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Supplementary Discussion 

Benefits of voltage imaging. 

Voltage imaging provided 5 advantages for our study, enabling biological findings and the 

construction and empirical testing of a computational model that would have been unattainable 

had we used neural Ca2+ imaging.  

First, unlike Ca2+ imaging1, voltage imaging with FRET-opsin indicators2–4 allowed neural 

spikes to be counted digitally, enabling more accurate quantifications of both declines and rises in 

neural activity. Crucially, we observed declines in PPL1-DAN spiking evoked by attractive odors 

and rewards (Fig. 2b, c, e), neither of which had been seen by Ca2+ imaging5–7. The accurate 

reporting of bidirectional DAN activity changes that reflect the linear integration of innate and 

learnt valences led directly to our model’s incorporation of a bidirectional anti-Hebbian plasticity 

rule and the gating of long-term memory formation by cues conveying learnt valence information. 

For comparison, our own Ca2+ imaging studies did show the encoding of stimulus valence by 

PPL1-DANs, but Ca2+ activity poorly reported spiking declines and the encoding of net valences 

when two stimuli were jointly presented (Extended Data Fig. 13a–h).  

Second, in our longitudinal recordings, voltage imaging allowed direct quantifications of 

neural firing rates that were unaffected by changes in cells’ baseline fluorescence brightness. This 

robustness allowed us to detect subtle changes in MBON spike rates after conditioning (e.g. of 

MBON-α3; Extended Data Fig. 6g).  

Third, the direct visualization of neural spikes in voltage imaging facilitated longitudinal 

monitoring of cell health, thereby benefiting data quality. We found that subtle damage during fly 

surgery to the neuron to be imaged or adjacent brain tissue could lead to abnormal voltage activity, 

such as large fluctuations in baseline voltage or an absence of spikes. These abnormalities also 
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occasionally arose after a few imaging sessions, well after surgery. In such cases, Ca2+ imaging 

would likely not have given as clear a report of a cell’s compromised health.   

Fourth, voltage imaging's millisecond-scale temporal resolution offers a new means of 

investigating the genetic and biophysical mechanisms of neuronal signal processing, an area 

previously hampered by technological constraints. To this point, our research yielded the first 

evidence of voltage signals in MBON dendritic regions that originated from various subcellular 

locations and backpropagated to the dendrites (Extended Data Fig. 2; Supplementary Video 2).  

Fifth, accurate quantifications of neural spike rates benefit computational modeling and 

empirical validation of a model’s predictions. Notably, the linear summation of valences by PPL1-

DANs, as revealed by voltage imaging (Fig. 4e–h), is a crucial property of the learning rule in our 

model (Supplementary Appendix, Eq. (5.20)). Further, our model was parametrically fitted to 

mean spike rate values determined by voltage imaging, which then yielded predictions of spike 

rate changes induced by training protocols we had not yet tried. We were then able to test and 

verify these predictions experimentally (Fig. 5g–k), because we could directly compare the model-

predicted and measured firing rates. The nonlinear [Ca2+] sensitivity of GCaMP, the present most 

widely used Ca2+ indicator, would have clouded these comparisons.  

Overall, through its use of voltage-imaging in >500 flies, our work sets an experimental 

standard for what is now feasible in fly neurophysiology research. 

Origin of innate valence coding in PPL1-DANs. 

While our data show the importance of odor cues’ innate valences to memory formation, it is 

unclear how PPL1-DANs gain their representations of innate valence. Various cell-types, 

including olfactory projection, MB anterior paired lateral, Kenyon cells and MBON neurons, send 

olfactory information to PPL1-DANs8–11. Notably, RNAi-mediated downregulation in the PPL1-
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DANs of either the GABA-A receptor or the glutamate-gated Cl–-channel (GluCl-α) disrupted 

innate valence coding (Extended Data Fig. 9b–h). Thus, representations of innate and learnt 

valence by PPL1-DANs may be interconnected, owing to the GABAergic feedback from MBON-

γ1pedc>α/β. Glutamatergic neurons, such as MBON-β1>α, may also contribute to DAN innate 

valence coding10. In sum, innate valence coding may result from a delicate balance between 

multiple excitatory and inhibitory inputs. 

Effects of conditioning on PPL1-γ1pedc. 

Our computational model helps to clarify some curious empirical results. Namely, associative 

learning with attractive odors leads to positive, CS+-evoked responses in PPL1-α2 and -α3 but not 

-γ1pedc (Fig. 3e). Although PPL1-γ1pedc receives strong feedback inhibition from MBON-

γ1pedc>α/β, as seen in connectomic data, the fitted value of the synaptic weight between these 

cells is surprisingly weak in our model (Supplementary Table 3). Crucially, the fitted weight 

value represents a functional connection strength that accounts for the combined impact of direct 

and indirect connections. The low weight value suggests that indirect connections between these 

two cells may exert offsetting effects, minimizing the impact of MBON-γ1pedc>α/β spiking 

plasticity on PPL1-γ1pedc.  

Plasticity induced by unpaired CS– stimuli. 

Another point clarified by the model relates to the time-dependent plasticity of MBON responses 

to CS– stimuli, especially for aversive odors (Fig. 4b,d; Extended Data Fig. 8b,c). Our model 

accounts for this phenomenon using two mechanisms, sensory adaptation and dopamine-mediated 

plasticity. Repeated exposures to CS– odors diminish the evoked responses of cell-types upstream 

of the MB; this adaptation effect is valence-independent and recovers quickly in the model with a 

characteristic time-constant. Additionally, aversive CS– odors co-activate KCs and DANs, leading 
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to a more lasting decline in the KC→MBON weights.  

Interactions between aversive associative memory circuits and other forms of memory. 

Previous work revealed that the γ1 compartment gates two different memory consolidation 

pathways, which promote either anesthesia-resistant or long-term memory12. Interestingly, internal 

states, such as hunger13,14 or mating15,16, seem capable of modulating the function of the γ1 

compartment. These findings suggest that different motivational states might have distinct 

influences on the various direct and indirect feedback pathways that shape PPL1-γ1pedc activity, 

enabling a flexible regulation of this neuron’s dynamics and capabilities for sculpting memory to 

suit situational needs.  

Additionally, the γ1 and α3 compartments contribute to the consolidation and retrieval of 

appetitive long-term memories17,18, implying that the interactions between short- and long-term 

memory traces may involve both the aversive and appetitive memory systems. Notably, recent 

work19–21 found interactions between PPL1-DANs and PAM-DANs implicated in appetitive 

learning22–24. Like PPL1-DANs, PAM-DANs appear to encode reward and punishment valences 

bi-directionally25.  Future studies should explore the full range of connections in the MB and 

whether PAM-DANs guide learning using analogous principles of valence integration to those 

implemented by PPL1-DANs. 
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