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Supplementary information

Notes on imaging and tissue identification
We explored alternative imaging approaches, including the imaging of larger areas and perspectives
from different angles, such as dorsal, ventral, and head-on views (Extended Data Fig. 1a,c,d). The
identification of all areas was achieved by comparing them with established anatomical references,
including histological and electron microscopy databases1–5. A minority, approximately 10% of
other regions exhibit characteristic textures but remain more difficult to classify (Extended Data
Fig. 1a). The ventral view capturing the gills exemplifies a region where it remains challenging to
identify tissue boundaries and determine the identity of individual cells. We note that the eye, ear,
and swim bladder introduce scattering, resulting in partial occlusion of the underlying structures,
including the forebrain, thalamus, and part of the nephric duct.

Notes on coherence-based spectral clustering
Spectral clustering is a well-established method for clustering data6,7. The method requires one
to define a similarity function between data points, which is often set to the Euclidean distance.
However, such a metric is not necessarily a meaningful distance to use between two time series.
Correlation would be a better distance measure, but fails to encode that time-lagged activity
traces should ideally be considered as close, which results in the breaking up of such groups of
traces into multiple clusters. Therefore, we aim to define a distance based on coherence (which is
small when coherence is high and vice versa) that can be utilized in spectral clustering.

Background. In spectral clustering, one first defines an adjacency graph. A common choice of
similarity function is the Gaussian similarity function defined between xi and xj as:

Wi,j = exp
✓
�
|xi � xj|

2
2

⌧

◆
(22)

where ⌧ defines the range of distances of interest, or width of the neighborhood.

One then builds the normalized graph Laplacian of the adjacency matrix:

L = D �W (23)
Lnorm = I �D

�1
W (24)

where D is a diagonal matrix and di,i =
P

j Wi,j. The lowest N eigenvectors of the matrix are
then computed and used as the encoding basis set, and finally the k-means algorithm is run and
outputs N clusters.
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For intuition, we can interpret L as being a transition function of the consensus dynamics of the
system. Assuming rows of W already sum to 1 for simplification:

dx

dt
= �Lx (25)

dx

dt
= �(I �W )x = �x+

X

j

Wi,jx (26)

where the fixed point is:

x =
X

j

Wi,jx (27)

which is the weighted average of x (also showing that it has to be stable). The eigenvalues thus
tell us how quickly consensus, or information, will be distributed. It can be shown that the graph
has as many 0 eigenvalues as disconnected components; indeed, consensus would never occur in
disconnected graph. The smaller the eigenvalues the slower the diffusion within that mode, and
the similarity of the weights of the eigenvectors indicate which entries are similar. Indeed, for any
vector f :

f
0
Lf = f

0
Df � f

0
Wf (28)

=
nX

i=1

dif
2
i �

nX

i,j=1

fifjwij (29)

=
1

2

 
nX

i=1

dif
2
i � 2

nX

i,j=1

fifjwij +
nX

j=1

djf
2
j

!
(30)

=
1

2

nX

i,j=1

wij(fi � fj)
2
. (31)

which is minimized if for large similarity wij, fi and fj are close.

Derivation. We first can show that if one wanted to use correlation as similarity metric, we can
define a distance which depends on correlation (small when correlation is high and vice-versa) and
which can be rewritten as the Euclidean distance between vectors. This then ensures that we can
use this defined distance in a Gaussian kernel and that it remains positive semi-definite.

The correlation between vectors x 2 R
N and y 2 R

N being defined as:

S2



R(x,y) =

P
i xi · yipP

i x
2
i

pP
i y

2
i

(32)

We assume already pre-normalized vectors:

xi =
xiqP

j x
2
j

(33)

yi =
yiqP

j y
2
j

(34)

Then:

|x� y|22 = 2
X

i

(1� xi · yi) (35)

= 2(1�
X

i

(xi · yi)) (36)

= 2(1�R(x,y)) (37)

Thus, the Euclidean distance between normalized vector defines a distance based on correlation.

In the same spirit, one can define a distance based on coherence and show that it can be written
as a Euclidean distance.

By definition, coherence is defined as:

C(x,y)(!) =
|
P

k x̂k(!)ŷk(!)|2⇣P
k x̂k(!)x̂k(!)

⌘⇣P
k ŷk(!)ŷk(!)

⌘ (38)

We assume an already normalized spectrum to not carry the normalization term:

X

k

x̂k(!)x̂k(!) = 1 (39)
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Coherence can then be re-written as:

C(x,y)(!) =

 
X

k

x̂k(!)ŷk(!)

! 
X

l

ŷl(!)x̂l(!)

!
(40)

=

 
X

k

X

l

x̂k(!)ŷk(!)ŷl(!)x̂l(!)

!
(41)

= vec
✓
X̂(!)X̂(!)

>
◆>

vec
✓
Ŷ (!)Ŷ (!)

>
◆

(42)

where X̂(!) 2 R
k is a vector of all of the x̂k(!). Thus, we define Z(!) = vec

✓
X̂(!)X̂(!)

>
◆

and

W (!) = vec
✓
Ŷ (!)Ŷ (!)

>
◆
.

Thereby, we can define a distance based on coherence which can be written as a Euclidean distance
between two vectors, thus guaranteeing that one can use this distance and have a Gram matrix
that remains psd.

|Z(!)�W (!)|22 =
X

k

X

l

(x̂k(!)x̂l(!))
2 +

X

k

X

l

(ŷk(!)ŷl(!))
2
� 2C(x,y) (43)

= 2(1� C(x,y)) (44)

Normalization. Typically coherence is averaged over frequencies:

C(x,y) =
X

!

C(x,y)(!) (45)

=
X

!

|Sx,y(!)|2

Sxx(!)Sy,y(!)
(46)

This definition weights each C(!) at each frequency irrespective of the power in that frequency
band, this can be detrimental as bands of low power can be dominated by noise. To avoid this,
one can normalize by the total power in all frequency bands:

C(x,y) =

P
! |Sx,y(!)|2P

! Sxx(!)Sy,y(!)
(47)

which remains bounded between 0 and 1. In other words, one can normalize the entire vector
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X̂ 2 R
K⌦:

x̂k(!) !
x̂k(!)qP

!

P
k x̂k(!)x̂k(!)

(48)

Comparing the use of correlation vs. coherence as metric in Spectral Clustering. As a motivating
example as to the use of coherence vs. correlation as a metric, we run the Spectral Clustering
algorithm with each metric on a single plane of WHOLISTIC imaging data keeping all the other
parameters constant (⌧ , the length-scale and N , the number of eigenmodes/clusters). We find
that coherence-based spectral clustering groups together more compactly tissues: for instance, the
proximal part of the nephric tube is grouped into one cluster despite there being significant time
delay between dorsal and ventral portions and the fact that they exhibit slightly different wave-
forms (Extended Data Fig. 3b). In contrast, correlation-based spectral clustering systematically
separates them at the cost of finding other clusters in the data (Extended Data Fig. 3a). This,
in part, contributed to other clusters being more mixed (Extended Data Fig. 3d-f). We note that
these result depend on the number of clusters asked, and when larger numbers of clusters are
searched for, both methods break up the nephric tube into disjoint sets, as indeed cells within a
segment of pronephric kidney are more coherent within than outside of that segment. In passing,
we note that the histogram of coherence coefficients is less uniformly distributed than those of
correlation which can guide the choice of ⌧ . Nonetheless both have a local peak at around 0.7

justifying comparing both methods with the same value of ⌧ which we set to 0.3.

Notes on functional tissue ensembles and screening for cellular re-
sponses
We further illustrate some functional tissue ensembles identified through the WHOLISTIC work-
flow and how the motion flow field can be used itself to identify contractile tissue, using the biliary
system as an example. While the majority of cells within the epithelium lining the gallbladder sac
exhibited activity that appeared largely uncoordinated, a distinct ring-shaped area at the base
of the gallbladder sac demonstrated coordinated calcium bursts (Extended Data Fig. 4a-c). By
extracting the equivalent region in the original unregistered imaging data, it was found that these
calcium bursts occur in synchrony with the constriction of the ring, suggesting the presence of
a sphincter (Extended Data Fig. 4e). Subsequent localization of this region within Whole-Body
Expansion Microscopy data revealed that this area aligns with the tripartite ductal system con-
necting the gallbladder, liver, and pancreas to the gastrointestinal tract. This finding posits that
the identified contractile sphincter is homologous to the sphincter of Oddi8, which has not been
described in fish; in mammals, it regulates hepato-biliary and pancreatic flow into the gastroin-
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testinal tract. Collectively, these findings underscore the capability of the WHOLISTIC workflow
to identify small, localized functional units, such as the biliary sphincter, and to correlate their
calcium dynamics with the underlying tissue contraction.

WHOLISTIC identifies new cellular response properties to stimuli. To illustrate the integration of
WHOLISTIC and WB-ExM as a screening method for uncovering novel cellular properties of
molecularly defined cell types, we conducted a WHOLISTIC screen to identify cells that are re-
sponsive to thermal changes, specifically a reduction in temperature (Extended Data Fig. 3).
Young zebrafish were subjected to cool water (10°C) while calcium dynamics were monitored
throughout the organism (see Methods). A specific cellular population exhibited robust, high-
amplitude responses (Extended Data Fig. 3a-b). We matched the cells in WHOLISTIC data
to the corresponding region in WB-ExM volumes through their characteristic morphology and
anatomical distribution (Extended Data Fig. 3c, left), which showed that these cells localize to
osteochondral tissue (Extended Data Fig. 3c, center)9. Finally, using WB-ExM-FISH, we estab-
lished that these cells express col2a1, a marker for chondrocytes (Extended Data Fig. 3c, right)10,
establishing that chondrocytes are thermally responsive, displaying a rapid cold-triggered rise in
intracellular calcium, a seconds-timescale responsiveness that has not been previously reported.
Chondrocytes are known to maintain the extracellular matrix via calcium-dependent intracellular
pathways11,12 and express a diverse array of membrane channels that transduce external stimuli
into intracellular signals13, providing a possible mechanism for thermal responsiveness. For com-
pleteness, using WB-ExM data, we reconstructed the full skull of young zebrafish, which is the
most challenging tissue in the specimen to expand (Extended Data Fig. 3d, see Methods). This
example illustrates how combining WHOLISTIC and WB-ExM allows for the integration of func-
tional properties, molecular cellular identity, and macroscopic anatomy, facilitating the discovery
of previously unknown cellular properties.

WHOLISTIC identifies new cellular response properties to drugs. As a demonstration of usingWHOLIS-
TIC for drug screening, we performed a WHOLISTIC screen for cells that respond to ketamine,
a dissociative anesthetic (Extended Data Fig. 4). Quantifying the strongest responding cells by
ranking Fnorm increases, we identified a functional ensemble that aligns with the outer perimeter of
the brain, likely corresponding to the brain meninges (Extended Data Fig. 4a), which is responsive
to ketamine (Extended Data Fig. 4b-c). While the effects of ketamine on neurons and glia are
documented14, the role of the meninges is less studied; meninges have not yet been functionally
imaged in any species in vivo15 and remain largely uncharacterized in zebrafish. With no existing
selective driver line16, they are difficult to segment based on anatomy due to the thinness of the
tissue. This highlights how WHOLISTIC activity analysis is able to delineate functional ensembles
that are otherwise challenging to label – i.e., identify, within the many cells in the body, small
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groups of cells with specific dynamics that would otherwise remain undetected.

Future Extensions
We foresee multiple extensions of WHOLISTIC which would extend the scope of this system. In
this instantiation, a) samples are embedded in agarose which limits their movement; b) more-
over, to best image the viscera, fish are placed on their sides which is not their natural posture;
c) furthermore, spinning-disk confocal microscopy was used which induces more bleaching than
light-sheet microscopy or 2-photon microscopy and is relatively slower, and d) finally, with the
main objective used in this study, 20⇥ 0.75NA, the field of view was restricted to 800 µm ⇥800
µm. To overcome this, we foresee using a large field of view 2-photon microscope17 and positioning
a 45º mirror next to the fish, making it possible to image the entire length of the fish, positioned
in its natural posture, whilst providing access to both the brain and viscera (via the mirror) simul-
taneously. Such a microscope also includes a resonant scanner and offers the capacity to do dual
plane imaging, which would double the frame rate; faster imaging rates could also be achieved
through the use of multi-beam optics18, or Light Beads Microscopy19. Similar extensions could
be made to freely swimming imaging setups20 to enable whole-body imaging in freely behaving
animals. Furthermore, GCaMP has primarily been optimized for imaging neuronal calcium dy-
namics, and the dynamic range of the sensor might not be optimal for all other cell types. Whilst
we did not observe saturation of variance in cells with high baseline levels (Extended Data Fig. 13),
this does not rule out sensor saturation in certain cell types. Quantitative calcium measurements
using fluorescence life-time imaging would be the definitive way of assessing the dynamic range
of calcium concentrations across cells of the body. Regarding cellular-scale segmentation, while
NMF-based source separation is the standard approach in volumetric calcium imaging and sub-
stantially reduces signal mixing, complete crosstalk elimination can never be fully guaranteed.
This motivated our validation strategy of independently confirming key biological findings using
cell-type-specific transgenic lines (e.g., ependymal cells - Fig. 2i-k, Fig. 3i-j, sympathetic neurons
- Fig. 4m). A more comprehensive validation approach for future work would be to co-express a
randomly sparse, mosaic calcium indicator of a different color and analyze correspondence between
dense and sparse datasets across all tissue types. Finally, regarding transgenic coverage, while we
qualitatively demonstrate broad pancellular expression, rigorous, automated and scalable quan-
tification of the fraction of labeled cells proved technically challenging (Extended Data Fig. 12c).
Future work would benefit from generating a new transgenic line co-expressing GCaMP with a
spectrally distinct nuclear marker under the same promoter, enabling unambiguous, automated
quantification of labeling density across all tissues.
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Table of transgenic lines generated and used
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Example of known roles of calcium in various cell types
An overview of calcium’s established roles across a broad range of cell types, with associated
references. This survey is illustrative rather than exhaustive.
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Notes on Whole-Body Expansion Microscopy
Expansion Microscopy (ExM) is a form of super-resolution microscopy. Unlike standard super-
resolution methods, which either focus on altering the hardware or software, ExM focuses on
altering the object to be imaged itself, making it physically larger21, resulting in both high quality
clearing and better effective resolution.

Gel engineering. We found, as previously reported22, that having a harsh digestion with proteinase
K (proK) could allow for more homogeneous expansion; however, expansion quality and antibody
signal retention was variable between specimens, limiting the reliability and utility of the method.
As a result, we turned to high temperature, high detergent disruption, in which heat is used to
denature proteins, as reported in23. We reasoned that such hydrolysis-based disruption would
result in chemical cleavage of proteins that would be less subject to crowding or to differences
in local tissue environment as compared to enzymatic digestion. This approach indeed improved
the robustness of digestion; however, as we began working with older samples, propagating cracks
re-appeared. Over the course of embryological development, tissue heterogeneity throughout the
animals dramatically increases, with for instance the rapid development of cartilage beginning at 6
days post fertilization, which progressively expands and ossifies. After trying a variety of gel recipes
to address this, we found that an intermediate monomer concentration gel recipe was least prone
to crack formation, and that by re-embedding immediately after disruption, without reducing salt
concentration or expanding more than ⇠ 1.5 ⇥, strongly reduced subsequent crack formation and
that any cracks that did form (typically in cartilage) did not propagate into neighboring tissues
(Extended Data Fig. 3i). An intermediate monomer concentration may produce a better match to
tissue elasticity, while the modest first expansion enables more uniform access to the next round
of polymers, thereby making the polymer density more homogeneous throughout irrespective of
variation in tissue structure. This allows the expansion of zebrafish up to 14 days post fertilization
as well as mature Danionella (Extended Data Fig. 3i-j).

Immunofluorescence optimization. We found that strongly permeabilizing the fish was critical
to avoid the skin impeding antibody access to the tissue, as well as increasing antibody (AB)
concentration, incubation time, and temperature in the case of high-abundance targets. Increasing
antibody concentration comes at the risk of higher background signal; however, a titration curve
of antibody concentration vs. signal showed that the gain in signal far outweighs small increases in
background and that at 1:100 we are still not reaching epitope saturation. With long incubations
in rich serum, bacterial growth is more likely to occur leading to nonspecific background staining;
this can be resolved by processing the samples with minimal delay and adding sodium azide from
the point of fixation onward.

Sample mounting and overcoming edge effects. Since the head of the sample is generally wider
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than its body, placing samples on their sides often results in slanted samples. Despite this not
being a problem for local measurements, this can result in having to acquire a much larger field
of view and render sample alignment to a reference highly laborious, requiring hours of manual
work. We found that fixed samples can be embedded in low melting temperature agarose (0.7%)
where it is easy to optimally orient the sample, stabilizing it in place. Following high-temperature
denaturation, agarose pre-embedding did not appear to hinder the ExM expansion process. This
process results in more standardized samples. Another related issue was the changes in refractive
index that can occur at the edges of the gel as a result of boundary conditions in the gelation
process. We resolved this by increasing the agarose gel thickness, ensuring that the sample was
embedded away from either surface of the gel preventing edge effects.

Detailed Whole-Body Expansion Microscopy (WB-ExM) protocols.
Detailed protocols can be found at protocols.io:
WHOLISTIC ExM: Whole-Body Expansion Microscopy with Immunofluorescence
and Histological Stains : https://dx.doi.org/10.17504/protocols.io.dm6gp9wxjvzp/v5.

WHOLISTIC ExM: Whole-Body Expansion Microscopy with Fluorescence Insitu Hy-
bridization (WB-ExM FISH) : https://dx.doi.org/10.17504/protocols.io.5qpvo9y89v4o/v1.

PhotoMap: unbiased mapping of Expansion Microscopy deformation fields :
https://dx.doi.org/10.17504/protocols.io.261ge169wv47/v1.
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