicated nodes. C, ERK-SPARK in Kenyon cell somata and calyx in the
same conditions. Quantification of ERK-SPARK puncta in somata (D) and calyx (E).
F, PKA-SPARK imaging in Kenyon cell somata in OK107-Gal4 driver control (left) and driving
Meng-Po overexpression (MPOE, right). G, Quantification of PKA-SPARK puncta in Kenyon cell
somata. Images are z-projections (top two panels) or single slices. All individual data points
shown with mean ± SEM. Significance in Mann–Whitney tests: **p< 0.01 and ***p< 0.001.
Scale bars: 10 µm.
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With ERK-SPARK, we find differentially heightened ERK
signaling in separable circuit-localized connectivity nodes in
the eas mutants compared to genetic background controls
(Fig. 10C). We again find selective lobe ERK signaling in the
controls, largely restricted to α/β domains (Fig. 10C, left).
Many nodes show no change in the seizure model, whereas oth-
ers (e.g., γ5) exhibit dramatic upregulation of ERK-SPARK
puncta, reminiscent of above NaChBac and MPOE results.
Quantification shows variable changes in the β’1 node, but no
significant overall alteration, whereas ERK-SPARK puncta in
the γ5 node are significantly (p = 0.0000642; Mann–Whitney
U = 10) elevated in eas mutants compared to controls
(Fig. 10D, left). In the postsynaptic calyx, control animals lack
detectable ERK signaling, whereas the seizure model displays
clearly induced ERK signaling (Fig. 10C, right). We find eas
mutants have highly elevated ERK signaling in the Trio− α/β
regions and in the periphery of the postsynaptic calyx.
Quantification shows greatly increased ERK-SPARK puncta
in the eas mutant calyx, with a significant >50-fold elevation
compared to the genetic background controls (p = 0.0000457;
Mann–Whitney U = 0; Fig. 10D, right). Taken together, these
results reveal heightened Kenyon cell kinase signaling in the
eas seizure model that is similar to both elevated NaChBac/
TRPA activity and MPOE improved learning/memory condi-
tions, suggesting that the elevated activity-dependent PKA

and ERK signaling plasticity in circuit-localized connectivity
nodes conforms to a consistent topographical modulation.

Discussion
This study reveals a consistent kinase signaling framework that
enables plasticity within vastly expandable, but nevertheless lim-
ited and coordinated, spatiotemporal limits. Baseline signaling is
distinct between PKA and ERKwithin presynaptic nodes (Fig. 1),
which have differential signaling roles (Zars et al., 2000;
Buchanan and Davis, 2010). The SPARK biosensors uncover
kinase signaling that is not limited to comparisons of
pre-stimulus and poststimulus imaging (Gervasi et al., 2010;
Tang and Yasuda, 2017; Zhang et al., 2018a,b; Sears and
Broadie, 2020). In mice, ERK signaling is similarly heightened
in the hippocampus (Ortiz et al., 1995), with differential PKA
and ERK baseline signaling in neuronal subpopulations
(Sindreu et al., 2007). Since both are downstream effectors of
Ca2+ and cAMP (Impey et al., 1999; Lee, 2015), the differences
in baseline signaling set the stage for circuit responsiveness.
PKA regulation of ERK is contextual, with PKA phosphorylation
of Raf reducing ERK signaling, as well as PKA targets positively
regulating ERK (Mischak et al., 1996; Sprenkle et al., 1997;
Dhillon et al., 2002; Jain et al., 2018). Thus, preexisting, baseline
PKA signaling may suppress circuit-localized ERK function,

Figure 10. Seizure model exhibits differentially expanded PKA and ERK signaling. A, PKA-SPARK imaging in Kenyon cells in the OK107-Gal4 driver control (top) and in the eas2 mutant
bang-sensitive epileptic seizure model (bottom) within the presynaptic axon lobes (left column), the postsynaptic calyx (middle column), and with anti-Trio (magenta) co-labeling in the merged
images (right column). B, Quantification of the number of PKA-SPARK puncta in the indicated circuit domains. C, ERK-SPARK imaging under identical conditions, with Kenyon cell circuit locations
separated and co-labeled as above. D, Quantification of the ERK-SPARK puncta in the indicated circuit domains. Images are z-projections (lobes) or single slices (calyx). All individual data points
shown with mean ± SEM. Significance from Mann–Whitney tests: *p< 0.05, **p< 0.01, ***p< 0.001, and not statistically significant (n.s.). Scale bars: 10 µm.
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while ERK may be permissive for PKA signaling (compare Figs.
1, 6, 7). Baseline excitability may also contribute, as α’/β’ lobes are
more excitable than other lobes (Turner et al., 2008; Inada et al.,
2017; Leinwand and Scott, 2021). Our results suggest a main-
tained spatial organization of kinase signaling within circuitry
that is poised for coordinated responses to multimodal sensory
input and the induction of appropriate behavioral outputs. We
suggest that baseline signaling interacts to enable higher order
processing, reflected in topographical arrays mapped to specific
connectivity nodes poised to respond with experience-dependent
changes.

As circuit-targeted ERK activation strategies, we increased
pathway signaling at two levels; Raf gain-of-function (Rafgof),
upstream in the MAPK regulatory pathway, and
constitutively-active ERK (Fig. 3; Brand and Perrimon, 1994;
Brunner et al., 1994; Sun et al., 2020). Both increase ERK signal-
ing, but not to the degree we expected from analogous PKA
experiments (Kiger et al., 1999; Sears et al., 2019). The activated
ERK (RlSem) may more weakly elevate signaling (Brunner et al.,
1994), which may account for some differences with Rafgof.
The Rafgof transgene also lacks terminal regulatory regions
(Heidecker et al., 1992; Brand and Perrimon, 1994), which could
result in stronger activation. However, negative feedback differ-
ences at sequential pathway tiers may also be critical (Klomp et
al., 2021), with regulation downstream of Rafgof expected due
to convergent signaling. Alternatively, RlSem may be compara-
tively lower in expression. Intriguingly, in the Rafgof condition
somata ERK signaling is induced to much greater degree with
low PKA signaling (compare Figs. 1, 3), suggesting interactive
signaling regulation between the two pathways. Since Rafgof

drives ERK signaling in lower baseline PKA signaling circuit
domains, we suggest that baseline heightened PKA signaling
restricts ERK induction. While some PKA inhibitory residues
are expected to be missing with Rafgof (notably Ser-259/
Ser-346; Dhillon et al., 2002), Ser-621/Ser-701 persist as sites of
potential PKA phosphorylation and pathway cross-talk inhibi-
tion (Mischak et al., 1996; Sprenkle et al., 1997). Comparing
Rafgof and RlSem manipulations in the context of additional
kinase pathways may expand upon baseline contributions to
circuit-localized signaling and its control over ERK induction.

Targeted tetanus toxin (TNT) and shibirets blockade of
Kenyon cell synaptic transmission dramatically increases ERK
signaling in restricted connectivity nodes (Fig. 5). Preventing
output allows for the analysis of feedback control over kinase sig-
naling, and possibly lateral Kenyon cross talk, with parallels to
expanded cAMP-PKA signaling (Hackley et al., 2018; Manoim
et al., 2022; Sears and Broadie, 2022). Our results suggest
circuit-localized suppression of ERK signaling via feedback/lat-
eral control mechanisms. This localized synaptic transmission-
dependent ERK signaling may be determined by local baseline
signaling levels, since the same neurons with heightened baseline
ERK signaling still display enhanced signaling (compare Figs. 1, 5).
Interestingly, this compartment is in the most proximal circuit
output domain, thought to act as a “toggle switch” regulating
behavioral responses by inhibiting more distal output regions
(Perisse et al., 2016; Modi et al., 2020). Our results suggest that
activity-dependent lateral signaling control via compartment-
selective kinase signaling, built upon baseline signaling, may
determine local plasticity of essential gatekeeping circuitry.
This circuit-localized function appears similar to local interneu-
rons argued to act as gatekeepers of hippocampal excitation (He
et al., 2022; Poll and Fuhrmann, 2022), suggesting a conserved
strategy for higher order association. Further inquiries into

output-dependent, selective kinase signaling will provide more
insights into circuit-localized plasticity.

Kinase signaling in select regions can be enormously
increased by potentiating circuit electrical activity, showing the
capacity for activity-induced signaling (Fig. 6). NaChBac induc-
tion potentiates normal circuit activity, and can even improve
performance (Lin et al., 2021). Thermogenetic TRPA1 manipu-
lations reveal similar activity-dependent processes (Pulver et
al., 2009). Importantly, heightened activity causes a more com-
prehensive, yet still circuit-localized, signaling induction com-
pared to direct kinase pathway activation (compare Figs. 3, 6, 7),
showing the orchestration of circuit activity-dependent signaling.
Combining TNT and NaChBac suggests cell-autonomous, or
at least feedback-independent, activity regulated localized
signaling (Fig. 8), although interpretation is limited by morpho-
logical defects with this manipulation. Circuit-level regulation is
likely determined via local neuromodulatory and GABAergic
inhibitory inputs, which are known to function as experience-
dependent regulators of local circuit activity and kinase signal-
ing, in addition to compartment-specific plasticity (Liu et al.,
2007; Tanaka et al., 2008; Liu and Davis, 2009; Lee et al.,
2011; Aso et al., 2014b; Modi et al., 2020). For example,
mushroom body lobe compartmentalized plasticity and
cAMP-dependent regulation downstream of dopamine circuit
activation have been described (Boto et al., 2014; Hige et al.,
2015; Louis et al., 2018; Handler et al., 2019). Moreover, brain
states of arousal, awareness, stress, and nutrition may contribute
to kinase signaling induction, while combinatorial and multi-
modal experience may contribute to interactive pathways
(Androschuk et al., 2018; Okray et al., 2023; Titos et al.,
2023). Our work here provides a foundation to investigate
how the wider integrated brain circuitry, experience history,
and behavioral states work to determine activity-dependent
higher order circuit signaling. Future studies will test cell auton-
omous and local circuit contributions to connectivity node
Kenyon cell signaling.

The targeted overexpression ofMeng-Po kinase (human SBK1)
dramatically increases circuit-localized ERK and PKA signaling
(Fig. 9). This same Meng-PoOE condition improves learning and
memory performance (Lee et al., 2018). Thus, Kenyon cells have
an untapped capacity for kinase signaling, and the highly plastic
Drosophila learning/memory circuit is an excellent model to test
for pharmacological activation and ancillary learning gene contri-
butions. Importantly, SBK1 is enriched in the mammalian hippo-
campus (Nara et al., 2001), suggesting conserved kinase function in
learning and memory. SBK1 function is predicted to facilitate ser-
ine/threonine kinase activity (Gaudet et al., 2011), and SBK1 pro-
motes ERK signaling in a cancer model (Chen et al., 2023). Taken
together, these investigations suggest conserved SBK1-dependent
learning and memory, and an untapped learning and memory
kinase potential dependent on SBK1. In the context of our kinase
functional imaging (Fig. 9), wemay bewitnessing an improved uti-
lization of activity-dependent learning and memory circuitry
through induction of circuit-localized kinase signaling.
Consistently, cell-targeted NaChBac and Meng-PoOE also aug-
ment Drosophila learning (Lee et al., 2018; Lin et al., 2021). We
suggest Meng-Po/SBK1 acts as an ancillary kinase that sets the sig-
naling threshold for PKA and ERK serine/threonine kinases. We
predict targeted upregulation of Meng-Po/SBK1 could be a thera-
peutic strategy to support kinase signaling when and where it nor-
mally occurs.

An epileptic seizure model increases circuit-localized kinase
signaling (Fig. 10). Heightened excitability may occur more
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readily in connectivity nodes where sensory input modalities
converge on behavioral outputs (Davis, 2004; Gerber et al.,
2004; Tanaka et al., 2008; Aso et al., 2014a,b). While we cannot
rule out the contribution of Kenyon cell morphological defects
in these eas mutants, such background defects are proven
unrelated to seizure behavior (Pascual et al., 2005). Epilepsy
patients exhibit low-threshold experience-dependent triggers
(Novakova et al., 2013; Hanif and Musick, 2021; Katyayan
and Diaz-Medina, 2021), and subconvulsive kindling stimula-
tion in rodents promotes seizures (Goddard, 1967; Goddard
et al., 1969; Leech and McIntyre, 1976). Kindling occurs more
readily in rodent seizure models (Green and Seyfried, 1991),
and Drosophila models similarly experience seizures at lower
thresholds (Kuebler et al., 2001). Interestingly, some rodent sei-
zure models in seizure-free conditions show significantly
quicker decision-making and improved learning (Holmes
et al., 1990; Gutekunst et al., 1993). This may suggest improved
utilization of learning and memory circuitry in the absence of
seizures, consistent with NaChBac and Meng-PoOE manipula-
tions (compare Figs. 6, 7, 9, 10; Lee et al., 2018; Lin et al.,
2021). In temporal lobe epilepsy, hippocampal seizure foci are
common (Spencer et al., 1984; Bauman et al., 2019) and have
been shown to acutely promote hippocampal signaling
(Baraban et al., 1993; Blüthgen et al., 2017), but a sufficient
interval without seizures blunts signaling (Houser et al.,
2008). We may therefore expect reduced KC signaling in
some regions after seizure induction. Alternatively, increased
signaling could indicate maladaptation and hyperexcitability.
Future investigations of additional seizure models and kinase-
kinase interactions will reveal experience-dependent mecha-
nisms controlling local circuit connectivity signaling nodes
before, during, and after behavior adaptations.
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