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Habituation is a foundational learning process critical for an-1

imals to adapt their behavior to changes in their sensory en-2

vironment. Although habituation is considered a simple form3

of learning, the identification of a multitude of molecular path-4

ways including several neurotransmitter systems that regulate5

this process suggests an unexpected level of complexity. How6

the vertebrate brain integrates these various pathways to ac-7

complish habituation learning, whether they act independently8

or intersect with one another, and whether they act via divergent9

or overlapping neural circuits has remained unclear. To address10

these questions, we combined pharmacogenetic pathway analy-11

sis with unbiased whole-brain activity mapping using the larval12

zebrafish. This approach revealed five distinct molecular and13

circuit modules that regulate habituation learning and identi-14

fied a set of molecularly defined brain regions associated with15

four of the five modules. Moreover, we find that in module 116

the palmitoyltransferase Hip14 cooperates with dopamine and17

NMDA signaling to drive plasticity, while in module 3 the adap-18

tor protein complex subunit Ap2s1 drives habituation by antag-19

onizing dopamine signaling, revealing two distinct and oppos-20

ing roles for dopaminergic neuromodulation in the regulation21

of learning. Combined, our results define a core set of distinct22

modules that act in concert to regulate learning-associated plas-23

ticity, and provide compelling evidence that even seemingly sim-24

ple learning behaviors in a compact vertebrate brain are regu-25

lated by a complex and overlapping set of molecular and circuit26

mechanisms.27
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Introduction32

Learning enables animals to modify their responses to stim-33

uli based on prior experience. One of the simplest forms of34

learning is a non-associative plasticity mechanism termed ha-35

bituation, which is defined by a gradual decrease in respond-36

ing to repeated stimuli1–3. Habituation represents a founda-37

tion for more complex forms of plasticity and is observed in38

all animals. Habituation learning is also a pervasive feature of39

the nervous system, regulating response rates to stimuli span-40

ning sensory modalities and including complex responses41

such as fear responses and feeding4–6. We previously es-42

tablished larval zebrafish as a model to study short term ha-43

bituation learning7. In response to a sudden acoustic stimu-44

lus zebrafish perform a stereotyped acoustic startle response45

(ASR), comprised of a short-latency C-bend (SLC) escape re-46

sponse regulated by well-described hindbrain circuitry8–10.47

Repeated acoustic stimuli modulate sensory thresholds and48

result in habituation learning characterized by a gradual de-49

cline in response frequency7,11–14. Although this learning50

process appears simple at first glance, previous work revealed51

that at least long-term habituation learning is regulated by52

multiple mechanisms that operate on distinct time scales2,15.53

Similarly, numerous molecular-genetic mechanisms also reg-54

ulate short-term habituation learning16–26. Moreover, phar-55

macological screens have identified multiple neurotransmit-56

ter and neuromodulatory systems contributing to habitua-57

tion7. Despite their known relevance for learning, how indi-58

vidual habituation-regulatory pathways relate to one another,59

whether they act sequentially or regulate plasticity in parallel,60

and whether they are distributed over multiple brain areas or61

function within a common circuit is unclear.62

Here, we first employed a pharmacogenetic approach to63

determine whether individual molecular regulators of habit-64

uation learning can be modulated by habituation-relevant65

neurotransmitter systems. To complement this pharmaco-66

genetic approach, we then performed unbiased whole-brain67

imaging to define activity signatures for each pharmacoge-68

netic manipulation, and to identify candidate brain regions69

in which habituation-regulatory modules exert their func-70

tion. We identify five distinct molecular-circuit modules71

that regulate learning. Module 1 consists of the palmitoyl-72

transferase Hip14, as well as NMDA and dopamine signal-73

ing, while module 2 consists of Hip14 and one of its iden-74

tified substrates, the voltage-gated Potassium channel sub-75

unit Kv1.1. Module 3 consists of the pregnancy-associated76

plasma protein A (PAPP-AA) and the AP2 adaptor complex77

subunit AP2S1, which together act to oppose dopamine sig-78

naling. Glycine signaling constitutes module 4, and the volt-79

age dependent calcium channel alpha2/delta subunit 3 gene80

(cacna2d3) defines module 5. Two of these modules reveal81

a critical role for dopamine signaling in the bi-directional82

modulation of habituation learning. Specifically, while the83

palmitoyltransferase Hip14 cooperates with neurotransmit-84
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ter signaling through NMDA and dopamine receptors to85

drive habituation (module 1), the AP2 adaptor complex sub-86

unit AP2S1 promotes learning by opposing dopamine sig-87

naling (module 3). Moreover, while we find that three of88

the habituation-regulatory modules intersect mechanistically89

(modules 1, 2 and 3), modules 4 and 5 appear functionally in-90

dependent from each other and from the other three intercon-91

nected modules, suggesting multiple habituation-regulatory92

mechanisms that act in parallel. Taken together, our find-93

ings highlight the strength of an integrative approach com-94

bining genetic and pharmacological manipulation of habitua-95

tion learning with unbiased whole-brain activity mapping and96

reveal a more complete picture of the molecular and circuit97

mechanisms that drive vertebrate habituation learning.98

Results99

A sensitized habituation assay to uncover pharmaco-100

genetic interactions. From an unbiased genetic screen we101

previously identified a set of five genes required for habit-102

uation learning21,24,27,28. To determine whether the identi-103

fied molecular and circuit mechanisms regulate habituation104

learning independently of each other, or whether these ge-105

netic mechanisms converge at a common bottleneck, we set106

out to perform pathway analysis by exposing habituation mu-107

tants to pharmacological inhibitors of habituation-regulatory108

neurotransmitter signaling pathways. We reasoned that ge-109

netic and pharmacological manipulations that impinge upon110

components of independent or parallel pathways would en-111

hance learning deficits while multiple insults to components112

of a common pathway would fail to produce additive deficits.113

However, impeding our ability to perform such analyses, we114

observed that genetic mutations that affect habituation learn-115

ing, such as presumptive null mutations in the zinc finger116

DHHC-type palmitoyltransferase gene zdhhc17, encoding117

the palmitoyltransferase Hip14, result in a near complete loss118

of habituation at our standard stimulus intensities of 35.1dB119

(Figure 1A-B)24. This ceiling effect interferes with the abil-120

ity to detect additive learning deficits, preventing us from de-121

tecting a further reduction in learning and thus preventing122

us from interpreting the results of the proposed pharmaco-123

genetic pathway analysis. We therefore wondered whether124

reducing stimulus intensity might provide a sensitized assay125

in which mutant animals retain some capacity for habitua-126

tion, and application of a pharmacological inhibitor of learn-127

ing might reveal more severe habituation deficits. Consistent128

with previous findings that habituation learning is modulated129

by stimulus intensity2, we find that although still impaired130

relative to their siblings, hip14 mutant animals are capable131

of habituation learning under conditions of reduced stimulus132

intensity (i.e. 0.4dB-25.6dB, Figure 1C-G). Moreover, these133

data reveal that presumptive null mutations in hip14 fail to134

fully abolish habituation, and that when presented with lower135

intensity stimuli hip14 mutant animals are capable of learn-136

ing, albeit at a reduced level relative to their siblings. We137

conclude that at lower intensity, further learning impairments138

in hip14 mutants induced by pharmacological inhibitors of139

learning might be readily detectable. We therefore selected140

19.8dB for our sensitized learning assay and utilized this141

stimulus intensity to test five genetic mutants in combination142

with individual inhibitors of three neurotransmitter systems.143

Pharmacological inhibitors of habituation learning144

produce distinct patterns of neuronal activity. For the145

pharmacogenetic pathway analysis we selected the NMDA146

receptor inhibitor MK-801, the glycine receptor inhibitor147

Strychnine, and the dopamine receptor inhibitor Butaclamol.148

As previously reported, in 5-day old larval zebrafish, appli-149

cation of MK-801 results in significant impairments in habit-150

uation learning (Figure 1H)7,29. Whereas vehicle-exposed151

animals rapidly learn to ignore repeated acoustic stimuli,152

i.e. habituate, animals exposed acutely to the NMDA in-153

hibitor continue to respond at a high rate (they fail to ha-154

bituate). Similar effects are observed when animals are ex-155

posed to Strychnine29, (Figure 1I) or Butaclamol7 (Figure156

1J). Despite their similar effects on habituation learning, we157

hypothesized that given their regulation of different neuro-158

transmitter systems, these pharmacological agents might reg-159

ulate learning through distinct effects on neuronal activity.160

In order to broadly assess brain activity signatures associ-161

ated with each pharmacological treatment, we performed un-162

biased whole-brain activity mapping (MAP-mapping)30 for163

each of the three pharmacological inhibitors under three dif-164

ferent acoustic stimulation conditions: “No Stimuli,” “Non-165

Habituating Stimuli,” and “Habituating Stimuli.” We find that166

each pharmacological agent produces a distinct activity pat-167

tern (Figure 1K-M, S1A-F). We find furthermore that the dis-168

tinct patterns of activity induced by each inhibitor of learn-169

ing are largely maintained across stimulation conditions (Fig-170

ure 1K-M, S1A-F, Supplemental Table S1). In particular,171

MK-801 suppresses activity within the subpallium, habe-172

nula, and hypothalamus (Figure 1K, S1A,D), Strychnine pro-173

duces widespread hyperactivation (Figure 1L, S1B,E), and174

Butaclamol treatment results in hindbrain hyperactivation175

and forebrain and diencephalic suppression relative to ve-176

hicle controls (Figure 1M, S1C,F). Our results that differ-177

ences between inhibitor conditions, but not stimulation con-178

ditions, were readily detected reflects the design of our ex-179

periments, which were optimized to detect differences be-180

tween drug conditions at the expense of sensitivity to differ-181

ences in stimulation conditions. Together, these data suggest182

two possibilities: either that the neurotransmitter systems that183

regulate learning impinge upon different sets of circuit loci,184

which separately regulate habituation learning, or that their185

effects on learning are mediated through the limited regions186

that show overlapping activity changes.187

Hip14 acts through NMDA and dopamine signaling188

and produces broad hyperactivity of neuronal circuits.189

Having identified a sensitized habituation assay, and hav-190

ing established that pharmacological inhibitors of learning191

impinge upon activity within distinct brain regions, we set192

out to perform our pharmacogenetic analysis to examine all193

possible interactions between three neurotransmitter signal-194

ing inhibitors and five habituation mutants. We first tested195

whether Hip14 and NMDA receptors act together to regulate196
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Fig. 1. Sensitized learning assay and unbiased whole-brain imaging to examine impact of pharmacological inhibitors of habituation learning. (A) Stimulus paradigm
used. ISI for baseline phase is 40 seconds, ISI for habituation phase is 3 seconds. (B) hip14 mutants exhibit a complete failure to habituate to 35.1 dB acoustic stimuli. (C-G)
Reduction in stimulus intensity as indicated results in a gradual increase in the ability of hip14 mutants to habituate. (H) MK-801 is an NMDA inhibitor that strongly reduces
habituation learning in 5-day old zebrafish larvae (n=58 DMSO-treated, n=57 MK-801-treated, stimulus intensity = 35.1dB). (I) Strychnine is a glycine receptor antagonist that
strongly reduces habituation learning in 5-day old zebrafish larvae (n=38 DMSO-treated, n=38 Strychnine-treated, stimulus intensity = 35.1dB). (J) Butaclamol is a dopamine
inhibitor that strongly reduces habituation learning in 5-day old zebrafish larvae (n=16 DMSO-treated, n=18 Butaclamol-treated, stimulus intensity = 35.1 dB). (K-M) Regions
upregulated by the specified drug treatment under “Habituating Stimuli” conditions are indicated in green; regions downregulated are indicated in magenta. In all images,
the left panel is a summed z-projection of the whole-brain activity changes. The right panel is a z-projection and x-projection of the analyzed MAP-map. Molecular targets
of pharmacological agents are indicated with diagrams above each column. See S1 for brain activity maps under “No Stimulus” condition and “Non-Habituating Stimuli”
condition. Also see Supplemental Table S1 for ROIs identified in the experiments presented as well as in an independent replicate of each drug condition.
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Fig. 2. Hip14 acts through NMDA and dopamine signaling and produces broad hyperactivity of neuronal circuits. (A-B) MK-801 impairs learning in siblings, (p<0.0001
Sidak’s test for multiple comparisons, n=38 DMSO, n=38 MK-801), but does not enhance habituation learning deficits observed in hip14 mutant larvae (p=0.9848, n=24 DMSO,
n=29 MK-801, these and all subsequent statistical analyses use Sidak’s multiple comparisons test unless otherwise indicated). **indicate sibling+MK801 individuals with %
hab values below y-axis limit at -100% and -180%. (C-D) Strychnine significantly enhances habituation learning deficits observed in hip14 mutant larvae, indicating that
glycine signaling and hip14 may act within parallel molecular or circuit pathways to regulate learning (p<0.0001, n=40 DMSO-siblings, n=42 Strychnine-siblings, n=32 DMSO-
mutants, n=32 Strychnine-mutants). (E-F) Butaclamol impairs learning in siblings (p<0.0001, n=33 DMSO, n=26 Butaclamol), but does not enhance habituation learning
deficits observed in hip14 mutant larvae (p=0.3705, n=34 DMSO, n=35 Butaclamol), indicating that dopamine receptor signaling and hip14 may act within the same molecular
or circuit pathway to regulate learning. *indicates a mutant+butaclamol individual with % hab value below y-axis limit at -60%. (G-I) Regions upregulated in hip14 mutants are
indicated in green; regions downregulated in hip14 mutants are indicated in magenta. In all images, the left panel is a summed z-projection of the whole-brain activity changes.
The right panel is a z-projection and x-projection of the analyzed MAP-map. Patterns of neuronal activity are similar between “No Stimuli” vs “Non-Habituating Stimuli” vs.
“Habituating Stimuli” (restricted diencephalic downregulation of activity; nearly global upregulation of activity across the telencephalon, diencephalon, and rhombencephalon).
See also Supplemental Table S1 for ROIs up- and down-regulated in each condition, as well as in independent replicates.
4 Nelson et al. | Integration of distinct molecular programs drives learning
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habituation learning by exposing mutant and sibling animals197

to either vehicle (DMSO) or the NMDA inhibitor MK-801198

and then performing the sensitized habituation assay (Figure199

1A,D). We found that while MK-801 severely reduced habit-200

uation in sibling animals, the same pharmacological manipu-201

lation in hip14 mutant animals did not further reduce habitu-202

ation learning (Figure 2A). This is consistent with a model203

in which Hip14 and NMDA act in a common pathway to204

drive habituation learning. When we plotted response fre-205

quency versus stimulus number in order to analyze the kinet-206

ics of learning (learning curves), we found that compared to207

MK-801-treated mutants, sibling animals treated with MK-208

801 exhibited more severe learning deficits (Figure 2B). This209

raises the possibility that compensatory, NMDA-independent210

learning mechanisms may be upregulated in hip14 mutant an-211

imals. When we performed the same sensitized protocol in212

the presence of the glycine-receptor inhibitor Strychnine, we213

observed further reductions in learning in both siblings and214

hip14 mutants, consistent with independent roles for glycine215

and Hip14 in the regulation of learning (Figure 2C-D). Fi-216

nally, we performed our sensitized learning assay in the con-217

text of the dopamine receptor inhibitor Butaclamol. Here218

we found that dopamine receptor inhibition significantly im-219

paired learning in sibling animals. However, the same ma-220

nipulation did not reduce habituation learning in hip14 mu-221

tant animals (Figure 2E-F). Taken together, our data provide222

strong evidence that Hip14 acts in a common pathway with223

dopamine and NMDA receptor signaling yet independently224

of glycine receptor signaling to drive habituation learning.225

In light of the finding that Hip14, dopamine, and NMDA226

signaling act in a common pathway to regulate habitua-227

tion, we wondered whether hip14 mutant animals and lar-228

vae treated with NMDA and dopamine inhibitors might dis-229

play overlap in their activity signatures. To address this ques-230

tion, we performed whole-brain activity mapping in animals231

lacking hip14, analyzed the resultant MAP-maps, and com-232

pared them with those obtained from NMDA and dopamine233

inhibitor treated animals. In hip14 mutant brains we observed234

broad hyperexcitability across the forebrain and hindbrain235

(Figure 2G-I). Despite this being a distinct pattern from that236

observed in NMDA- and dopamine-inhibited animals, we ob-237

served commonalities in the activity signatures. In particular,238

activity in the diencephalon was reduced, and a handful of239

rhombencephalic areas were upregulated by all three manipu-240

lations (Figure 2G-I, Supplemental Table S1). These overlap-241

ping activity changes, observed across multiple treatments,242

represent potential habituation-regulating loci through which243

these putative regulatory modules exert their function.244

Kv1.1 exhibits a unique activity signature and acts245

independently of NMDA, glycine, and dopamine sig-246

naling. We have previously shown that Hip14 acts in part247

through the voltage-gated Potassium channel subunit Kv1.1,248

which is encoded by the potassium voltage-gated channel,249

shaker-related subfamily member 1a gene, kcna1a24. We250

performed pharmacogenetic pathway analysis in kcna1a mu-251

tants and found no evidence that Kv1.1 functions in a path-252

way with NMDA receptor signaling. Rather, the NMDA re-253

ceptor inhibitor MK-801 induced significant learning deficits254

in both kcna1a siblings and mutants (Figure 3A-B). Simi-255

larly, glycine receptor inhibition induced significant learn-256

ing deficits in both kcna1a mutants and siblings (Figure 3C-257

D). Finally, we observed significant enhancement of learn-258

ing deficits through inhibition of dopamine signaling in both259

kcna1a siblings and mutants (Figure 3E-F). Taken together,260

these data are consistent with a model in which kcna1a acts261

independently of NMDA, dopamine, and glycine receptor262

signaling to regulate habituation learning.263

Next, we performed whole-brain activity mapping to iden-264

tify where kcna1a might exert its function, and to assess265

whether its activity signature might overlap with that of other266

regulators of learning. We found a remarkably specific and267

unique pattern of activity induced by the loss of kcna1a. In268

particular, two populations known to express Kv1.124,31 and269

involved in the execution of the escape response were found270

to be hyperactive: spiral fiber neurons and RoM3 excita-271

tory reticulospinal (V2a) neurons (Figure 3G-I). We previ-272

ously showed that Kv1.1 requires Hip14 for proper synap-273

tic localization and hence likely acts downstream of Hip14274

to regulate habituation learning. Consistent with these find-275

ings, we now find that the same populations that are hyper-276

active in kcna1a mutants are also hyperactive in hip14 mu-277

tants in all conditions except for one (Non-Habituating Stim-278

uli Replicate 2 of 3). Moreover, the observation that activity279

changes are more restricted in kcna1a mutant brains com-280

pared to those observed in hip14 mutant brains is consistent281

with our prior observation of more severe learning deficits in282

hip14 mutants as compared to kcna1a24. These data lend fur-283

ther support to our hypothesis that Hip14 acts through other284

substrates besides Kv1.1 to regulate habituation. Combining285

these results with the findings of our pharmacogenetic anal-286

ysis, we conclude that Kv1.1 likely functions in a restricted287

set of hindbrain neurons to carry out NMDA- and dopamine-288

independent functions downstream from Hip14.289

PAPP-AA promotes habituation by limiting endoge-290

nous dopamine signaling. The previous genetic screen21
291

additionally identified the pregnancy-associated plasma pro-292

tein A (pappaa) gene as a critical regulator of habituation293

learning. PAPP-AA has been shown to act through regula-294

tion of Insulin Growth Factor Receptor (IGFR) signaling to295

regulate learning21, yet it is not known whether PAPP-AA in-296

teracts with any of the other identified habituation regulatory297

pathways. In order to investigate this question, we performed298

our pharmacogenetic pathway analysis in pappaa mutants.299

Compared to DMSO treated pappaa mutants, application of300

MK-801 or Strychnine to mutant animals resulted in further301

reduction of habituation learning, providing compelling evi-302

dence that PAPP-AA promotes habituation learning indepen-303

dent of NMDA (Figure 4A-B), and glycine receptor signal-304

ing (Figure 4C-D). In contrast, treatment of pappaa mutants305

with the dopamine receptor antagonist Butaclamol failed to306

enhance learning deficits in pappaa mutants when compared307

to DMSO treated mutants, and in fact trended toward amelio-308

rating learning deficits in pappaa mutants (p=0.0731) (Figure309

4E-F)). These data suggest that PAPP-AA may be required to310
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Fig. 3. Kv1.1 exhibits a unique activity signature and acts independently of NMDA, glycine, and dopamine signaling. (A-B) MK-801 significantly enhances habituation
learning deficits in kcna1a mutants and siblings (p<0.0001, n=42 DMSO-siblings, n=46 MK-801-siblings, p=0.0128, n=8 DMSO-mutants, n=20 MK-801 mutants). (C-D)
Strychnine significantly enhances habituation learning deficits in kcna1a mutants and siblings (p<0.0001, n=24 DMSO-siblings, n=31 Strychnine-siblings, p<0.0001, n=35
DMSO-mutants, n=26 Strychnine-mutants). (E-F) Butaclamol significantly enhances habituation learning deficits in kcna1a mutants and siblings (p<0.0001, n=30 DMSO-
siblings, n=37 Butaclamol-siblings, p=0.0018, n=30 DMSO-mutants, n=27 Butaclamol-mutants). *indicate a sibling+butaclamol and a mutant+butaclamol individual with %
hab values below y-axis limit at -100% and -60% respectively. (G-I) Regions upregulated in kcna1a mutants are indicated in green; regions downregulated in kcna1a mutants
are indicated in magenta. In all images, the left panel is a summed z-projection of the whole-brain activity changes. The right panel is a z-projection and x-projection of the
analyzed MAP-map. Note the similar patterns of neuronal activity induced by “no stimuli” vs “non-habituating stimuli” vs. “habituating stimuli”: highly restricted upregulation of
activity in the spiral fiber neuron clusters as well as in V2A (including Rom3) neurons. See also Supplemental Table S1 for ROIs up- and down-regulated in each condition,
as well as in independent replicates.
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Fig. 4. PAPP-AA promotes habituation by limiting endogenous dopamine signaling. (A-B) MK-801 significantly enhances habituation learning deficits observed in
pappaa mutant larvae, indicating that NMDA signaling and pappaa may act within parallel molecular or circuit pathways to regulate learning (p=0.0369, n=39 DMSO-mutants,
n=32 MK-801 mutants; p=0.0545, n=16 DMSO-siblings, n=31 MK-801 siblings). (C-D) Strychnine significantly enhances habituation learning deficits observed in pappaa
mutant larvae, indicating that glycine signaling and pappaa may act within parallel molecular or circuit pathways to regulate learning (p=0.0057, n=16 DMSO-mutants, n=15
Strychnine-mutants; p=0.0001, n=14 DMSO-Siblings, n=18 Strychnine-siblings). (E-F) Butaclamol does not significantly enhance habituation learning deficits observed in
pappaa mutant larvae, but rather trends toward significantly restoring learning (p<0.0001, n=31 DMSO-siblings, n=35 Butaclamol-siblings; p=0.0731, n=28 DMSO mutants,
n=13 Butaclamol mutants). *indicates a mutant+DMSO individual with % hab value below y-axis limit at -100% (G-I) Regions upregulated in pappaa mutants are indicated in
green; regions downregulated in pappaa mutants are indicated in magenta. In all images, the left panel is a summed z-projection of the whole-brain activity changes. The right
panel is a z-projection and x-projection of the analyzed MAP-map. Patterns of neuronal activity are similar between “no stimuli” vs “non-habituating stimuli” vs. “habituating
stimuli” (increased activity within the telencephalon and hypothalamus; decreased activity within multiple rhombencephalic loci). Note that this pattern is somewhat inverted
relative to that observed in Butaclamol-treated animals, consistent with a role for pappaa in regulating dopamine signaling. See also Supplemental Table S1 for ROIs up-
and down-regulated in each condition, as well as in independent replicates.
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suppress dopamine signaling and are consistent with a sce-311

nario in which dopaminergic inhibition somewhat normalizes312

behavioral deficits in pappaa mutants.313

Finally, we performed whole-brain activity mapping in314

pappaa mutant animals. Upon analyzing the resultant MAP-315

maps, we observed a subtle downregulation of neuronal ac-316

tivity particularly in the hindbrain, as well as upregulation of317

activity particularly in the pallium, subpallium, and hypotha-318

lamus (Figure 4G-I). These activity patterns are inverted319

when compared to those obtained by treatment of wild type320

animals with the dopamine antagonist Butaclamol, where321

activity in the hindbrain is increased and activity within322

the pallium, subpallium, and hypothalamus are decreased.323

These opposing activity signatures in pappaa mutants and324

dopamine-inhibited animals, together with the finding that325

Butaclamol restores learning in pappaa mutants, are consis-326

tent with a scenario in which PAPP-AA regulates habituation327

learning by limiting endogenous dopamine signaling.328

CACNA2D3 acts independently of other regulators329

of habituation learning. We recently identified the cal-330

cium channel voltage dependent alpha2/delta subunit 3 gene,331

cacna2d3, encoding an auxiliary subunit of the voltage-gated332

calcium channel (VGCC) complex, as a genetic regulator of333

habituation learning28. We wondered how this VGCC sub-334

unit cooperates with the other regulators of habituation learn-335

ing and therefore repeated our pharmacogenetic screen in336

the cacna2d3 mutant background. We found that like pap-337

paa and kcna1a, treatment of cacna2d3 mutants with either338

the NMDA inhibitor MK801 or the glycinergic signaling in-339

hibitor Strychnine further reduced habituation learning when340

compared to DMSO treated cacna2d3 mutants (Figure 5A-341

D), consistent with a model in which cacna2d3 regulates342

habituation independently of NMDA and glycinergic signal-343

ing. We next examined the interaction between cacna2d3344

and dopamine signaling (Figure 5E). Analysis of the learning345

curves for this experiment revealed an almost flat learning346

curve for Butaclamol-treated siblings (Figure 5F), consistent347

with a strong effect of dopaminergic inhibition on learning348

in cacna2d3 mutants, and consistent with a model in which349

dopamine and cacna2d3 function in parallel to regulate learn-350

ing. Although this effect did not reach statistical signifi-351

cance, the impact of Butaclamol on cacna2d3 mutant learn-352

ing curves suggests that cacna2d3 functions independently353

from NMDA, glycine, and dopamine signaling.354

When we performed whole-brain imaging in cacna2d3355

mutants, we observed inconsistent activity changes across356

all stimulus conditions (Figures 5G-I). This lack of a de-357

fined whole-brain activity signature is unique to cacna2d3358

among the three pharmacological and five genetic manipula-359

tions that we tested. We interpret these results to reflect that360

CACNA2D3 may induce only subtle changes in neuronal ac-361

tivity or that it may simultaneously upregulate and downreg-362

ulate activity within physically commingled neuronal popu-363

lations.364

AP2S1 promotes habituation by limiting endogenous365

dopamine signaling. We recently identified a splice site366

mutation in the adaptor related protein complex 2 subunit367

sigma 1 (ap2s1) gene, positioning the AP-2 adaptor complex368

as a fifth genetic regulator of habituation learning. We previ-369

ously demonstrated that besides its role in habituation learn-370

ing, AP-2 modulates sensorimotor decision-making via the371

Calcium-Sensing Receptor, CaSR27. Yet whether AP-2 also372

modulates NMDA, dopamine, or glycinergic signaling to reg-373

ulate habituation learning has not been examined. We there-374

fore performed our sensitized learning assay in ap2s1 mu-375

tants and siblings and found that NMDA-receptor inhibition376

by MK-801 significantly impaired learning in ap2s1 mutants,377

indicating that these two regulators of learning function in378

parallel (Figure 6A-B). Although not statistically significant379

(p=0.0773), glycinergic inhibition in the context of ap2s1380

mutations also revealed a clear and dramatic trend toward en-381

hancement of learning deficits (Figure 6C-D). Finally, while382

Butaclamol-mediated inhibition of dopamine signaling led to383

significantly impaired learning in ap2s1 siblings, Butaclamol384

treatment of ap2s1 mutants significantly restored learning385

(p=0.0206; Figure 6E-F).386

Finally, we performed whole-brain activity mapping in387

ap2s1 mutants. Given that inhibition of dopamine partially388

restored habituation in both pappaa and ap2s1 mutants,389

we predicted that ap2s1 mutants would exhibit a similar390

activity pattern to that observed in pappaa mutants, and an391

inverted pattern with respect to dopamine receptor-inhibited392

animals. Indeed, analysis of whole-brain activity maps in393

ap2s1 mutants revealed activity patterns similar to those we394

observed in pappaa mutants (Figure 6G-I), characterized by395

a marked downregulation in areas of the hindbrain that were396

observed to be upregulated in Butaclamol-treated animals,397

including a small hindbrain cluster of Tyrosine Hydroxylase398

(th, the enzyme required for dopamine synthesis) positive399

neurons (Supplemental Table S1). Moreover, we noted sig-400

nificant upregulation of activity in the subpallium, pallium,401

and intermediate hypothalamus, all areas that saw significant402

upregulation in pappaa mutant brains and downregulation403

in Butaclamol-treated animals (Supplemental Table S1).404

Combined, these results suggest a model in which AP2S1,405

like PAPP-AA, is involved in the suppression of dopamine406

signaling. As in the case of pappaa, loss of ap2s1 results in a407

dysregulation of dopaminergic signaling that can be restored408

through its pharmacological inhibition via Butaclamol.409

410

In summary, comparing pharmacogenetic analyses and411

brain activity signatures across five different habituation412

genes and three inhibitors of habituation-regulatory neu-413

rotransmitter pathways reveals distinct molecular and cir-414

cuit modules that regulate habituation learning and identifies415

molecularly defined brain regions associated with each of the416

modules.417

Discussion418

We set out to map genetic regulators onto the circuit / neuro-419

transmitter systems that drive habituation learning. We em-420

ployed two complementary strategies. First, we developed421

a sensitized habituation learning assay, utilizing an acoustic422
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Fig. 5. CACNA2D3 acts independently of other regulators of habituation learning. (A-B) MK-801 significantly enhances habituation learning deficits observed in
cacna2d3 mutant larvae, indicating that NMDA signaling and cacna2d3 may act within parallel molecular or circuit pathways to regulate learning (p=0.0010, n=28 DMSO
siblings, n=27 MK-801 siblings, vs. p<0.0001, n=31 DMSO mutants, n=41 MK-801 mutants). *indicates a sibling+MK801 individual with a % hab value below y-axis limit at
-60% (C-D) Strychnine significantly enhances habituation learning deficits observed in cacna2d3 mutant larvae, indicating that glycine signaling and cacna2d3 may act within
parallel molecular or circuit pathways to regulate learning (p=0.6012, n=15 DMSO siblings, n=21 Strychnine siblings vs. p<0.0001, n=22 DMSO mutants, n=19 Strychnine
mutants). (E-F) Butaclamol does not significantly enhance habituation learning deficits observed in cacna2d3 mutant larvae (p=0.0143, n=20 DMSO siblings, n=24 Butaclamol
siblings, vs. p=0.0527, n=43 DMSO mutants, n=35 Butaclamol mutants). However, inspection of the learning curves (F) reveals a dramatic difference in the learning curves
of mutants with or without drug. *indicate 2 sibling+Butaclamol and 2 mutant + butaclamol individuals with % hab value below y-axis limit at -100%, -60%, -256%, and -80%
respectively. (G-I) Regions upregulated in cacna2d3 mutants are indicated in green; regions downregulated in cacna2d3 mutants are indicated in magenta. In all images, the
left panel is a summed z-projection of the whole-brain activity changes. The right panel is a z-projection and x-projection of the analyzed MAP-map. Unlike other mutants,
cacna2d3 mutants do not exhibit reproducible changes in neuronal activity relative to their siblings in any stimulation condition. See also Supplemental Table S1 for ROIs
up- and down-regulated in each condition, as well as in independent replicates.
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Fig. 6. AP2S1 promotes habituation by limiting endogenous dopamine signaling. (A-B) MK-801 significantly enhances habituation learning deficits observed in
ap2s1 mutant larvae, indicating that NMDA signaling and ap2s1 may act within parallel molecular or circuit pathways to regulate learning (p<0.0001, n=54 DMSO Siblings,
n=58 MK-801 siblings; p=0.0219, n=16 DMSO mutants, n=17 MK-801 mutants). (C-D) Strychnine trends toward enhancing habituation learning deficits observed in ap2s1
mutant larvae (p=0.0062, n=29 DMSO siblings, n=33 Strychnine siblings; p=0.0773, n=7 DMSO mutants, n=7 Strychnine mutants). Inspection of learning curves in (D) shows
dramatic differences between sibling and ap2s1 mutant larvae, indicating that glycine signaling and ap2s1 act within parallel molecular or circuit pathways to regulate learning.
*indicates a mutant+DMSO individual with a % hab value below y-axis limit at -60% (E-F) While Butaclamol inhibits learning in siblings (p=0.0003, n=36 DMSO siblings, n=42
Butaclamol siblings) it does not significantly enhance habituation learning deficits in ap2s1 mutant larvae. Rather, ap2s1 mutant animals learn significantly more robustly
in the presence of the normally habituation-blocking Butaclamol (p=0.0206, n=14 DMSO mutants, n=13 Butaclamol mutants). (G-I) Regions upregulated in ap2s1 mutants
are indicated in green; regions downregulated in ap2s1 mutants are indicated in magenta. In all images, the left panel is a summed z-projection of the whole-brain activity
changes. The right panel is a z-projection and x-projection of the analyzed MAP-map. Consistent with the even stronger effect of Butaclamol in driving learning in ap2s1
mutants relative to pappaa mutants, ap2s1 mutant animals exhibit an even more dramatically inverted pattern relative to Butaclamol-treated animals. ap2s1 mutant animals
exhibit robust upregulation in the telencephalon (while Butaclamol-treated animals show downregulation here). Similarly, ap2s1 mutants show dramatically downregulated
activity within the rhombencephalon, while our Butaclamol results indicate that dopamine inhibition upregulates activity here. See also Supplemental Table S1 for ROIs up-
and down-regulated in each condition, as well as in independent replicates.

10 Nelson et al. | Integration of distinct molecular programs drives learning

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2022. ; https://doi.org/10.1101/2022.02.05.479242doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.05.479242
http://creativecommons.org/licenses/by/4.0/


Fig. 7. Cluster analysis identifies habituation regulatory modules. (A) Module 1 (purple) comprises hip14, NMDA, and dopamine receptors. Module 2 (aqua) comprises
hip14 and kcna1a. Module 3 (pink) comprises ap2s1, pappaa, and dopamine receptors. Modules 4 and 5 are comprised of cacna2d3 and glycine receptor signaling acting
in parallel to all other modules. (B) Regions commonly upregulated by dopamine inhibition, NMDA inhibition, and mutations in hip14 are indicated in purple. (C) Regions
upregulated by mutations in kcna1a and hip14 are indicated in blue. (D) Regions downregulated by dopamine receptor inhibition and upregulated by mutations in ap2s1 or
pappaa are indicated in pink. Regions upregulated by dopamine receptor inhibition and downregulated by mutations in pappaa or ap2s1 are indicated in yellow. See also
S2 for cluster analysis heat map and correlations between pharmacogenetic treatments. In (B-D), signal intensity is proportional to the sum of the absolute intensity values.
Abbreviations in (B): NP2 = Rhombencephalon – Neuropil Region 2, X vagus mn cluster = Rhombencephalon - X Vagus motorneuron cluster, Gad1b S = Rhombencephalon
Gad1b Stripe 2, NP3 = Rhombencephalon Neuropil Region 3, NNIV = Rhombencephalon - Noradrendergic neurons of the Interfascicular and Vagal areas, Vmat2 S1 = Spinal
Cord - Vmat2 Stripe1, Hcrtr S = Spinal Cord - 6.7FDhcrtR-Gal4 Stripe, Gad1b S1 = Spinal Cord - Gad1b Stripe 1, R7 = Rhombomere 7, Hcrtr Clust 5 = Rhombencephalon
- 6.7FDhcrtR-Gal4 Cluster 5, Area postrema = Rhombencephalon Area Postrema, Gad1b Clust 20 = Rhombencephalon - Gad1b Cluster 20. Abbreviations in (C): SF
anterior = Rhombencephalon - Spiral Fiber Neuron Anterior cluster, SF posterior = Rhombencephalon - Spiral Fiber Neuron Posterior cluster, Oxtl Clust MC Axon Cap
= Rhombencephalon - Oxtl Cluster 2 Near MC axon cap, RoM2 = Rhombencephalon - RoM2, RoM3 = Rhombencephalon – RoM3, MiM1 = Rhombencephalon - MiM1.
Abbreviations in (D): DO = Telencephalon - Olfactory bulb dopaminergic neuron areas, Gad1b-C = Telencephalon - Subpallial Gad1b cluster, Isl1-C = Telencephalon -
Isl1 clusters 1 and 2, OB = Telencephalon - Olfactory Bulb, Subpall = Telencephalon – Subpallium, Pallium = Telencephalon – Pallium, Vmat2-S = Rhombencephalon -
Vmat2 Stripe2, GlyT2-S = Rhombencephalon - Glyt2 Stripe 2, Isl1b-S = Rhombencephalon Isl1 Stripe1, Gad1b-C = Rhombencephalon - Gad1b Cluster 20, Gad1b-S =
Rhombencephalon - Gad1b Stripe 2, TH-C = Rhombencephalon - Small cluster of TH stained neurons.

stimulus of intermediate intensity, in which additive learning423

deficits caused by combining genetic and pharmacological424

regulators of habituation can readily be detected and quan-425

tified. We reasoned that the habituation deficits caused by426

a given genetic mutation would be enhanced by pharmaco-427

logical manipulations of independent or parallel habituation-428

regulatory pathways, but not by manipulation of habituation-429

regulatory mechanisms in the same pathway module. This430

approach has been utilized in previous studies in which ma-431

nipulations that increase dopaminergic signaling render ani-432

mals hypo-responsive to dopamine receptor agonism32. Sim-433

ilarly, manipulations that decrease NMDA receptor localiza-434

tion render animals hypo-responsive to NMDA receptor an-435

tagonism33.436

Second, we performed MAP-mapping in the context of437

each pharmacological or genetic manipulation, resulting in438

a unique set of brain activity maps, all of which reflect habit-439

uation learning deficient patterns of activity. We are struck by440

the diversity of brain activity patterns associated with deficits441

in habituation learning. Although overlapping patterns were442

observed for hip14, MK-801, and Butaclamol, as well as for443

pappaa and ap2s1, we note that these two putative modules444

differ from one another, and from the patterns observed for445

Strychnine and kcna1a, as well as from the observed lack of446

activity changes in cacna2d3 mutants. Taken together, these447

results are consistent with at least two potential interpreta-448

tions. First, it is possible that although each perturbation449

broadly impacts brain activity in distinct ways, brain activ-450

ity maps for regulators of habituation learning overlap within451

a handful of critical regions that drive learning. A second in-452

terpretation is that habituation learning is heavily regulated453

and involves the cooperation of multiple parallel genetic-454

circuit modules. The latter interpretation is consistent with455

our observation that some genetic regulators of habituation456

learning show a significant interaction with NMDA and/or457

dopamine signaling, while others do not. Moreover, the ex-458

istence of parallel short-term habituation-regulatory modules459

mirrors the previous finding that long-term habituation learn-460

ing in the larval zebrafish is regulated by multiple parallel461

processes15.462

Our work reveals five habituation regulatory modules (Fig-463

ure 7A). The first module consists of Hip14, as well as464

NMDA and dopamine signaling (Figure 7B). Our pharma-465

cological screen uncovered significant pharmacogenetic in-466

teractions between hip14 and inhibitors of both NMDA and467

dopamine receptor signaling. Additionally, an unbiased clus-468

tering algorithm identified that brain activity patterns pro-469

duced by the NMDA inhibitor MK-801 and the dopamine470

receptor antagonist Butaclamol are similar, and the relative471

strengths of activity changes from these treatments are highly472

correlated (R-squared=0.71, p<0.05; S2A-B). Although both473

Strychnine and mutations in hip14 broadly upregulate neu-474

ronal activity, the specific regions that they upregulate are475

only weakly correlated (R-squared=0.24, p<0.05, S2C). This476

finding is consistent with the results from our pharmacoge-477

netic approach, which placed these two regulators into path-478

ways independent of each other.479

Our second module consists of Hip14 and Kv1.1 (Figure480
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7C). Mutations in both hip14 and kcna1a strongly upregu-481

late activity in the spiral fiber neuron clusters as well as in482

V2a neurons (S2D). Dysfunction of V2a neurons within the483

spinal cord was previously proposed as a potential mecha-484

nism underlying the kinematic deficits observed in kcna1a485

mutants31, and we now hypothesize that hyperactivation of486

V2a neurons within the hindbrain could contribute to the ha-487

bituation deficits observed in kcna1a mutants. Spiral fibers488

also constitute an attractive locus for Kv1.1’s activity in reg-489

ulating learning. We previously found that Hip14 can palmi-490

toylate Kv1.1 and regulates its localization to the spiral fiber491

terminals24. Moreover spiral fibers are known to undergo492

plasticity during habituation learning34. Interestingly, these493

neurons were not reliably identified as showing differential494

activity in MK-801 or Butaclamol-treated animals (Module495

1). It is possible that changes within spiral fibers are subtle496

enough to be missed by our MAP-mapping analysis. Alterna-497

tively, Hip14, NMDA, and dopamine signaling could regulate498

habituation learning in a pathway that is parallel to the role499

of Hip14 and Kv1.1 within spiral fibers. This explanation500

is consistent with hip14’s stronger habituation deficit relative501

to kcna1a, as well as the finding that Hip14 acts in a com-502

mon pathway with dopaminergic and NMDA signaling while503

Kv1.1 does not.504

The third module includes PAPP-AA and AP2S1 and is505

further defined by its unique relationship to dopamine signal-506

ing (Figure 7D). While Hip14 seems to promote dopaminer-507

gic signaling (impinging upon both pathways results in no en-508

hancement of learning deficits), our data are consistent with509

PAPP-AA and AP2S1 opposing dopamine signaling (inhibi-510

tion of signaling through dopamine receptors normalizes ha-511

bituation learning in ap2s1 and pappaa mutants). Moreover,512

our MAP-mapping analysis revealed regions whose activ-513

ity is oppositely regulated by Butaclamol and ap2s1/pappaa,514

particularly in the telencephalon (upregulated by ap2s1 and515

pappaa and downregulated by Butaclamol) and hindbrain516

(upregulated by Butaclamol and downregulated by ap2s1)517

(S2E-F). We hypothesize that the opposing function of D1518

and D2/D3-type dopamine receptors in regulating the star-519

tle response may help to explain these surprising results35.520

While dopamine acts to drive habituation learning (reduc-521

ing stimulus responsiveness) through D1-type dopamine re-522

ceptors, it is known that it additionally promotes stimulus523

responsiveness through D2/D3-type dopamine receptors in524

mice35. We propose that AP2S1 and PAPP-AA are required525

to limit signaling through D2/D3-type dopamine receptors.526

In this scenario, mutations in either gene would result in527

excessive D2/D3 signaling and hyperresponsive larvae that528

fail to habituate to acoustic stimuli. Under these conditions,529

applying a dopamine receptor antagonist might normalize530

D2/D3 signaling and stimulus responsiveness, allowing an-531

imals to habituate. In support of these findings, work in ze-532

brafish has found that high doses of the D2 receptor antago-533

nist amisulpride can promote habituation learning36, and that534

the D2 antagonist haloperidol promotes long-term habitua-535

tion of the O-bend or visual startle15.536

We additionally note that the brain activity patterns ob-537

served for AP2S1 resemble the brain activity maps recently538

published for low-habituating populations obtained through539

breeding selection, showing increased neuronal activity in the540

forebrain, and decreased activity in the hindbrain37. More-541

over, our data suggest that dopaminergic neuromodulation is542

an important driver of activity in the larval telencephalon and543

are supported by recent optogenetic experiments performed544

in Th2-expressing neurons38. However, in contrast to our545

findings, previous work found that ablating dopaminergic546

neurons of the caudal hypothalamus did not alter habitua-547

tion and that dopamine neuron activity was actually elevated548

in high-habituating populations relative to low37. Our op-549

posing results underscore the complex roles that dopamine550

plays in regulating acoustic startle sensitivity and habitua-551

tion. Additionally, we note that chemogenetic ablation was552

restricted to Th1-positive dopamine neurons, and that this ap-553

proach is chronic, in contrast to our transient pharmacolog-554

ical inhibition, and eliminates dopaminergic neurons while555

potentially having no immediate effect on neurotransmitter556

levels39. Given these differences, it is perhaps not surprising557

that these approaches yield somewhat differing results. Fur-558

ther work will be required to understand the role of dopamine559

in regulating habituation learning.560

Finally, our work is consistent with glycine signaling561

(Module 4) and cacna2d3 (Module 5) functioning in paral-562

lel to one another and to the other three modules described.563

We find no evidence that cacna2d3 acts to regulate dopamin-564

ergic, glycinergic, or NMDA signaling, and likewise find no565

pharmacogenetic interactions between Strychnine and hip14,566

kcna1a, pappaa, or ap2s1. Although it is possible that a weak567

interaction between these and the other modules went unde-568

tected by our approach, we look forward to investigating po-569

tential interactions between these pathways and other phar-570

macogenetic regulators of learning.571

One striking and unexpected finding that arose from our572

data is that each pharmacological manipulation or genetic573

mutation induced a brain activity pattern that was remarkably574

consistent across stimulation conditions (S2A). This find-575

ing is consistent with previously published work examining576

whole-brain activity changes in animals selectively bred for577

high versus low habituation rates37. Moreover, our data are578

consistent with a model in which our pharmacogenetic per-579

turbations lead to broad impacts on brain activity. We pro-580

pose that habituation-influencing manipulations may impact581

an animal’s internal state, resulting in baseline brain activ-582

ity changes that are observable via activity mapping, but583

that manifest at the behavioral level as habituation deficits.584

Taken together our results support a model in which multiple585

circuit mechanisms regulated by parallel molecular-genetic586

pathways cooperate to drive habituation learning in vivo.587

Materials and Methods588

Resource Availability. Additional information and requests589

for resources and reagents reported in this manuscript590

should be directed to the Lead Contact, Michael Granato591

(granatom@pennmedicine.upenn.edu).592

All data reported in this paper will be shared by the lead593
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contact upon request. All original code is available in this594

paper’s supplemental information. Any additional informa-595

tion required to reanalyze the data reported in this paper is596

available from the lead contact upon request.597

Experimental Model and Subject Details. All animal pro-598

tocols were approved by the University of Pennsylvania In-599

stitutional Animal Care and Use Committee (IACUC).600

hip14p174, pappaap170, cacna2d3sa16189, and ap2s1p172
601

mutants were maintained in the TLF background.602

kcna1ap410 was maintained in the WIK background.603

Among these, cacna2d3sa16189 is homozygous viable, and604

crosses were performed between heterozygous carriers and605

homozygous mutants to obtain clutches of 50% heterozy-606

gous, and 50% homozygous mutant offspring. All other607

crosses were established between heterozygous carriers.608

Pharmacogenetic behavior testing was performed on day 5609

as previously described7. Stimulation and fixation for MAP-610

mapping analysis was performed on day 6 to standardize with611

the reference brain utilized for registration, as previously de-612

scribed30.613

Clutches were enriched prior to behavior testing or MAP-614

mapping by selecting for animals based on the exaggerated615

spontaneous movement phenotype (kcna1ap410) or swim616

bladder defects (pappaap170, hip14p174). To enrich for617

mutant animals in the absence of such phenotypes, ap2s1618

clutches were subjected to live genotyping on Day 3 as pre-619

viously described40. After genotyping, mutant and sibling620

animals were mixed together in 10cm petri dishes and tested621

on Day 5 (pharmacogenetic behavior analysis) or stimulated622

and fixed on Day 6 (MAP-mapping).623

For all experiments, behavior was performed and analyzed624

blind to genotype; genotyping was performed after behavior625

testing and/or imaging, and mutant animals were compared626

to siblings from the same clutches.627

Pharmacogenetic Behavior Testing. A 200x (100mM)628

stock of MK-801 (Sigma M107) was prepared by dissolv-629

ing a new vial of 25mg of MK-801 powder in 750ul of 100%630

DMSO. The stock solution was then further dissolved in E3631

to a final concentration of 500uM (0.5% DMSO final concen-632

tration). MK-801 was applied to a 10cm petri dish containing633

n=45 5 dpf larvae 30 minutes prior to the first presentation634

of baseline acoustic stimuli. Control larvae received 0.5%635

DMSO in E3. The 200x stock of MK-801 was freeze-thawed636

a maximum of one time and then disposed of.637

A 200x (10mM) stock of Strychnine (Sigma S0532) was638

prepared by dissolving 33.4mg of Strychnine powder in639

10mL of 100% DMSO. The stock solution was then fur-640

ther dissolved in E3 to a final concentration of 50uM (0.5%641

DMSO final concentration). Strychnine was applied to a642

10cm petri dish containing n=45 5 dpf larvae 15 minutes prior643

to the first presentation of baseline acoustic stimuli. Con-644

trol larvae received 0.5% DMSO in E3. The 200x stock of645

Strychnine was frozen at -20. We observed no reduction in646

the effectiveness of our Strychnine stock solution on WT an-647

imals over the course of several months of testing.648

A 630x (63mM) stock of Butaclamol (Sigma D033) was649

prepared by dissolving 25mg of Butaclamol in 1mL of650

DMSO. The stock solution was further dissolved in E3,651

and DMSO supplemented to a final concentration of 0.5%652

DMSO, 100uM Butaclamol. Butaclamol was applied to a653

10cm petri dish containing n=45 5dpf larvae 30 minutes prior654

to the presentation of baseline acoustic stimuli. Control lar-655

vae received 0.5% DMSO in E3. The 630x stock of Buta-656

clamol was freeze-thawed a maximum of one time and then657

disposed of.658

All larvae were acclimated to testing room conditions659

(light, temperature, etc.) for 30 minutes prior to the appli-660

cation of pharmacological agents. Assays for habituation of661

the acoustic startle response (ASR) were performed on 5 dpf662

larvae arrayed in a 36-well dish, fabricated by laser-cutting a663

6x6 grid of holes into an acrylic sheet, and affixing it to an664

uncut sheet of the same dimensions using acrylic glue. The665

dish was mounted on a vibrational exciter (4810; Brüel and666

Kjaer, Norcross, GA) via an aluminum rod. Acoustic stim-667

uli (2ms duration, 1000Hz waveforms) were delivered during668

the baseline phase of the assay with an interstimulus interval669

(ISI) of 40 seconds. During the habituation phase, stimuli670

were presented with a 3-second ISI.671

MAP-mapping. Larvae were acclimated to testing room672

conditions (light, temperature, etc.) in a 10cm petri dish with673

n=45 6 dpf larvae for 30 minutes prior to transfer to the test-674

ing arena. Following acclimation, 25 larvae were transferred675

from the petri dish to a cell strainer with 40um pores (Neta676

Scientific 431750) nested inside a 6cm petri dish, submerged677

in E3. The entire cell strainer was then removed and im-678

mediately submerged in a 4cm petri dish glued to a circular679

acrylic base, affixed via a titanium arm to the vibrational ex-680

citer (4810; Brüel and Kjaer, Norcross, GA). Larvae were ac-681

climated to the testing arena for 30 minutes with no stimuli.682

“No Stimuli” runs then proceeded with 17 minutes of addi-683

tional run time. “Non-Habituating Stimuli” runs proceeded684

with 10 35.1dB acoustic stimuli with a 90-second ISI, fol-685

lowed by 2 minutes of rest. “Habituating Stimuli” runs pro-686

ceeded with 180 35.1dB acoustic stimuli with 5-second ISI687

followed by 2 minutes of rest. Immediately following the688

completion of the behavior testing protocol, the cell strainer689

was removed from the testing arena and dropped into a 6-690

well dish (VWR 10861-554) containing 4% PFA in 1x PBT691

(1x PBS + 0.25% TritonX100). After 2 minutes, cell strainers692

were transferred to a second 6-well dish containing cold 4%693

PFA in 1x PBS, and incubated at 4 degrees overnight. Next,694

the immunostaining procedure described in30 was carried out695

as described with the following modifications: immediately696

after washing PFA, larvae were bleached for approximately697

12 minutes in 1.5% hydrogen peroxide; 0.5% KOH; larvae698

were then washed twice (quickly) and then once for 5 min-699

utes in PBT; larvae were then incubated in 150mM of Tris-700

HCl pH 9.0 for 5 minutes at room temperature, followed by701

15 minutes at 70 degrees Celcius. Following immunostain-702

ing, all larvae for a single experiment were mounted in 1.5%703

low-melt agarose (Lonza Bioscience 50101) in a 50mm petri704

dish with a 30mm diameter glass bottom (Mattek P50G-1.5-705
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30-F). Confocal images were acquired using a 20x objective706

lens on a Zeiss LSM880 confocal microscope using Zen Soft-707

ware. The “tiles” function was used to acquire and stitch to-708

gether two images of each brain (one centered on the rostral709

and one on the caudal portion of the head).710

Behavior Analysis. Behavior videos were background sub-711

tracted by computing a max projection of the entire image712

series using FIJI. Max projections were then subtracted from713

each image within the series using FIJI. Subtracted image se-714

ries were tracked using FLOTE software as previously de-715

scribed7,8. In the case of Strychnine-treated larvae, the pre-716

viously described “accordion-like” shape41 of the SLC re-717

sponse precluded acceptable tracking via FLOTE. Therefore,718

behavioral responses were manually scored blind to genotype719

as SLCs or No-Response by isolating the 17ms of video fol-720

lowing the delivery of the acoustic pulse, and scoring body721

bends within this interval as SLCs.722

% Habituation was quantified by the following formula:723

[% Habituation = (1-[response frequency Stimuli 45-54] ÷724

[response frequency baseline])*100].725

Quantification and Statistical Analysis. Computation of726

means, SD, SE, and data set normality were performed using727

GraphPad Prism. Effects of each drug condition were as-728

sessed using Two-Way ANOVA with Sidak’s Multiple Com-729

parisons Test.730

For MAP-mapping, image registration and positive and731

negative significant delta median signals in each brain region732

across mutant vs. sibling and drug vs. DMSO controls were733

calculated using the standard MAP-mapping pipeline as de-734

scribed in30.735

For cluster analysis, positive and negative significant delta736

median signals were imported into R42,43. Signal for each ex-737

perimental replicate was normalized according to the highest738

absolute value in that condition, such that the highest mag-739

nitude signal for each condition was either -1 or 1. Dis-740

tances were calculated using the Canberra method, which741

disregards data when both conditions have a value of 0; this742

prevented overestimation of similarity between conditions in743

which many brain regions had zero signal. The factoextra744

package44 was used to visualize distances and clusters.745

For pairwise plots, normalized negative signal in a given746

brain region was subtracted from normalized positive signal747

to obtain a single signal value for that region. We then aver-748

aged signal values for each condition (either drug or mutant749

allele) over all replicate data sets and behavioral stimulation750

paradigms. After confirming via cluster analysis that these751

average values captured the general patterns of similarity ob-752

served among individual replicates, we then plotted pairwise753

comparisons between conditions. Module maps (Figure 7B-754

D) were created using a modified version of the ZBrainAnal-755

ysisOfMAPMaps function30. Colors were adjusted in Adobe756

Illustrator.757
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Supplementary Figures943

Fig. S1. Pharmacological inhibitors of habituation learning induce distinct patterns of brain activity changes.(A-C) Regions upregulated by the specified drug
treatment under “No Stimulus” conditions are indicated in green; regions downregulated are indicated in magenta. (D-F) Regions upregulated by the specified drug treatment
under “Non-Habituating Stimuli” conditions are indicated in green; regions downregulated are indicated in magenta. In all images, the left panel is a summed z-projection
of the whole-brain activity changes. The right panel is a z-projection and x-projection of the analyzed MAP-map. Molecular targets of pharmacological agents are indicated
with diagrams above each column. Note that the patterns of neuronal activity induced a given pharmacological agent are relatively consistent across stimulation condition
(i.e. “no stimuli”, vs. “non-habituation stimuli”, vs “habituating stimuli” in Figure 1K-M). Moreover, although all pharmacological agents reduce habituation learning, patterns of
neuronal activity are highly dissimilar between individual pharmacological treatments.
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Fig. S2. Cluster analysis identifies regions of interest.(A) Heat map indicating replicability across stimulus conditions for each mutant and drug condition. Note an
intermingled cluster containing Butaclamol and MK-801. (B-E) Plots of pairwise comparisons between drugs and or genotypes. Color legend in (B) applies to all. R-square
values are indicated when p<0.05. (B) Plot indicating positive correlation between MK-801 and Butaclamol signal changes. (C) Plot indicating a weak positive correlation
between hip14 and Strychnine signal changes. (D) Plot showing correlated changes in the rhombencephalon between hip14 and kcna1a. (E) Plot showing 3 populations
in Butaclamol vs. ap2s1 changes. Largely telencephalic regions, upregulated by ap2s1 and downregulated by Butaclamol; largely rhombencephalic regions, upregulated
(Caption continues next page.)
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Fig. S2. (Continued from previous page.) by Butaclamol and downregulated by ap2s1; and a large number of regions downregulated by both manipulations. (F) Plot showing
signal changes in pappaa as compared to Butaclamol. Multiple telencephalic as well as diencephalic regions to a lesser degree, are anti-correlated (up-regulated in pappaa
but downregulated in Butaclamol). Brain region abbreviations in (B): s1181t = Telencephalon - S1181t Cluster, Gang LLN SO2 = Ganglia - Lateral Line Neuromast SO2,
Gang LLN D1 = Ganglia - Lateral Line Neuromast D1, Noradren Interfasc Vagal = Rhombencephalon - Noradrendergic neurons of the Interfascicular and Vagal areas. Brain
region abbreviations in (C): Lat Retic Nuc = Rhombencephalon - Lateral Reticular Nucleus. Brain region abbreviations in (D): Spiral Fib Post and Ant = Rhombencephalon -
Spiral Fiber Neuron Posterior and Anterior clusters, Mauth Axon Cap = Rhombencephalon - Mauthner Cell Axon Cap. Brain region abbreviations in (E): DO = Telencephalon
- Olfactory bulb dopaminergic neuron areas, OB = Telencephalon - Olfactory Bulb, Subpall Gad1b = Telencephalon - Subpallial Gad1b cluster, Subpall = Telencephalon –
Subpallium, Oxtl Clust 1 = Rhombencephalon - Oxtl Cluster 1 Sparse, Noradren Interfasc Vagal = Rhombencephalon - Noradrendergic neurons of the Interfascicular and
Vagal areas, TH-C = Rhombencephalon - Small cluster of TH stained neurons. Brain region abbreviations in (F): Ant Comm = Telencephalon - Anterior Commisure, Cerebell
Olig2 Enriched = Rhombencephalon - Olig2 enriched areas in cerebellum, Gang LLN SO1 and SO2 = Ganglia - Lateral Line Neuromast SO1 and SO2.

18 Nelson et al. | Integration of distinct molecular programs drives learning

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 1, 2022. ; https://doi.org/10.1101/2022.02.05.479242doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.05.479242
http://creativecommons.org/licenses/by/4.0/


Supplementary Tables944

Supplementary Table S1: Raw values for signal change in each ROI within each mutant and drug condition across 2-3945

replicates.946

Supplementary Table S2: Normalized values for signal change in each ROI within each mutant and drug condition947

across 2-3 replicates. These values were used for cluster analysis.948
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