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Abstract

We found a region of the zebrafish pallium that shows selective activation upon change in the numerosity of visual stimuli.
Zebrafish were habituated to sets of small dots that changed in individual size, position, and density, while maintaining
their numerousness and overall surface. During dishabituation tests, zebrafish faced a change in number (with the same
overall surface), in shape (with the same overall surface and number), or in size (with the same shape and number) of the
dots, whereas, in a control group, zebrafish faced the same stimuli as during the habituation. Modulation of the expression
of the immediate early genes c-fos and egr-1 and in situ hybridization revealed a selective activation of the caudal part of the
dorso-central division of the zebrafish pallium upon change in numerosity. These findings support the existence of an
evolutionarily conserved mechanism for approximate magnitude and provide an avenue for understanding its underlying
molecular correlates.

Key words: Approximate Number System, Danio rerio, immediate early genes, number cognition, numerousness, quantity

discrimination

Introduction

What underlies the ability to deal with numbers and where did it
come from? It has been argued that our ability to accurately rep-
resent the number of objects in a set (numerosity), and to carry
out numerical comparisons and arithmetic, developed from an
evolutionarily conserved system for approximating numerical
magnitude, the so-called Approximate Number System (ANS;
Dehaene 1997; Feigenson et al. 2004; Gallistel and Gelman 2000).

The cellular processes and neurocircuitry underlying the
operating of the ANS remain to be fully defined; however, sub-
regions of the parietal and prefrontal cortex of human and non-
human primates have been identified as plausible candidates

(Viswanathan and Nieder 2013, 2020; Nieder 2016; Piazza and
Eger 2016). In nonhuman primates, single-cell recordings identi-
fied neurons that exhibit the expected ANS response with a peak
of activity to one quantity and a progressive drop-off in activity
as the quantity becomes more distant from the preferred one,
in a way that obeys Weber’s Law (Nieder and Miller 2003; Nieder
and Merten 2007). Similar to the “number neurons” that can be
detected in the prefrontal cortex and the ventral intraparietal
area in monkeys’ brains, neurons with ANS responses have
been identified in crows (Ditz and Nieder 2015, 2016), within the
nidopallium caudolaterale (NCL), a brain region that has been
argued to be equivalent, though likely not homologous, to the
mammalian prefrontal cortex.

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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A variety of studies have documented nonsymbolic numeri-
cal competence in a variety of other vertebrate species ranging
from nonprimate mammals (Perdue et al. 2012; Utrata et al. 2012;
Abramson et al. 2013; Banszegi et al. 2016) to several species of
birds (Pepperberg 2006; Rugani et al. 2009, 2013; Ditz and Nieder
2016; see for general reviews, Butterworth et al. 2017; Ferrigno
and Cantlon 2017 and references therein; Vallortigara 2014, 2017;
Nieder 2019). Note that mammals possess a laminated cortex
and birds have been shown to possess in their nonlaminated
pallium circuits organized in lamina-like and column-like
entities (Stacho et al. 2020). However, other animals that lack
a laminated cortex, such as amphibians (Krusche et al. 2010;
Stancher et al. 2015), reptiles (Gazzola et al. 2018; Miletto
Petrazzini et al. 2018), and fish (Stancher et al. 2013; Agrillo
et al. 2017), show numerical abilities. Interestingly, in all
these taxonomic groups (i.e., fish, amphibians, reptiles, birds,
and mammals), numerosity discrimination exhibits a ratio-
dependent signature, which is in accordance with the Weber’s
law. This might suggest some deep homology in the underlying
genetic mechanisms or maybe evolutionary convergence. In
order to test the hypothesis of a conserved ANS, a mechanistic,
bottom-up approach is needed, with a focus on exploring
the neural underpinnings of cognitive features of numerosity
and the genes that control them. Use of zebrafish could be
key to such a research, for in recent years, it has become
established as a developmental and behavioral genetic model
species.

Zebrafish have been successfully used for comparative stud-
ies of numerosity using conditioning (Agrillo et al. 2017; Potrich
et al. 2019), free choice (Pritchard et al. 2001; Potrich et al.
2015; Seguin and Gerlai 2017), and habituation/dishabituation
(Messina et al. 2020) experiments. Variation in the expression
of specific immediate early genes (IEGs; Lau et al. 2011; Sumbre
and de Polavieja 2014) associated with dishabituation to visual
numerosity in the overall telencephalon of zebrafish has been
reported (Messina et al. 2020). Here, we refine and extend such
analyses and reveal for the first time a specific region involved
in numerical discrimination in the telencephalon of zebrafish.

The zebrafish telencephalon is composed by two main
regions: a dorsal region, called pallium, and a ventral region,
named subpallium (Northcutt 1981, 1995; Nieuwenhuys and
Meek 1990). These macroscopical subdivisions can be subdi-
vided into several pallial regions, including the central part of
the “area dorsalis telencephali” (Dc), the medial part of the
area dorsalis telencephali (Dm), and the lateral part of the
area dorsalis telencephali (D) (Nieuwenhuys 2009; Ganz et al.
2014), and into subpallial nuclei, such as the “area ventralis
telencephali” (V; Ganz et al. 2012). Each has specific molecular
signatures.

In our study, zebrafish were first presented (habituation)
with a set of elements (small dots) that changed in individual
size, position, and density from trial to trial, but remained
constant in their numerousness and in the overall areas
subtended by the stimuli. Then, a novel visual stimulus was
shown (dishabituation) involving controlled changes in different
groups of animals: in numerosity, in shape, or in size. In a
control group, the stimulus remained unchanged. Zebrafish
were then sacrificed, their brains were dissected in Dc, Dm,
DI, and V, and processed for quantitative polymerase chain
reaction (qPCR) analyses of the expression of c-fos and egr-1.
The results were validated by subsequent in situ hybridization
assays.

Materials and Methods
Ethical Regulations

Experimental procedures complied with the European Legis-
lation for the Protection of Animals used for Scientific Pur-
poses (Directive 2010/63/EU) and were approved by the Scientific
Committee on Animal Health and Animal Welfare (Organismo
Preposto al Benessere Animale, OPBA) of the University of Trento
and by the Italian Ministry of Health (Protocol n. 893/2018-PR and
Protocol n. 135/2020-PR).

Animals

Two hundred and fifty wild-type mixed-strain male 9-month-
old zebrafish were used for the behavioral procedures. Eighty of
them were randomly selected for qPCR experiments and 80 for
in situ hybridization assays. Zebrafish were housed in 7-L plastic
tanks in an automated aquarium system (ZebTEC Benchtop,
Tecniplast) and were kept separated in groups of 10 individuals
based on sex. They were reared in standard conditions (28 °C,
light/dark cycle of 12 h/12 h); feeding was provided three times
per day using dry food in accordance with guidelines.

Habituation-Dishabituation Experiment

Apparatus and Stimuli

The setup was the same as in Messina et al. (2020), and it
consisted of a white plastic arena (40 x 60 x 30 cm) inside of
which were placed five rectangular smaller tanks (20 x 6.5 x
20 cm, see Fig. 1A) raised 15 cm from the base of the arena,
each one housing a single animal. The tanks were made of a
white plastic material (Poliplak) on the four sides, with a white
mesh (grid 0.1 mm thick) forming the base, allowing for good
water circulation. The water in each tank (8 cm in height) was
maintained at a constant temperature of 26 °C and was kept
clean by a pump and a filter system (Micro Jet Filter MCF 40).
The apparatus was lit by two LED strips and a webcam (Microsoft
LifeCam Studio) recorded fish behavior from above (50 cm) the
setup.

The stimuli (Fig. 1A) used for the habituation and dishabitu-
ation phases were cards (6 x 6 cm) glued on white plastic panels
(20 x 6 cm). For the habituation phase, each stimulus depicted
a group of three or nine red/orange (RGB: 252, 72, 11) dots on
a white background. For each numerosity, a set of nine stimuli
configurations was used. Among the different configurations,
the spatial dispositions of the dots and the size of each dot
(range: 4-11 mm) were randomized. The overall cumulative area
of the stimuli (sum of the dots’ areas) was equalized (1.58 cm?)
among the different stimuli configurations and the two different
numerosities. The visual angle range calculated on the furthest
position to the stimulus was 1.15-3.15 °, which is well within
the spatial resolution range by zebrafish (Haug et al. 2010 report
a minimum separable angle of 0.57 °).

For the dishabituation phase, new sets of nine stimuli were
used. The novel stimuli comprised: a change in number (from
three to nine dots or vice versa) keeping the same overall surface
area; a change in shape (from dots to squares) maintaining the
number and the overall area unmodified; and a change in size
(increasing or decreasing three times the overall dots’ surface
area; in this way, contour length was changed as well) keeping
the shape and number unmodified. In each dishabituation stim-
ulus, the spatial distribution of the dots was randomly changed
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Figure 1. Experimental design. (A) Apparatus and stimuli used for the habituation and dishabituation phases. Scheme of the lateral view (B) of zebrafish telencephalon
with a cross-section of telencephalic nuclei (C) tested for molecular biology analyses. Dc, dorsal-central; D], dorsal-lateral; Dm, dorsal-medial; V, subpallium.

so as to modify continuously density and convex hull as well as
the size of each single element.

Procedure

Two days before the starting of the experiment, the fish were
singly inserted in the apparatus tank in order to acclimatize
the animals to the novel environment and reduce the stress
connected to isolation. Fish remained in the tank for the entire
duration of the experiment, which lasted for 5 days. During
the habituation phase, at the beginning of each trial, one panel
depicting three or nine dots (depending on the habituation
condition) was introduced in one of the two shortest sides of
the tank, followed by the release of a small morsel of food (1-
1.2 mm) in proximity to the stimulus (after a delay of 30 s).
The stimulus remained in the tank for 2 min after the food
delivery and then it was removed. After an inter-trial time of
5 min, a new trial started on the opposite side of the tank with
a new panel depicting a different dot configuration (but with
the same numerosity). Each fish received 12 daily trials, divided
in three sessions of four trials each. Among the 12 trials, the

configuration of the habituation stimuli was randomized. On the
fifth day, fish performed only the first habituation session (four
trials). After that, fish were left in their tanks for 5 h before the
dishabituation test. This delay was to allow the IEG expression
to return to the baseline level before the test.

The dishabituation phase consisted of a single trial in which
a novel test stimulus was presented to the fish. Before the test,
fish were randomly assigned to the five different dishabituation
groups that included a change of numerosity (from three to nine
dots or vice versa, but the same overall area), a change in shape
(from dots to squares, but with the same number and overall
area), two changes of areas (increasing or decreasing the dots’
surface area, but depicting the same number and shape), or a
control condition (same stimulus as used in the habituation
phase). In the test trial, the panel was introduced along one
of the shortest sides and remained in the tank for the 30 s of
test. No food was provided during this test trial. Fish were then
sacrificed 30 min after the end of the dishabituation test and
their brains were collected.

As abehavioral measure, we analyzed the time spent in prox-
imity of the stimulus (3-cm area) in the 30 s after the stimulus
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appearance. An absolute proportion of time was calculated by
comparing the dishabituation trial (“test time”) with the previ-
ous habituation session (average of the four trials, “habituation
time”) performed on the same day, using the following formula:

Proportion of time close to the stimulus

__ | test time — habituation time
" |test time + habituation time |’

The use of an absolute value for the proportion of time
allowed us to detect a behavioral difference between the disha-
bituation and habituation phases irrespective of whether fish
tended to approach or to avoid the novel stimulus compared
with the familiar one.

As further behavioral measures, we also considered 1) the
number of entries in the proximity area, 2) the numbers of
the fish’ head contacts with the stimulus, and 3) the number
of turns (180 °) in front of the stimulus in the proximity area.
All these behaviors were computed by comparing the number
of occurrences during the dishabituation test trial with the
corresponding previous habituation trial (the first of the four
trials) performed on the same day.

Tissue Preparation: Brain Dissection and Total RNA
Extraction

Thirty minutes after the end of the dishabituation phase, fish
were sacrificed in a bath of ice-cold phosphate-buffered saline
solution (PBS; Fisher Bioreagents); their brains were dissected
and embedded for later cryosectioning in optimum cutting tem-
perature (OCT, Tissue-Tek OCT Sakura; Sakura Finetek), frozen,
and stored at —20 °C. Fifty-micrometer coronal sections of the
brains were prepared using a cryostat (Leica CM 1860 UV; Leica
Biosystems). Each section was uncurled with fine brushes, put
onto a glass slide (Super-Frost Plus; ThermoFisher Scientific),
and stored at —20 °C. Selected brain areas (central part of the
area dorsalis telencephali [Dc], medial part of the area dor-
salis telencephali [Dm], lateral part of the area dorsalis telen-
cephali [Dl], and the area ventralis telencephali [V]; Fig. 1B,C)
were punched out (Li et al. 2018) using 10-pL pipette tips, and
their total RNA, was extracted (Arcturus Picopure RNA isola-
tion Kit; ThermoFisher Scientific) according to manufacturer’s
instructions. Finally, the purity (A260/A280 and A260/230 values)
and the concentration of collected total RNAs were assessed
using the Nanodrop spectrophotometer (Nanodrop OneC; Ther-
moFisher Scientific). Reverse transcription was performed using
the SuperScriptTM VILO cDNA Synthesis Kit (Invitrogen, Ther-
moFisher Scientific) according to manufacturer’s instructions.

qPCR

gPCR experiments were performed in order to analyze the
expression of c-fos (NM_205569), egr-1 (NM_131248), and 18S
ribosomal RNA (18S) (NM_173234)—which was used as reference
gene—and of the molecular markers emx2, emx3, proxl,
eomesa, dlx2a, dix5a. Specific primer pairs were commercially
synthesized (Sigma-Aldrich/Merck; see Table 1). gPCR assays
were performed in triplicate reactions using the PowerUp SYBR
Green Master Mix (2X) and were run in a CFX96 Real-Time
System (Bio-Rad). The ACq method was used for expression
quantification (Messina et al. 2020). Data were normalized on

the expression of the 18S reference gene (ACq), and the relative
expression (to the reference gene) of each target was calculated.

In Situ Hybridization

In situ hybridization assays were performed to determine the
localization of the expression of egr-1 in the zebrafish brain
nuclei. RNA probes necessary for the detection of the egr-
1 mRNA transcripts were created from total brain cDNA by
PCR amplification (using the Phusion High-Fidelity PCR Master
Mix with HF Buffer; ThermoFisher Scientific), followed by pre-
cipitation and quantification (Nanodrop OneC; ThermoFisher
Scientific). Primers for cDNA amplification were as follows:
SP6-egrl-forward ATTTAGGTGACACTATAGTCTGTTCAGCCTG-
GTGAGTG, T7-egrl-reverse TAATACGACTCACTATAGTGGAGAC-
CGGAGAAGGGTAAG. DIG-labeled (Digoxigenin-11-UTP/DIG RNA
Labeling Mix, Merk) single-stranded RNA probes were prepared
following standard protocols.

The 20-pm brain slices were fixed in 4% paraformaldehyde
(Carlo Erba Reagents), rinsed in PBS, and hybridized with
egrl probes in a humidified chamber at 65 ° overnight. Then,
slides were washed in formamide/SSC solution (formamide:
Invitrogen, ThermoFisher Scientific; 20x SSC, saline-sodium
citrate buffer: Gibco, ThermoFisher Scientific) at 65 °C and
in MAB solution (maleic acid buffer; Sigma-Aldrich/Merck)
at room temperature. After being treated with a blocking
solution (composed of Fetal Bovine Serum, Euroclone), blocking
reagent (Roche, MAB), the glass slides were incubated with
an anti-DIG-AP antibody (Anti-Digoxigenin-AP, Fab fragments;
Merck) overnight in a humidified chamber. Slides were treated
with BCIP/NBT substrate of alkaline phosphatase (BCIP/NBT
Ready-To-Use Substrate; SERVA) and were kept in the dark
until the colorimetric reaction reached the expected point.
Finally, the slides were mounted using Fluoroschield with DAPI
(Sigma-Aldrich/Merck) and were analyzed under a microscope
(Observer.Z1, ZEISS) using a 20x objective and a digital camera
(Zeiss AxioCam MRc 5).

Using a single-blind procedure (the operator did not know
what training the fish underwent), we counted egr-1-positive
cells by sampling three different rostro-caudal region of Dc
according to section 60 (rostral, Dcl), section 85 (medial, Dc2),
and section 98 (caudal, Dc3) of a topological atlas of the neu-
roanatomy of the zebrafish brain (Rupp et al. 1996). Estimated
density was reported as number of counted egr-1-positive cells
(dark-blue dots) normalized on the surface of the relative Dc-
counted regions in each slice. We used the ZEN Imaging software
(Zeiss) for the counting of cells. egrl-positive cells were digitally
marked using the event marker of the ZEN software, which then
provided the total number of positive cells as the output.

Statistical Analysis

Statistical analyses on behavior, gPCR, and egrl-positive cells
count data were performed using the Statistical Package for the
Social Sciences (IBM SPSS Statistics; IBM).

On the behavioral data, an arcsin transformation was used, as
recommended for data represented as proportions. An analysis
of variance (ANOVA) was performed with “habituation” and
“test” as between-subjects factors.

Data for gPCR were analyzed with two-way ANOVAs (apply-
ing the Greenhouse-Geisser correction to adjust for the lack of
sphericity) using habituation (habituation with either three or
nine dots) and the type of test (familiar [control condition, no
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Table 1 Primers used for gPCR experiments

Gene Primer name Primer sequence Product size (bp) Efficiency (E, %) Accession ID
c-fos For GTATTACCCGCTCAACCAGAC 200 pb 99.1 394198
Rev TCCAGTAACCCTCATTTTGGG
egr-1 For AGTTTGATCACCTTGCTGGAG 110 pb 108.1 30498
Rev AACGGCCTGTGTAAGATATGG
18S For TCGCTAGTTGGCATCGTTTATG 85 pb 93 100037361
Rev CGGAGGTTCGAAGACGATCA
emx-2 For GGACTCGTTTCGTTTCCTTG 199 pb 94.4 30537
Rev GGACTCGTTTCGTTTCCTTG
emx-3 For TTCACTCCATCATCGGGTTC 145 pb 93.5 30536
Rev GCGTTTGACGAATTGGAGTC
eomesa For CTTATTGATCTCCGCCTTGC 147 pb 99.4 64603
Rev TATTGGTGCTTTCGGAGGAC
proxla For TTACGAAGACGCTGTGATGC 195 pb 92.0 30679
Rev AATGGTGAAAGGCACTCCTG
dlx2a For TTCAGCCACCACTTCATCAC 193 pb 95.0 30574
Rev AACAGTGTCACGCCCAAATC
dlx5a For TCATACTCCACAGCGTATCACC 148 pb 90.0 30569
Rev AGTAAATGGTTCGGGGCTTC

Note: For, forward primer; Rev: reverse primer.

change with respect to the habituation phase], number, shape,
surface area increase, and surface area decrease) as between-
subject factors and telencephalic nuclei (Dc, DI, Dm, and V)
as a within-subject factor. LSD post hoc tests with Bonferroni
correction for multiple comparisons were used for pairwise
comparisons.

Data for egrl-positive cells count were acquired by in situ
hybridization using two-way ANOVAs by comparing and apply-
ing LSD post hoc tests with Bonferroni corrections for multiple
comparisons.

Results
Behavior

Proportions of time spent close to the familiar or changed
(dishabituated) stimulus is shown in Figure 2. The ANOVA
with habituation (three or nine elements) and test (no change
[familiar, control group], change in number, change in shape,
change in surface area [increase], and change in area [decrease])
revealed a significant main effect of the test (F(4, 240) =2.880,
P =0.023, n?, =0.046) but not of the habituation (F(1, 240) = 0.477,
P =0.490, n?, =0.002) and of the interaction between habituation
and test (F(4, 240)=0.070, P =0.991, »?, =0.001). An ANOVA
limited to the conditions with a change at test (in number, in
shape, and in surface areas) did not reveal any statistically sig-
nificant heterogeneity among conditions (test: F(3, 192)=0.523,
P =0.667, nzp =0.008; habituation: F(1, 192)=0.195, P =0.659,
n’p =0.001; habituation x test: F(3, 192)=0.049, P =0.986,
n’p =0.001). Significant differences, when the familiar (no
change) condition was compared with that of the change in
number (t(98) = —2.766, P =0.007, Cohen’s d =0.178) and change
in areas (increase, t(98)=-2.901, P =0.005, Cohen’s d =0.186;
decrease, t(98)=-3.386, P =0.001, Cohen’s d =0.157), were
observed, whereas with the change in shape, the effect only
approached the conventional level of significance (t(98) = —1.888,
P =0.062, Cohen’s d =0.170). Results are shown in Figure 2
(collapsed for the two habituation conditions, i.e., habituation
with three and nine dots since no significant difference between
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Figure 2. Behavioral data. Results of the dishabituation test expressed as the
absolute proportion of time spent near the stimulus. Group means with standard
error of mean (SEM) are shown. (**P <0.01; ***P <0.005; see text for details of
statistics).

the two types of habituation was observed; separate graphs for
the two conditions are however shown in the Supplementary
Fig. S1). The other behavioral measures (see Supplementary Fig.
S2 for details) also revealed similar effects.

Molecular Signature Analyses for Dc, D], Dm, and V

In order to assess whether the dissection of the telencephalic
nuclei of interest was effective, the expressions of molecular
signatures specific for D¢, DI, Dm, and V were measured. The
nuclei under investigation are characterized by the expression
of some molecular markers (Ganz et al. 2012, 2014). As reported
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in the literature, we found that in our samples Dc was primarily
characterized by the expression of emx2, emx3, and eomesa; D1
by the expression of emx3, prox1, and eomesa; whereas, emx3
alone was highly expressed in Dm; V was characterized by the
expression of dix2a and dix5a, with low eomesa mRNA levels
(Supplementary Fig. S3).

IEG Expression

Since c-fos and egr-1 are characterized by distinct expression
pathways, separate ANOVAs were performed for the two IEGs,
with habituation (habituation with either three or nine dots) and
type of test (familiar [control condition, no change with respect
to the habituation phase], number, shape, surface area increase,
and surface area decrease) as between-subject factors and with
telencephalic nuclei (Dc, D], Dm, and V) as a within-subject
factor.

Since the overall ANOVA revealed a main effect of the test
(F(4,70)=5.646,P =0.001, ?, =0.211) and an interaction between
telencephalic nuclei and habituation (F(2.555, 178.880) =2.918,
P =0.044, »?, =0.042) for c-fos, and a main effect of the
telencephalic nuclei (F(2.705, 189.319)=22.083, P <0.0001,
n’p =0.281) and an interaction between telencephalic nuclei
and test (F(10.818, 189.319)=2.307, P =0.012, »?, =0.150) for
egr-1, in the subsequent analyses, we considered test and
habituation separately for the distinct telencephalic nuclei (see

supplementary material for the complete ANOVAS).

Central Part of the Area Dorsalis Telencephali (Dc)

For c-fos (see Fig. 3, leftmost column), a comparison between
familiar (no change) and change in numerosity revealed a signif-
icant test x habituation interaction (F(1, 28) = 25.789, P = 0.0001,
n’p =0.479). Change in numerosity from three to nine resulted
in an increase in c-fos expression (P =0.0001), whereas change
from nine to three resulted in a decrease (P =0.005).

A comparison between familiar (no change) and change in
shape revealed only a main effect of the test (F(1, 28) =26.417,
P =0.0001, n?, =0.485), with a general increase in c-fos expression
as a result of the change in shape.

A comparison between familiar (no change) and change
in surface area did not reveal any significant main effect of
the test (F(2, 42)=0.823, P =0.446), but there was a significant
test x habituation interaction (F(2, 42)=3.717, P =0.033,
nzp =0.150). The interaction, however, was limited to the
decrease in surface area condition (F(1, 28)=9.077, P =0.005,
n?p =0.245).

For egr-1 (Fig. 3, rightmost column), a comparison between
familiar (no change) and change in numerosity revealed a signif-
icant test x habituation interaction (F(1, 28) = 35.905, P = 0.0001,
n?p =0.562). Similarly to c-fos, change in numerosity from three
to nine resulted in an increase in egr-1 expression (P =0.0001),
whereas change from nine to three in a decrease (P =0.001).

A comparison between familiar (no change) and change in
shape revealed only a main effect of the test (F(1, 28) =35.219,
P =0.0001, »?, =0.557), with an increase in erg-1 expression
irrespective of habituation with three or nine elements.

A comparison between familiar (no change) and change in
size did not reveal any significant main effect or interaction.

Overall, the results suggested that the central part of the
area dorsalis telencephali (Dc) responded to the change in
numerosity and shape. One intriguing result with the change in
numerosity was that IEG expression was modulated differently

by the direction of change, with an increase when numerosity
increased (from three to nine) and with a decrease when
numerosity decreased (from nine to three). Given that we
were interested in the ability of zebrafish to notice a change
irrespective of the direction of the behavioral response, we
considered the absolute value in, shown in Figure 2. Prompted
by IEG results, we reconsidered behavioral data in relative values
(Supplementary Fig. S4) for both time spent and number of head
contacts with the stimulus. We found that no interaction with
habituation condition (three vs. nine) was observed for changes
in shape/surfaces (time spent: F(3, 192) =0.348 n.s.) number of
contacts: (F(3, 185)=0.191 n.s.; Supplementary Fig. S4), whereas
for change in numerosity, there was a trend for time spent (F(1,
96) =3.591 P =0.061, n?, =0.036) and a striking effect for number
of contacts (F(1,94) =8.249 P =0.005, %, =0.081). Given that IEG
analyses were done only on a small subset of behaviorally tested
fish, any direct correlation was prevented. Nonetheless, the
results suggest that modulation of IEG closely parallels approach
(from small to large numerosity) versus avoidance (from large
to small numerosity) responses. On the basis of the pattern
of connectivity of Dc with motor areas, we speculate in the
Discussion section that higher/lower activation of neurons in
Dc could be associated with a higher/lower motor execution,
such as approaching or avoiding.

Lateral Part of the Area Dorsalis Telencephali (D)

For c-fos (Fig.3, leftmost column), no significant effects were
observed, whereas only a significant main effect of test was
observed for egr-1 (F(4, 70) =6.531, P =0.0001, n?, =0.297), clearly
due to the change in shape.

The results suggested that the lateral part (Dl) of the
zebrafish dorsal pallium was not involved in quantity estimation
(number and size) but only (though limited to egr-1 expression)
in the detection of change in shape.

Medial Part of the Area Dorsalis Telencephali (Dm)

No significant main effects or significant interactions were
apparent for either of the two IEGs (Fig. 3). The results suggested
that the medial part (Dm) of the zebrafish dorsal telencephalon
did not show any relevant regulation of neural activity following
the different types of changes.

Area Ventralis Telencephali (V)

The ANOVA for c-fos revealed only a significant main effect
of habituation (F(1, 70)=10.052, P =0.002, %, =0.131). A sig-
nificant main effect of the test was detected for both c-fos
(F(4, 70)=3.159, P =0.019, 5%, =0.081) and egr-1 (F(4, 70) =5.487,
P =0.001, »?p =0.195), which was limited to the change in shape
(Fig. 3). The results suggested that the area ventralis telencephali
(V) was not involved in quantity estimation in zebrafish, either
discrete (numerosity) or continuous (surface area), but only in
shape.

Counting of Egr-1-Positive Cells

gPCR showed that Dc was the only area that showed modulation
of expression of both c-fos and egr-1 to a change in numerosity.
However, it also showed modulation of response to change in
shape. We thus looked at the spatial location of egr-1-positive
cells that respond to numerosity and shape along the rostro-
caudal axis of Dc using in situ hybridization (Fig. 4). (We did not
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Figure 3. IEG quantification. qPCR results for the relative expression of c-fos and egr-1 in the central part of area dorsalis telencephali (Dc), in the lateral part of area
dorsalis telencephali (DI), in the medial part of area dorsalis telencephali (Dm), and in the “ventral subpallium” (V) for the different test conditions. Group means with

SEM are shown. (*P < 0.05; **P < 0.005; ***P < 0.000; see text for details of statistics).

show c-fos positive cells due to the weakness of the detected
signal in our experiments.)

An ANOVA was run in order to evaluate the percentage
of egr-1-expressing cells in the three Dc slices along a rostro-
caudal position. The ANOVA revealed a significant main effect
of the rostro-caudal position of the slice (F(2, 140)=42.360,

P <0.0001, n?, =0.377) and a significant interaction of the
rostro-caudal position with the test (F(16, 140) =1.819, P =0.034,
n%p =0.172).

In particular, as shown in Figure 4C, in the most rostral
regions, a comparison between familiar (no change) and change
in shape revealed a significant main effect of the test (F(1,
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Figure 4. In situ hybridization analysis of egr-1. Mean number of egr-1-positive cells in three different rostro-caudal regions of Dc. Scheme of lateral (A) and dorsal (B)
views of zebrafish telencephalon with results for the selected rostral (C), medial (D), and caudal (E) slices in the different test conditions. (Group means with SEM are
shown. *P <0.05; **P < 0.005; see text for details of statistics).

28)=9.422, P =0.005, %, =0.251). No significant main effect
or significant interaction was observed in the medial region of
Dc (Fig. 4D). In the most caudal region of Dc (Fig. 4E), a significant
interaction between habituation and test (F(2, 56)=12.907,
P =0.001, n?» =0.316) was observed, with an increase (P =0.026)
or a decrease (P =0.011) in cell count depending on whether the

change in the stimulus consisted of an increase or a decrease in
numerosity.

Thus, in situ hybridization results suggested that the most
rostral parts of Dc were responsive to a change in shape,
whereas the most caudal parts were responsive to a change
in numerosity.



AQ25

AQ26

Discussion

The habituation-dishabituation design of the stimulus presen-
tation allows the disentanglement of the effect of changing
stimulus numerosity, stimulus shape, and stimulus size.

The results of qPCR experiments showed that different
regions of the zebrafish telencephalon differentially expressed
c-fos and egr-1 depending on the kind of change in the stimulus.
The central part of the area dorsalis telencephali (Dc), the lateral
part of the area dorsalis telencephali (Dl), and the area ventralis
telencephali (V) were all affected by changes in shape. Note,
however, that changes in shape likely represented different
aspects of the stimulus, such as shape in itself and spatial
aspects. The DI area in teleosts has been proposed to be
homologous to the hippocampal formation of mammals and
birds (Rodriguez et al. 2002; Teles et al. 2015); thus, perhaps the
modulation of response to shape in DI reflects the selectivity to
change in the spatial characteristics of the stimulus (note that,
in this area, selectivity in expression to change in shape was
apparent only for egr-1 but not for c-fos).

Selectivity of response to numerosity was confined to Dc
only. This area also responded to shape, but in situ hybridization
showed that the rostral part only responded to shape, whereas
the most caudal parts only responded to numerosity. More pre-
cisely, we found that a larger number of egr-1-expressing neu-
rons was seen in fish habituated with three dots and tested with
nine, and a smaller number was seen in those habituated with
nine dots and tested with three, suggesting that the increased
or decreased expression of egr-1 mRNA in qPCR experiments
was probably due to a larger or smaller number of activated
neurons recruited during the dishabituation phase in fish facing
the numerosity change. This pattern of response is reminiscent
of properties of neurons in the lateral intraparietal area of
monkeys’ brain that showed increased or decreased activity as
a function of the number of elements entering their receptive
fields, thus encoding the number of elements in a visual array
in a monotonic manner (Roitman et al. 2007).

Most interestingly, in Dc modulation of IEG, responses
by direction of change (increase with change from small to
large numbers and decrease with change from large to small
numbers) seemed to parallel similar increase and decrease
in behavioral measures (time spent and number of contacts
with the stimuli). Hodological studies (Yamamoto and Ito
2005; Yamamoto et al. 2007), Harvey-Girard et al. 2012, Ito
and Yamamoto 2009) showed that Dc constitutes the major
descending pathway of the fish pallia; down to midbrain
(including optic tectum) and medulla oblongata (areas involved
in the downstream control of the spinal cord). Higher activation
of neurons in Dc could thus be associated with a higher motor
execution, such as approaching or avoiding. Depending on the
behavioral (motor) execution of the subjects, therefore, we may
expect dichotomized IEG patterns so that approaching fish could
differ from avoiding fish as it is shown in association with the
direction of change in numerosity.

Selectivity of response to change in surface areas were also
limited to only Dc area, however, it appeared to be quite small
and variable, depending on whether the change involved an
increase or a decrease and whether it applied to large (nine) or
small (three) numerosities and then only for c-fos and not for egr-
1. Considering that some theoretical accounts of number cogni-
tion assume that dealing with discrete (countable) numerosities
is one aspect of a more general system dealing with magnitude
(either discrete or continuous, see, e.g., Galliste]l 1998; Walsh

OUP UNCORRECTED PROOF - FIRST PROOF, 25/6/2021, SPi

Number Neurons in Zebrafish Pallium Messina et al. | 9

2003; and for empirical evidence, see, e.g., De Corte et al. 2017,
Bortot et al. 2020), one would expect clear and parallel responsiv-
ity to changes in discrete (numerosities) and continuous (surface
area) quantities. It could be, however, that the lack of control
for distance of seeing made absolute size estimation difficult for
zebrafish. Alternatively, it may be that processing for continuous
magnitude is done mainly at the level of the tectum (which
has been shown to be responsive for changes in surface area
in habituation/dishabituation experiments; Messina et al. 2020)
and that the telencephalon is mainly involved with discrete
quantities.

In the mammalian brain the main area involved in numeros-
ity, cognition is the posterior part of the parietal cortex
(Viswanathan and Nieder 2013, 2020; Nieder 2016; Piazza and
Eger 2016). Activation of the prefrontal cortex is also observed,
but in single-cell recording experiments, it usually occurs with
a latency of about 30 ms, suggesting a later stage of processing
(Viswanathan and Nieder 2020). In the avian brain, only single-
cell recording experiments are available as of yet, and they
suggest that the NCL in crows contains number neurons
similar to those recorded in the mammalian/prefrontal cortex
(Ditz and Nieder 2015, 2016; Nieder 2016, 2017). The possible
homology/homoplasy relationship of NCL with regions of the
mammalian brain is at present uncertain. Functionally, NCL
appears to be a sort of avian equivalent of the prefrontal cortex
(Guntiirkiin 2005), but there are also striking differences (e.g.,
an apparent lack of direct connection between the NCL and the
hippocampal formation). Thus, our finding of a highly selective
role of the most caudal parts of Dc in numerosity responsiveness
in zebrafish is exciting in terms of the possible similarities
of this region with equivalent or homologous regions in the
mammalian and avian brains.

There is some (though admittedly not unanimous) consen-
sus that DI of teleosts is homologous to the medial pallium
of tetrapods (i.e., hippocampal formation), Dm to ventral pal-
lium (pallial amygdala), and Dc to dorsal pallium (note that the
mammalian isocortex is one example of the many outcomes of
the evolution of vertebrate dorsal pallium; Tosches and Laurent
2019). Harvey-Girard et al. (2012), in particular, hypothesized a
homology of Dc with efferent layers V and VI of mammalian
isocortex. No data are, however, currently available to dissect
anatomically or functionally different parts of Dc, such as the
most caudal and rostral regions.

It is worth stressing that although we identified a small
portion of the zebrafish pallium which selectively responds to
numerosity, it is unlikely that it would be the only one. Even
in mammals, multiple regions in the brain, for example, the
parietal cortex and the prefrontal cortex, are involved in the
processing of numerosity (review in Lorenzi et al. 2021). We
examined here only the dorsal part of the pallium but not the
ventral part (which is ca. more than 30% of the overall structure).
Indirect evidence for a possible role of this ventral region (in
which nuclei are less well characterized than their dorsal coun-
terparts) comes from previous evidence that IEG expression to
the overall pallium showed selectivity to numerosity but with
reverse patterns of up- and downregulations with respect to the
direction of change (i.e., upregulation for changes from small
to large numerosities, though in this case, changes in size also
affected IEG expression; see Messina et al. 2020). Obviously, IEG
expression cannot reveal the specificity of the role of excitatory
and inhibitory neurons; nonetheless, this evidence strongly sug-
gests that there could be selectivity to numerosity (albeit related
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to other continuous quantities) also in the nuclei of the ventral
pallium. This will certainly deserve further research.

In sum, our results offer evidence that the central part of
area dorsalis telencephali (Dc) may be a pallial structure of the
zebrafish brain most involved in cognitive processes such as
shape and numerosity recognition.
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