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Defining the structural and functional changes in the nervous sys-
tem underlying learning and memory represents a major challenge
for modern neuroscience. Although changes in neuronal activity fol-
lowing memory formation have been studied [B. F. Grewe et al.,
Nature 543, 670-675 (2017); M. T. Rogan, U. V. Staubli, J. E. LeDoux,
Nature 390, 604-607 (1997)], the underlying structural changes at
the synapse level remain poorly understood. Here, we capture syn-
aptic changes in the midlarval zebrafish brain that occur during
associative memory formation by imaging excitatory synapses
labeled with recombinant probes using selective plane illumination
microscopy. Imaging the same subjects before and after classical
conditioning at single-synapse resolution provides an unbiased
mapping of synaptic changes accompanying memory formation. In
control animals and animals that failed to learn the task, there
were no significant changes in the spatial patterns of synapses in
the pallium, which contains the equivalent of the mammalian
amygdala and is essential for associative learning in teleost fish [M.
Portavella, J. P. Vargas, B. Torres, C. Salas, Brain Res. Bull. 57,
397-399 (2002)]. In zebrafish that formed memories, we saw a dra-
matic increase in the number of synapses in the ventrolateral pal-
lium, which contains neurons active during memory formation and
retrieval. Concurrently, synapse loss predominated in the dorsome-
dial pallium. Surprisingly, we did not observe significant changes in
the intensity of synaptic labeling, a proxy for synaptic strength, with
memory formation in any region of the pallium. Our results suggest
that memory formation due to classical conditioning is associated
with reciprocal changes in synapse numbers in the pallium.

classical conditioning | zebrafish | pallium | synapse | learning and
memory

It is widely believed that memories are formed as a result of
alterations in synaptic connections between axons and dendrites,
an idea first proposed by Ramon y Cajal (1-4). Although synapse
changes have been extensively studied in brain slices in the context
of long-term potentiation (5, 6), less is known about how synapses
in a living vertebrate are modified when a memory is formed.
Memory formation has been widely studied using classical con-
ditioning (CC), a robust and straightforward form of learning in
which an animal is exposed to a neutral stimulus (conditioned stim-
ulus, CS) paired with an appetitive or aversive stimulus (uncondi-
tioned stimulus, US) that evokes a specific behavioral response
(UR, unconditioned response) (7, 8). As a result of the pairing,
animals learn to associate the CS with the US, causing them to
respond to the CS with a conditioned response (CR) identical
to the UR, signifying memory retrieval (9, 10). Memory retrieval
is also evoked by activating a cellular engram, a group of neu-
rons active during memory formation and retrieval (11-18). The
central locus of CC in mammals, the amygdala (19), is located in a
relatively inaccessible area beneath the cortex (20). Thus, although
numerous longitudinal imaging studies have documented
experience-dependent changes in the structure of spines of
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cortical and hippocampal neurons (21, 22), few imaging studies
have directly examined synaptic changes that occur in the amyg-
dala during associative memory formation.

Instead, synaptic changes that occur in the amygdala during
CC (23) have been studied primarily using indirect measures of
synaptic strength, such as the ratio of a-amino-3-hydroxy-5-
methyl-4-isoxazoleproprionic acid receptor/N-methyl D-aspar-
tate (AMPA/NMDA) currents in excitatory postsynaptic currents
(EPSCs). Increases in AMPA/NMDA ratio in amygdalar neu-
rons following auditory fear conditioning (FC), a type of CC
(24-27), indicate that associative memory formation coincides with
increases in synaptic strength. In addition, imaging experiments
in brain regions beyond the amygdala have shown diverse
effects following CC. For example, following contextual fear
conditioning, engram neurons in the CA1 region of the hippo-
campus that receive inputs from CA3 engram neurons dis-
played spines that were larger and more densely packed than
nonengram cells (28). Furthermore, experiments in which neu-
ronal morphology was directly observed before and after FC
found that neurons in the frontal association (29) and primary
motor cortex (30) showed a decrease in the number of spines,
whereas neurons in the auditory cortex showed an increase in
spine number with memory formation (31).

To obtain previously unavailable insight into memory forma-
tion within the central locus of associative memory storage, we
developed a paradigm combining in vivo labeling and imaging
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with informatics and analysis tools. We used this paradigm to
map synaptic changes that occur over time in the intact brain of
a living vertebrate during memory formation. We imaged the
pallium of teleost fish, which contains the putative homolog of
the mammalian amygdala based on anatomy (32), gene expres-
sion (33), and function (34). The pallium is on the surface of the
brain (35), and zebrafish larvae are highly transparent, allowing
for intact, whole-brain imaging using selective plane illumination
microscopy (SPIM) without the need for invasive intervention
(36). In addition, while most studies of learning in zebrafish have
used adults (37-40), at least one study showed that larval zebra-
fish can learn to associate a place with a positive valence US
(41). These attributes suggest that larval zebrafish may be an
ideal model organism for studying synaptic changes during mem-
ory formation due to CC. We have engaged this challenge by
combining purpose-built experimental tools with data manage-
ment software that enables transparent analyses of large and het-
erogeneous datasets. All data were characterized and stored at
the time of creation in a customized data management system
designed to conform to findability, accessibility, interoperability,
and reusability (i.e., FAIR principles) (see Materials and Meth-
ods) (42).

Results

A Paradigm for CC. Electric shock-based CC does not work effi-
ciently in zebrafish larvae (43), so we developed a CC paradigm,
tail-flick conditioning (TFC), to produce associative memories in
14- to 16-d-postfertilization (dpf) zebrafish. TFC uses heating
from a near-infrared laser, as in ref. 44, as the US and light from
a light-emitting diode (LED) as the CS. The fish’s head is immo-
bilized in agarose, leaving the fish free to flick its tail, which is the
UR and CR (Fig. 14 and SI Appendix, Fig. S14). Using a
custom-built behavioral apparatus (SI Appendix, Fig. S1B), we
implemented induction of CC and testing in three phases, each
with a distinct stimulus series: 1) habituation, exposure to the
CS alone (20 rounds); 2) training, exposure to overlapping CS
and US (20 rounds); and 3) testing, exposure to CS alone (5
rounds; Fig. 1 B-D and SI Appendix, Fig. S1 C-E).

Fish used in imaging experiments were subjected to a fourth
phase, in which they were reexposed to the training regimen for
10 rounds to compensate for any extinction that might have
resulted from testing (Fig. 1B; see Materials and Methods). Con-
trol fish were exposed to the US alone, the CS alone, or to no
stimulus (NS). This TFC paradigm, which lasts ~3 h (Fig. 1B),
can be characterized as cued aversive conditioning.

To determine if a fish learned, tail flicking was measured
using custom software (see Materials and Methods) and inte-
grated into our data management pipeline. The baseline rate of
tail flicking was determined by measuring responses to CSs dur-
ing the final five rounds of habituation (before TFC), measuring
flicking during five identical time intervals without a stimulus
following training (random flicking), and plotting the results in
a cumulative histogram (Fig. 1E). Measuring tail flicking dur-
ing the five rounds of testing revealed that 30% of fish (4.5 to
5.0 mm) responded at least three times in response to five CSs
(n = 90). As no fish responded more than two times under con-
trol conditions, we estimate that our learning rate is at least 30%.
Fish that responded to five out of five CSs during testing were
designated superlative learners (L, Fig. 1 C-E). Fish that
responded to either three or four CSs were designated partial
learners (PL, Fig. 1 C-E); fish that did not respond to any stim-
uli were designated nonlearners (NL). Fish that responded
either once or twice were designated as weak learners (WL)
and not used in analyses of synapses, as it was difficult to con-
clude unequivocally whether or not they had learned. We fur-
ther evaluated the fish using the “flick ratio” (FR), which is the
fraction of time spent flicking following a stimulus (see Materials
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Fig. 1. Tail Flick Conditioning (TFC), a CC paradigm for larval zebrafish.
(A) The head of the zebrafish undergoing TFC is encased in low-melt aga-
rose, leaving the tail free to move. The CS consists of light from a green
LED; the US is heat produced by an NIR laser. The CR is tail flicking. (B)
Timeline of the TFC paradigm. (C) During training, fish are exposed to
both the CS and US. In response to the US, all fish flicked their tails vigor-
ously (black bars). Here, we display late-stage training rounds for three L
and three NL fish. (D) During the testing phase of TFC, the fish is exposed
to the CS alone. L respond immediately upon presentation of CS; NL do
not. Here, early-stage testing rounds are shown. (E) Cumulative histogram
of the percentage of larval zebrafish that respond with tail flicking to the
five CSs presented during testing one or more times, two or more times,
etc. (After TFC, inverted triangles). The baseline flicking histograms from
fish during the final rounds of Habituation (Before TFC, gray triangles) or
from fish assayed after TFC for five time windows when no stimulus is pre-
sent (Random, filled squares) are different. (F) The FR (fraction of time tail
is flicking) when US is presented during training are similar for L (n = 11
fish), PL (n = 6), NL (n = 11), and US only (US, n = 11) and different from
the FR during the same time period for fish exposed to CS only (n = 11) or
NS(n = 11; ***P < 0.005, *P < 0.05, Kruskal-Wallis test). No pairwise com-
parison between L, PL, NL, or US is significant except for L versus PL (*P <
0.05, Kruskal-Wallis test). (G) The FR in response to the CS during testing is sig-
nificantly different in fish exposed to TFC versus control fish (***P < 0.0001,
Kolmogorov-Smirnov test). Cumulative probability distributions are shown. (H)
The FR (averaged for all fish during testing) is significantly reduced in fish
exposed to 2-amino-5-phosphonovaleric acid (APV) during TFC compared to
control fish (n = 12 fish +APV, 19 fish —APV; **P < 0.01, Mann-Whitney U
test). Each data point represents the response to a single presentation of the
CS. (/) The FR diminishes over 30 presentations of CS alone (extinction, n = 5)
in a set of L fish by ~75%. (J) FR before and after extinction (Ext, t; and t,) are
significantly different (***P < 0.005, n = 5 as in H, Mann-Whitney U test). FR
at t;, t, without extinction (n = 6) are not significantly different (P > 0.05,
Mann-Whitney U test). Data available at https:/doi.org/10.25551/1/1-1YZE (45).
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and Methods). As expected, fish that underwent training (L, PL,
WL, and NL) responded to the US with an elevated FR, whereas
control fish (US, CS, and NS) not exposed to the US had a mini-
mal FR during the same time period (Fig. 1F). Importantly, fish
exposed to TFC (n = 128) responded to the CS with an FR
significantly different from control fish (n = 108; P < 0.0001,
Kolmogorov-Smirnov test), providing further evidence that
TFC induced learning (Fig. 1G).

Zebrafish learning rate correlated with developmental stage:
30% of fish between 4.5 and 5.0 mm standard length (SL) were
either L (12.2%) or PL (17.8%, n = 90); in contrast, 7.2% of fish
between 4.0 and 4.5 mm were L (n = 153) and 18.3% were PL
(81 Appendix, Fig. S1F). Learning during TFC was largely blocked
by exposure of the fish to 2-amino-5-phosphonovaleric acid
(APV) (Fig. 1H; P < 0.01, Mann—Whitney U test), suggesting a
dependence of TFC learning on NMDA receptor-based synaptic
plasticity. To test whether TFC is susceptible to extinction, we
exposed L fish to 25 presentations of the CS alone following
learning. These fish displayed a response to the CS that dimin-
ished to less than 25% of the initial response (Fig. 11; P < 0.0001,
Mann-Whitney U test). The responses of fish tested at a simi-
lar interval following learning, but without additional exposure
to the CS, did not differ significantly from the initial response
(Fig. 1J; P > 0.05, Mann—Whitney U test). Thus, TFC learning
is NMDA receptor—dependent and can undergo extinction,
both hallmarks of CC.

A Data-Centric Approach to Experimental Design. We generated
the results reported in this paper using a unique data collection
paradigm in which we captured all data at the point of genera-
tion. Data include all procedures performed on the fish in prepa-
ration for behavior and imaging experiments, behavioral outputs
during conditioning, all raw and processed imaging data, soft-
ware, and analyses produced either by humans or computational
pipelines. All data were entered into an innovative data manage-
ment system at the point of generation and curated with high-
fidelity metadata descriptions (https://doi.org/10.25551/1/1-1JR0)
(46). Metadata models and any relationships between different
types of data were described using an explicit data model that
was captured as the model adapted over time and as the experi-
mental protocols evolved. Our experimental paradigm followed
an approach we have termed continuous FAIRness (47), in
which data associated with an investigation is findable, accessi-
ble, interoperable, and reusable (48) through the data life cycle.
As part of this approach, every figure in the paper was assigned
a globally unique DOI that links to all the relevant primary
data and any intermediate data products. We also carefully cap-
tured details of experimental protocols including sequences of
all plasmid constructs, microscope configuration parameters,
and exact versions of all software used for analysis. By storing
this information and any additional metadata at every step of
our experiments, we can significantly reduce the potential for
errors in data entry, analysis, or interpretation. Finally, all read-
ers can easily access the raw data and the detailed information
about experimental and analytical methods, which will enable
others to reproduce our results.

Neuronal Activation in the Pallium Changes with Memory Formation.
Because the amygdala is the central locus of FC in mammals
and the dorsal pallium of teleost fish is thought to contain the
homolog of the amygdala, we reasoned that functional changes
were likely to occur in pallial neurons following TFC. To identify
such areas, we examined regional differences in the expression
of pERK (phosphorylated extracellular signal-regulated kinase),
a marker for neuronal activity (49), in response to the CS in 14
to 16 dpf L and NL fish. L fish showed marked enrichment in
pERK in a discrete, anterolateral region in the pallium following
presentation of the CS (Fig. 24 and SI Appendix, Fig. S2A4). This
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Fig. 2. Neuronal activation within the anterolateral pallium in response
to the CS in learner fish and to the US in naive fish. (A) Intense immunos-
taining of pERK in the pallium (magenta highlighted region, Inset) of an L
fish exposed to 5 CSs following TFC. The strong signal in an anterolateral
region (yellow outline) of this optical section reveals regional neuronal
activation. Relatively less immunostaining is present in the medial pallium
(cyan outline). (B) An NL fish shows a lack of pERK staining in the antero-
lateral region (yellow outline) after exposure to 5 CSs in this equivalent
optical section. (C) A naive fish reveals strong pERK staining in the same
anterolateral region (yellow outline) after exposure to 10 USs. Equivalent
optical section to those in A and B. (D) A naive fish exposed to 10 CSs does
not show concentrated pERK labeling in the anterolateral region (yellow
outline). Optical section equivalent to those in A-C. (E) A naive fish not
exposed to a CS or US (NS) does not show concentrated pERK labeling in
the anterolateral region (yellow outline). Optical section equivalent to
those in A-D. (F) L and US-exposed naive subjects show a significantly
higher lateral:medial pERK intensity ratio compared to NL and naive
untreated subjects (*P < 0.02, ***P < 0.005, n = 5 fish per group,
Kruskal-Wallis multiple comparison test). White dashed lines mark the
border of the pallium (midline = M) in A-E. (Scale bar for A-E, 20 pm.)
Data available at https://doi.org/10.25551/1/1-1JPO (50).
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enrichment was absent in NL fish under similar conditions, indi-
cating that the pERK labeling was not simply a response to
the US the fish were exposed to during TFC (Fig. 2B and S/
Appendix, Fig. S2B). To further characterize pallial function,
we exposed naive fish to repeated presentations of the US
(see Materials and Methods). We found elevated pERK in a
discrete region in the anterolateral pallium that colocalized
with the CS-responsive region identified in the L fish (Fig. 2C,
yellow outline, and SI Appendix, Fig. S2C). Naive fish exposed
only to the CS or fish not exposed to either the CS or US
showed relatively little staining in the anterolateral pallium
(Fig. 2 D and E and SI Appendix, Fig. S2 D and E). Thus, the
activity marker response in the pallium to the CS in L fish
looked similar to that from the US in naive fish, consistent
with the CS activating the same population of neurons after
learning as the US activates in naive fish.

We quantified these responses by taking the ratio of total
pERK labeling within the anterolateral region divided by the
total pERK labeling in the medial region (Ij,/Iineq). In response
to the CS, I4¢/Iimeq in L fish was significantly higher than in NL
fish, CS-exposed, and -unexposed naive fish. Exposure to the
US in naive animals also significantly increased Ij,/Ieq com-
pared to NL and CS-exposed and -unexposed naive animals
(Fig. 2F; P < 0.005 and P < 0.05, respectively; Kruskal-Wallis
test). L fish exposed to the CS and naive fish exposed to the US
revealed similar Ij,/Inea (Fig. 2F; P > 0.05, Kruskal-Wallis
test). Thus, our results suggest that following learning, cells
that respond to an aversive stimulus in naive fish become
responsive to the CS with which the aversive stimulus is
associated.

Labeling Excitatory Synapses in Live Fish. Having established that
TFC can lead to memory formation and a change in the pattern
of activity in the pallium of larval zebrafish, we sought to exam-
ine how it affected the distribution of pallial synapses. Accord-
ingly, we visualized excitatory synapses within the pallium using
PSD-95.FingR, a recombinant probe that binds with high affin-
ity and specificity to PSD-95, a major postsynaptic component
of excitatory synapses (51) and a marker for synaptic strength
(52-54). PSD-95.FingR labels postsynaptic sites without caus-
ing structural or functional changes in mammalian neurons
(55). PSD-95.FingR also labels synapses in living zebrafish lar-
vae (56). To produce neuronal labeling that is sufficiently sparse
to resolve individual synapses within the dense neuropil region
of the pallium, we induced mosaic transgenic expression of
PSD-95.FingR by coinjecting linearized plasmid DNA encoding
the FingR reporter with transposase messenger RNA (see
Materials and Methods) into zebrafish zygotes (Casper back-
ground) (57). Such mosaics, coexpressing PSD-95.FingR-GFP
and membrane-targeted mScarlet, show the expected spine-like
protrusions on dendrites, with GFP labeling at the tips, consistent
with PSD-95.FingR labeling excitatory synapses (Fig. 34; pallial
neurons imaged in 14 to 16 dpf zebrafish, 4.0 to 5.0 mm SL). Fur-
thermore, PSD-95.FingR labeling intensity at individual puncta
was proportional to mScarlet labeling intensity at colocalized
spine heads (R = 0.68), a measure of spine-head size (Fig.
3A). Finally, exogenous PSD-95-RFP and PSD-95.FingR-GFP
colabeled discrete puncta at proportional levels (SI Appendix,
Fig. S3, R = 0.9), consistent with PSD-95 FingR labeling PSD-95
in a stoichiometric manner. Accordingly, we will refer to puncta
labeled with PSD-95.FingR-GFP as synapses. Note that nuclei
of the expressing cells are labeled due to the transcriptional reg-
ulation system, which targets excess, unbound protein to the
nucleus (“N” in Fig. 34) and inhibits transcription (55). FingR
transgenic fish did not display any difference in the FR versus
wild-type fish, suggesting that the presence of the transgene does
not diminish learning ability (P > 0.05, Mann-Whitney U test;
SI Appendix, Fig. S3).
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Fig. 3. Imaging excitatory synapses in larval zebrafish. (A) Confocal image
of neurons coexpressing PSD-95.FingR-GFP (green) and membrane-
targeted mScarlet (magenta) in the pallium of a living 14 dpf zebrafish
larva. Subset maximum intensity projection of the boxed region is to the
right. (Top Right) PSD-95.FingR-GFP puncta colocalize with the tips of
spine-like projections. (Middle) PSD-95.FingR-GFP. (Bottom) mScarlet
("RFP"). Arrows point to spine-like projections that colocalize with PSD-
95.FingR-GFP puncta. (Bottom Right) Intensities of PSD-95.FingR labeling
at individual puncta were roughly proportional to intensities of mScarlet
labeling at the same puncta; for cells shown at left, R = 0.68). (B) Sche-
matic of TFC/SPIM imaging experiments. The zebrafish is rotated by 6 =
25° from the fluorescence detection axis (green arrow) to avoid illuminat-
ing the eyes with the incident light sheet (blue arrow). (C) Dorsal view of
a 15 dpf larval zebrafish head with pallium region imaged by SPIM out-
lined with dashed white line. (D) Maximum intensity projection of a stack
of SPIM images of PSD-95.FingR (red outlined region in C) showing synaptic
puncta and a bright nucleus (N). () Map of synapses identified from D (see
Materials and Methods). Gray scale intensity reflects total PSD-95.FingR label-
ing for each punctum. (Scale bar in A, 5 pm; C, 100 pm; D and E, 10 pm.)
Data available at https:/doi.org/10.25551/1/1-1JP2 (58).

Total Synapse Number in the Pallium Does Not Change following
TFC. To interrogate how learning affects synapses in the pallium, we
imaged PSD-95FingR-GFP fish before and after the animals
underwent TFC using SPIM (Fig. 3 B and C). The stoichiometric
relationship between PSD-95.FingR-GFP and endogenous PSD-95
protein (55) resulted in relatively dim synapse labeling, present-
ing a significant challenge for live imaging. We customized our
SPIM for zebrafish larvae imaging (SI Appendix, SI Methods) to
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provide high contrast and speed necessary to image labeled syn-
apses while minimizing laser-induced toxicity, which is essential
to maintain TFC learning capability in imaged animals. These
customizations allowed us to acquire three-dimensional (3D)
images of fish brains with an optical resolution of ~0.5 pm later-
ally and 1.3 microns axially (ST Appendix, Fig. S44).

We identified synapses in the left pallium from volumetric
images in a two-step process mediated by the data management
system (see Materials and Methods). A custom computer pro-
gram identifies 3D intensity maxima in denoised (low-pass fil-
tered) image stacks (SI Appendix, Fig. S4 B-D), and then
blinded segmenters confirm or reject these putative synapses.
This approach generates a 3D map of positions and intensities
of PSD-95.FingR puncta, corresponding to excitatory synapses
(Fig. 3 D and E). We imaged an average of 1,155 synapses per
fish, roughly 0.5% of the total synapses in that region (see
Materials and Methods, ST Appendix, Fig. S4 E and F). When
the total number of synapses before versus after TFC was com-
pared for L, PL, and controls (CS only, US only, and NS) over
the entire pallium, no significant difference was found. A modest
decrease (~10%) was found for NL (Fig. 44; P > 0.05 for L, PL,
and controls; P < 0.05 for NL, Wilcoxon test). Additionally, syn-
apse numbers did not differ significantly between L, NL, PL, and
control fish at either time point (S Appendix, Fig. S5; P > 0.05,
Kruskal-Wallis test). Thus, our data indicate that TFC learning
is not associated with a significant change in the total number of
synapses in the pallium. To compare distributions of synapses,
we aligned SPIM images from the same fish at two time points
(before and after TFC) using a rigid body transformation that
optimizes overlap of labeled nuclei (see Materials and Methods
and Fig. 4B). We identified synapses that became undetectable
(lost synapses) or detectable (gained synapses) following TFC
by uniquely pairing each synapse from the before-TFC image
with the synapse closest to its position in the after-TFC image
(Fig. 4C). Unpaired synapses from the before-TFC image (more
than 4 pm from a potential counterpart in the after-TFC image)
were designated as lost synapses; unpaired synapses from the
after-TFC image (without a counterpart <4 pm away in the
before-TFC image) were considered gained synapses (see Mate-
rials and Methods and Fig. 4D). The 4-um standard is based on
comparisons of aligned 3D images of the same Dendra-labeled
neuron taken 5 h apart, which corresponds to the time required
for TFC with rest periods. The vast majority of spine tips visible
at both time points moved less than 4 pm (SI Appendix, Fig. S6).
Categorizing and tallying synapses in this manner revealed that
the overall rate of synapse loss or formation and the fraction of
synapses present at both time points did not vary significantly
between L, PL, NL, and control fish (Fig. 4 E-G; P > 0.05,
Kruskal-Wallis test). When we measured synapse gain and loss
from the Dendra-labeled pallial neurons imaged 5 h apart for
four fish, the rates obtained were similar to those calculated using
images of PSD-95.FingR-labeled neurons (SI Appendix, Fig. S6).

Region-Specific Synapse Gain and Loss in Learners. To discern spa-
tial patterns of synaptic change for each group of fish, we coal-
igned the synaptic datasets onto a single template zebrafish brain
(see Materials and Methods and SI Appendix, Fig. S7) and com-
bined them to create cumulative distributions (CDs) of lost and
gained synapses (Fig. 54). In L fish, the CD showed a concen-
tration of gained synapses in the lateral versus medial pallium
(Fig. 54). To quantify and statistically evaluate this potential
regional disparity, we used a support vector machine algorithm
to define a decision boundary plane (DB plane, see Materials and
Methods) that optimally divides the synapse map into two regions:
one in which synapses gained minus lost is maximized and one in
which it is minimized. The DB plane sharply divides the cumula-
tive distribution of synapses from learners into a region of overall
synapse gain and one of synapse loss. In contrast, synapse loss and
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Fig. 4. Synapse changes with TFC in larval zebrafish. (A) Total number of
synapses before (t;) and after (t,) TFC for individual fish (P > 0.05 for L, PL,
US, NS, and CS; *P < 0.05 for NL, Wilcoxon test). (B) Dorsal view of all identi-
fied excitatory synapses in the left pallium (highlighted in inset) of a learner
fish before (white) and after (magenta) TFC alignment of the two synapse
images was accomplished by manually identifying and then computationally
aligning the labeled nuclei (not shown in images). (C) Schematic of algorithm
to identify synapses lost or gained following TFC. All synapses were grouped
into pairs, one from before TFC and the second from after, such that the dis-
tance between the pair is minimized. Each synapse could only be part of a
single pair. All pairs separated by a distance greater than or equal to 4 ym
are considered different synapses (i.e., lost if from before TFC or gained if
from after). (D) Dorsal view of lost (cyan) and gained (yellow) synapses fol-
lowing TFC from the learner fish shown in B reveals more lost synapses medi-
ally and more gained synapses laterally. (E-G) Synapse turnover in fish before
and after TFC did not show significant variation between different categories
of fish (P > 0.05, Kruskal-Wallis test) except for PL and NS (loss fraction and
unchanged fraction, P < 0.05, Dunn’s multiple comparison test). (Scale bars,
20pm.) n=11L,6PL, 11 NL, 11 US, 11 NS, and 11 CS fish. Data available at:
https://doi.org/10.25551/1/1-1Z04 (59).

PNAS | 50f10
https://doi.org/10.1073/pnas.2107661119

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107661119/-/DCSupplemental
https://doi.org/10.25551/1/1-1Z04
https://doi.org/10.1073/pnas.2107661119
https://doi.org/10.25551/1/1-1Z04
https://Appendix,Fig.S5

Downloaded from https://www.pnas.org by 207.151.52.235 on March 11, 2022 from IP address 207.151.52.235.

PL NL us NS cs

c

B1.0 1.0 1.0 1.0 1.0 1.0

1]

c

So05 0.5 0.5 0.5 0.5 g 0.5

8 =

i 0.0 0.0 0.0 0.0+ 00— 0.0~
X "y

3 o > N ‘
\&@ \;Q\e. \%3' \;%?' e ¢

D g *  *

1.0 1.0 1.0

L05 0.5 0.5

£ 0.0 = 0.0~ 0.04-

2-0.5 -0.51 -0.5

g-1.0 -1.0 -1.0

('S

\.'{:&b N
E *
: 1.5 1.5

Intensity ratio
(/)
o

* *
1.5 1.5 . 1.5 1.5
<
1.0 1.0 1044 1.0 1.0
.5 0.5 0.5 0.5 0.5 0.5
X X X X X x
RGN C N RS- R C AN, Xy

Fig. 5. Regional differences in synapse formation in the pallium of learner
fish. (A, Left) Map of lost (cyan) or gained (yellow) synapses in the left pallium
following TFC for L fish in dorsal view (highlighted in inset, midline to the
right). Results from each fish were registered onto a canonical fish prior to
pooling (S/ Appendix, Fig. S7). (Middle) Coronal view of pooled L results shows
a DB plane (red) that optimally divides the left pallium into two regions of dif-
ferential synapse change: dorsomedially, synapse loss predominates; ventro-
laterally, synapse gain predominates (region highlighted in inset; midline to
the left). (Right) Slightly tilted 3D coronal view of DB plane for L fish (red)
shown against the outline of the canonical zebrafish brain (gray; M: mid-
plane). (B) Dorsal (highlighted in inset cartoon, medial to the right), medial,

and lateral views of voxelized aggregate synaptic data in L and NL fish. Each
voxel represents a region with predominant synapse loss (cyan) or gain
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gain were distributed randomly throughout the pallia of NL and
control fish (Fig. 5B and SI Appendix, Fig. S8B). PL fish show an
intermediate result, with increased synapse gain in the ventrolat-
eral area and loss in the dorsomedial area but with a less dramatic
difference than observed in L fish (S Appendix, Fig. S8B).

Using a modification of the leave-one-out test, we assessed
whether the pallia from fish of a particular type could be divided
into regions with statistically different rates of synapse gain and/
or loss (see Materials and Methods). For each group of fish, we
calculated a cumulative distribution of synapses from all fish
except one as a training dataset to determine the DB plane based
on gained minus lost synapses. We then used this group-minus-
one DB plane to define the ventrolateral and dorsomedial areas
in the excluded fish and determine the total number of lost or
gained synapses associated with those regions. In L fish, the
median fractional synapse gain was ~30% higher on the ventro-
lateral side of the pallium versus the dorsomedial side, reflecting
a significant interregional disparity (Fig. 5C and SI Appendix,
Fig. S84; P < 0.005, n = 11, Wilcoxon test). No significant inter-
regional disparities in synapse gain were found for NL, CS, US,
or NS fish (Fig. 5C; P > 0.05, n = 11, Wilcoxon test) or for PL
fish (P > 0.05, n = 6, Wilcoxon test), and the magnitudes of the
median differences were less than 11%. L, PL, NL, and CS fish
had no significant dorsomedial versus ventrolateral disparities in
synapse loss (SI Appendix, Fig. S8; P > 0.05, Wilcoxon test) with
median magnitudes <13% for L, NL, and CS and <21% for PL.
In contrast, small (<12%) but significant increases in medial ver-
sus lateral synapse loss were seen in US and NS fish (SI Appendix,
Fig. S8 B and C; P < 0.05 and P < 0.005, respectively; Wilcoxon
test). Synapse change (gained minus lost synapses) was higher in
the ventrolateral area than in the dorsomedial area of L and PL
fish (P < 0.05, Wilcoxon test; Fig. 5D), with median differences
>25%. No significant synapse change was seen between dorsome-
dial and ventrolateral regions of NL or control fish (Fig. 5D;
P > 0.05, Wilcoxon test), and median differences were <10% for
CS, NS, and NL and <25% for US.

To assess synapse change associated with learning using raw
SPIM images, we examined PSD-95.FingR labeling in corre-
sponding lateral and medial regions captured before and after
TFC in an L and NL fish taken from the fully analyzed cohort.
In L fish, the lateral area showed a greater increase in gained
synapses after TFC than the medial area, whereas the number
of gained synapses in each region was comparable in NL fish
(81 Appendix, Fig. S9), corroborating our DB-plane findings.

Intensity of Synaptic Labeling Does Not Change Systematically with
Learning. Having aligned synaptic distributions allows us to fur-
ther characterize changes in synapses, by testing whether we can
detect a significant change in fluorescent PSD-95.FingR-GFP
labeling. The median value measured for PSD-95.FingR-GFP
labeling of synapses before and after TFC was not significantly

(yellow) following TFC. The DB plane (red) derived from L separates a region
of predominant synapse gain (ventrolaterally) and loss (dorsomedially) in L;
the same plane does not separate loss and gain in NL. (C) Synapse fractional
gain analysis for each group reveals that learners have gained significantly
more (~30%) synapses ventrolaterally versus dorsomedially relative to the DB
plane (***P < 0.005, Wilcoxon test). PL, NL, and control groups do not show a
significant difference in synapse gain between the two sides of the DB plane
(P> 0.05, Wilcoxon test). (D) Fractional change in synapses (gained minus lost) is
significantly higher ventrolaterally versus dorsomedially in L and PL (*P < 0.05,
Wilcoxon test) but not in any other groups (P > 0.05, Wilcoxon test). (E) The
ratio of PSD-95.FingR-GFP fluorescence intensity per synapse before and after
TFC (Ito/le1) is negligibly different in medial versus lateral regions in L (~1% dif-
ference), CS, and NS (<5% difference, *P < 0.05, Wilcoxon test), and in US, PL,
and NL (<4%, P > 0.05, Wilcoxon test). (Scale bar, 20 pm.) Voxel dimensions in
B, 10 um.n=11L, 6 PL, 11 NL, 11 US, 11 NS, and 11 CS fish. Data available at
https://doi.org/10.25551/1/1-1Z06 (60).
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different for any of the different groups (SI Appendix, Fig. S104;
P > 0.05, Wilcoxon test). We also performed regional analyses
of PSD-95 FingR-GFP labeling changes in the pallium following
TFC to reveal possible spatial patterns of differential change in
synaptic strength. Based on the ratio of the intensity of PSD-95.
FingR-GFP labeling before and after TFC for each synapse pre-
sent at both time points (I;»/I;;), DB planes were determined
that divided regions of maximal I;/I;; from regions of minimal
I;o/1y; for each fish using the leave-one-out method, as with gained
and lost synapses (see Materials and Methods). The median dif-
ference in I,o/I;; between the ventrolateral and dorsomedial
regions was ~1% of the median intensity of labeling for L fish and
<5% for all other groups (Fig. 5SE). Furthermore, distributions of
Iio/1y; for the two regions on either side of the DB planes for L,
PL, NL, and controls are very similar (SI Appendix, Fig. S10).
These results suggest that memory formation did not cause a sys-
tematic change in the labeling of synapses detected before and
after TFC.

It might be argued that there was indeed systematic change
in synaptic strength due to memory formation in our imaged
fish but that the strength increases or decreases reflected in the
fluorescence intensity happened in a way that moved dim syn-
apses below or above the detection threshold, which then were
interpreted by our analysis as lost or gained synapses. To test
this, we examined the distribution of intensities of lost, gained,
and unchanged synapses. If synapses simply moved above or
below the detection threshold as a result of a small gain or loss
in intensity, we would expect that the distribution of intensities
of lost synapses (at t;) and those of gained synapses (at t;)
would be clustered at low intensities relative to the distributions
of unchanged synapses. However, the distributions of lost and
gained synapses are very similar to those of unchanged synap-
ses (SI Appendix, Fig. S11). A total of 47% of lost synapses and
44% of gained synapses have intensities higher than the median
intensity for all synapses at t; and t, respectively; 11% of lost
synapses and 10% of gained synapses are among the brightest
15% of all synapses at t; and t,, respectively. Thus, it is very
unlikely we are mistakenly interpreting dim synapses that
underwent modest intensity loss or gain as lost or gained synap-
ses. As an additional test of this potential artifact, we simulated
the effects of reducing the intensity of synapse labeling by dif-
ferent percentages and then determined which synapses would
have intensities below the detection threshold and thus be con-
sidered lost. After calculating the resulting intensity distribu-
tions (at t;) corresponding to simulated lost synapses, we found
that a dramatic intensity loss (~80%) is required to produce a
distribution of lost synapse intensities similar to the distribution
obtained from experimental data (SI Appendix, Fig. S11G).
Comparable results were found for gained synapses (SI Appendix,
Fig. S111). To further test the sensitivity of our analysis to fluctua-
tions in intensity, we reduced the intensity of a synaptic image
stack for a particular fish by 10% while keeping the same noise
level and resegmented the synapses in the new stack. Comparison
of images before and after this manipulation showed that >98%
of the original synapses were present in both images, suggesting
that our analysis is relatively impervious to small fluctuations in
intensity (SI Appendix, Fig. S11J). Thus, synapses referred to as
gained or lost likely represent synapses that appeared, disap-
peared, or underwent a dramatic increase or decrease in PSD-95.
FingR labeling.

Synapse Gain within the Anterolateral Pallium. To investigate whether
changes in synaptic structure are related to alterations in neuro-
nal function, we examined the correlation between regions in
which synapse change occurs during memory formation and
regions of intense cellular activity during memory formation and
retrieval as assayed by pERK (Fig. 2). Our results show a distinct
anterolateral region of neuronal activation labeled by pERK in
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response to the US in naive fish and the CS in learner fish (Fig. 2
A and C). This region aligns with the region on the ventrolateral
side of the DB plane corresponding to synapse gain in learner
fish after TFC (Fig. 64). However, because pERK labeling is pri-
marily in cell bodies and synapses are primarily on dendrites, we
sought to compare the locations of dendrites from cells with cell
bodies within the anterolateral region of activation to the region
in which we saw synapse gain in L fish (Fig. 64). To visualize
dendrites of individual cells in vivo, we expressed the photocon-
vertible protein Dendra in fish brains and then photoconverted
isolated pallial cells using primed conversion (61). Mapping the
full extent of the processes of five neurons with somata within
the anterolateral pallial region revealed that they are predomi-
nantly (~90%) contained within the region of increased syn-
apse formation (Fig. 6B). We also compared the synapse gain
in a region of the pallium defined by the processes of these
anterolateral cells with an area similarly defined by processes of
cells within the medial region in Fig. 2 (Fig. 6C) and found that
there were significantly more gained synapses in the lateral than
in the medial cells in L and PL (P < 0.005 and P < 0.05, respec-
tively; Wilcoxon test; Fig. 6D). In contrast, in NL and control fish,
the number of gained synapses in the two areas was not signifi-
cantly different (P > 0.05, Wilcoxon test; Fig. 6D and SI Appendix,
Fig. S12). Synapse change in the two regions was also significantly
different in L and PL (P < 0.05, Wilcoxon test) but not in NL
or controls (P > 0.05, Wilcoxon test; Fig. 6E and SI Appendix,
Fig. S12). There were no significant differences in the relative
number of lost synapses in the two areas for fish in any of the exper-
imental groups (P > 0.05, Wilcoxon test; SI Appendix, Fig. S12).
Thus, regions of synapse gain in the lateral pallium following
memory formation overlap with regions containing neurons that
are active during memory formation and retrieval.

Finally, photoconversion labeling experiments revealed that a
subset of cells in the anterolateral pallial region send their projec-
tions ventrally and posteriorly through the subpallium, suggesting
they are output neurons (S Appendix, Fig. S13). Our results are
consistent with the anterolateral region of the pallium containing
cells that respond to aversive stimuli in naive fish, which, after
TFC, are activated by the neutral stimulus following concentrated
generation of new excitatory synapses.

Discussion

We have developed a paradigm for mapping changes in the dis-
tributions of synapses in the brains of living larval zebrafish
over time using longitudinal imaging. Our results show that fol-
lowing associative memory formation in response to CC, signifi-
cant region-specific changes in the rate of synapse formation
occur. More synapses formed in the ventrolateral region of
the pallium relative to the dorsomedial region following CC
in learner fish (both Ls and PLs) but not in NL and control
fish. Even with this regional change, the total number of
pallial synapses in all fish did not change significantly. Sur-
prisingly, we detected only small total or region-specific aver-
age changes in the labeling intensity of PSD-95 at synapses
present before and after learning.

Previous studies using post hoc labeling have found that hip-
pocampal engram cells have increased spine density relative to
nonengram neurons following contextual fear conditioning
(CFC) in mice (17, 28, 63). Although these studies did not directly
measure synapse change, their results are nonetheless consistent
with our conclusion that memory formation is associated with
region- and cell-specific increases in synapse formation. This
interpretation is also consistent with recent work showing that
selectivity of neurons in the ferret visual cortex arises from the
most common visual inputs rather than from the strongest inputs
(64). In contrast, our observation that long-term PSD-95.FingR
labeling of synapses changed minimally with learning, even in
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Fig. 6. Anatomical correlation of regions of increased neuronal activity and synaptic gain following TFC. (A) Coronal (Left), dorsomedial (Middle), and ventro-
lateral (Right) views of the region of increased pERK labeling in the left pallium of learner fish (see inset cartoon) exposed to CS. pERK staining is located mainly
on the ventrolateral side of the DB plane, where synapse gain predominates in learners. (B) Five individually photoconverted cells (see Materials and Methods),
whose cell bodies lie within the pERK staining area of the pallium shown in A, have processes that are predominantly (~90%) on the ventrolateral side of the DB
plane. Coronal (Left), dorsomedial (Middle), and ventrolateral (Right) views. Magenta asterisks in left and right subpanels indicate the position of cell bodies.
(C) Volumes defined by the dendrites of medial (blue) and anterolateral (orange) cells, corresponding to regions outlined in cyan and yellow, respectively, in
Fig. 2 A-E. (D) Fractional synapse gain is significantly higher for L (***P < 0.005, Wilcoxon test) and PL (*P < 0.05, Wilcoxon test) in the anterolateral region
than in the dorsomedial region but not in NL. (E) Fractional synapse change (gained synapses minus lost synapses) is also significantly higher in L and PL
(*P < 0.05, Wilcoxon test) but not in NL. (Scale bars in A and B, 30 pm. Scale bar in C, 100 um.) Data available at https://doi.org/10.25551/1/1-1Z08 (62).

regions in which dramatic gain and loss of synapses occurred,
would appear to be at odds with previous studies. In particular, a
recent imaging study found that spines on CAl engram cells
have approximately twice the volume of spines in nonengram
cells following CFC (28). This apparent discrepancy could be
explained by several differences between our study and previous
ones. Specifically, earlier studies depended on post hoc compari-
sons of synapses on different cells, whereas we directly compare
the same synapses at two separate time points. In addition, the
memories studied here were formed in the brains of a different
species (fish versus mice), at a different age (larvae versus
adults), in a different brain region (pallium versus hippocampus),
in a different cell type (pallial neurons versus CA1 neurons), and
as a result of a different learning paradigm (TFC versus CFC)
compared with previous studies. Furthermore, increases in synap-
tic strength could have occurred in a subset of sparsely distributed
pallial cells, causing these increases to be obscured by noise. They
could also have been transient and disappeared prior to the sec-
ond imaging. In addition, synaptic strength could have changed as
a result of presynaptic mechanisms our paradigm could have
missed. Finally, nonsynaptic changes that would have been diffi-
cult to detect with our system, such as increases in neuronal excit-
ability or myelination, could have contributed to learning (65, 66).
Our detection and analysis methods do not permit gold-
standard validation of synapses, such as can be obtained with
electron microscopy. Thus, our conclusions rest on the assump-
tion that our methods, validated by correlative and suggestive
evidence, accurately identify excitatory synapses. In addition,
although PSD-95 is a well-established marker for synaptic
strength, particularly in mammalian systems (53), we cannot
rule out the possibility that there are instances in which changes
in levels of PSD-95 do not reflect changes in synaptic strength.
Our results with pERK labeling showed that cells within a dis-
crete region in the anterolateral pallium respond intensely to
both the US in naive fish and the CS in learner fish. This antero-
lateral region is thus active both during memory formation and
retrieval (67, 68). Importantly, this region overlaps with the area
in which intense synapse formation occurs in learners. Our
pERK results corroborate those of a recent study in which Ca**
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activity in the mouse amygdala imaged before and after FC
showed that the pattern of cellular responses to the CS following
learning became similar to responses to the US in naive mice
(69). These anterolateral pallial cells may be homologous to
aversive cells found in the basolateral amygdala in mice (27, 70).
However, unlike aversive amygdalar cells in the mouse, which
are distributed in a salt-and-pepper pattern, those in the antero-
lateral pallium appear to be tightly clustered, making them eas-
ier to visualize and suggesting that they might be amenable to
investigations into how neurons encode fear.

Our findings demonstrate the power of integrating reproduc-
ibility and transparency into all stages of a scientific investigation,
benefiting both the researcher and the broader research commu-
nity (71). A scientific environment that ensured that all data were
FAIR throughout the life cycle of the investigation was made
possible by designing experiments and analysis around a data
management platform that is easily customized as experiments
evolve (48, 72). We suggest such scalable and modular data man-
agement strategies become standard for data collection and pre-
sentation in the scientific community. The tools presented here
provide a foundation for such efforts, since few alternatives exist
in the literature that stress FAIR principles (73).

This study combines informatics, imaging, and molecular neu-
roscience to perform unbiased spatial mapping of learning within
intact brains over time at the scale of individual synapses. Thus,
our approach provides a needed link between classical studies of
learning and more fine-grained analyses. The results provide
fundamental insight into how the microstructure of the brain can
change physically to encode information and offers a unique per-
spective from which to study the relationship between brain
structure and function.

Materials and Methods

TFC. TFCis a cued CC paradigm that causes the fish to associate a CS consisting
of a green light with a US consisting of heating from a near-infrared (NIR)
laser. Tail flicking comprises the UR in the naive fish and the CR in the learner
fish. All behavioral experiments were performed on a custom-built TFC scope
that enables the presentation of stimuli to be correlated with tail-flick behav-
ior (S/ Appendix, Fig. S1B).
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SPIM. A previously reported custom-built SPIM (74) was used for live-imaging
experiments related to the TFC protocol. Briefly, light from a 488-nm laser is
focused at the sample using a low numerical aperture (NA) illumination objec-
tive and scanned (1 kHz) by a galvanometer mirror to create a light sheet. The
scanned light sheet was positioned at the focus of the detection objective by a
second galvanometer mirror to enable optical sectioning. Sample fluorescence
generated by the excitation light sheet is captured by a high-NA objective.
The emission path is perpendicular to the excitation path; both the excitation
and emission paths are parallel to the plane of the support air table. The fluo-
rescence signal passes through a tube lens and a spectral image splitter to
enable simultaneous acquisition of green GFP fluorescence, as well as red tis-
sue autofluorescence, on the same scientific complementary metal-oxide
semiconductor (CMOS) camera.

Data Management. The data management system used in this work, which
stores and processes raw data and analysis results, is based on a custom Deriva
data management platform developed in house (72). This includes digital
asset storage for microscopy data and other ancillary data files, with a rich
metadata catalog to track assets and their scientific context. Robust data man-
agement practices help to maintain clear data provenance records and accom-
modate additions/changes to experimental methods over time.

Analysis of Behavioral Data. The result of an experiment on the TFC scope
(Fig. 1 A-D and S/ Appendix, Fig. S1 C-E) is a top-down fixed-perspective time-
lapse movie of the entire body of a subject (14 to 16 dpf zebrafish larva). The
dorsal view places the larva roughly along the horizontal midline of the imag-
ing frame, with the head fixed to the left and the tail free to move in the right
half of the frame. Stages of the experimental protocol (when the CS and US
turn on or off) are signaled in band by abrupt changes in global infrared illu-
mination (by the wide-field NIR illumination LED), which are apparent to the
camera but invisible to the subject. Behavioral analysis is a multistage process
computed from this movie (S/ Appendix, SI Methods).

Synapse Detection in Images. During in vivo SPIM imaging, anisotropic open
microscopy environment tagged image file format (OME-TIFF) volumes are
recorded with spatial sampling of 0.26 x 0.26 microns in plane and 0.4-um
steps between planes. A region of interest is manually identified by an
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experimentalist for the two time-point images of each zebrafish larva. Within
each region of interest, a two-stage synapse detection process proceeds: an
algorithm performs an automated scale-sensitive local peak detection to iden-
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Statistical Analysis. Statistics (nonparametric pairwise and nonparametric
ANOVA analyses) were calculated using Prism 8 (Graphpad Software, LLC). Non-
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