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Colonial tunicates are marine organisms that possess multiple brains simultaneously
during their colonial phase. While the cyclical processes of neurogenesis and neurode-
generation characterizing their life cycle have been documented previously, the cellular
and molecular changes associated with such processes and their relationship with varia-
tion in brain morphology and individual (zooid) behavior throughout adult life remains
unknown. Here, we introduce Botryllus schlosseri as an invertebrate model for neuro-
genesis, neural degeneration, and evolutionary neuroscience. Our analysis reveals that
during the weekly colony budding (i.e., asexual reproduction), prior to programmed
cell death and removal by phagocytes, decreases in the number of neurons in the adult
brain are associated with reduced behavioral response and significant change in the
expression of 73 mammalian homologous genes associated with neurodegenerative dis-
ease. Similarly, when comparing young colonies (1 to 2 y of age) to those reared in a
laboratory for ~20 y, we found that older colonies contained significantly fewer neu-
rons and exhibited reduced behavioral response alongside changes in the expression of
148 such genes (35 of which were differentially expressed across both timescales). The
existence of two distinct yet apparently related neurodegenerative pathways represents a
novel platform to study the gene products governing the relationship between aging,
neural regeneration and degeneration, and loss of nervous system function. Indeed, as a
member of an evolutionary clade considered to be a sister group of vertebrates, this
organism may be a fundamental resource in understanding how evolution has shaped
these processes across phylogeny and obtaining mechanistic insight.

colonial chordate | neurodegeneration | regeneration | aging | neural stem cells

Botryllus schlossers, a marine colonial chordate, has produced valuable insight in the study
of tissue regeneration (1, 2), allorecognition (3-6), and stem cells (7, 8). B. schlosseri can be
developed as a chordate following sexual reproduction, which gives rise to a tadpole that
hatches and finds a subtidal surface to attach to, before metamorphosis into a sessile inver-
tebrate. The metamorphosed individual develops 1 to 3 buds (covered by a common gelat-
inous tunic) that develop the invertebrate body plan, and several individuals anastomose
extracorporeal blood vessels in the tunic to form a colony. Every week this colonial organ-
ism undergoes a de novo robust regeneration mediated by adult stem cells that participate
in the formation of all body organs, including the central nervous system. The lifespan of
B. schlosseri is plastic and amenable to change. Wild colonies are characterized by short life-
spans ranging from several months to a few years (9—-12) whereas colonies grown in the
laboratory can reach 20 y of age (12-17). Systemic changes occur over time in older colo-
nies, including a slower heartbeat, reduced zooid size, decreased regenerative capacity, a
shift in cellular composition (e.g., higher level of engulfing phagocytic, cytotoxic, and pig-
ment cells), and shifting patterns of cyclic gene expression associated with aging (17).
Despite the key evolutionary position of B. schlosseri as a member of a clade considered to
be the sister group of vertebrates (the body plan of the sexually reproduced larval tadpole is
along the architecture of most chordate fetuses) (18), and previous literature describing its
central nervous system (19-22), little is known about changes in brain morphology, colony
behavior, and gene expression associated with the regular, cyclical processes of neural gener-
ation and degeneration and how they vary with colony age.

Here we introduce B. schlosseri as a model for evolutionary neuroscience. The B. schlosseri
genome has been sequenced (5) and an atlas of the molecular and morphological signatures
of each developmental stage has been previously generated using microscopy and RNA
sequencing (RNA-seq) (22). B. schlosseri can reproduce either sexually through embryogenesis
or asexually through blastogenesis. The sexually produced larvae develop two brains (a func-
tional larval brain and the rudiment of the adult brain), a sensory organ detecting light and
gravity, a notochord, and a dorsal nerve cord. The larval brain (along with the notochord,
segmented musculature, and tail) is absorbed during the settlement and metamorphosis
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which precedes colony formation. As a sedentary organism, B. schlos-
seri buds new individuals that together live as a colony composed of
individual zooids. Each zooid reproduces asexually in weekly, stem
cell-mediated budding cycles (7). Budding occurs during this cycle
when, simultaneously throughout the colony, a new generation of
buds begin to develop into adult individuals. During budding,
all organs including the brain, are created anew without passing
through a larval (embryonic and fetal) stage. The life of adult zooids
lasts ~1 wk after which their bodies undergo a synchronized wave
of programmed cell death and phagocytic removal called takeover
(le., TO) (16, 23) in which the nervous systems of old zooids
degenerate in tangent to brain formation in the young buds.

In this study, we describe 2 different pathways of neurode-
generation that occur during the life cycle of the colonial chor-
date B. schlosseri. The first occurs every week as a part of a
regenerative developmental cycle that occurs independent of
age; the second is associated with colony aging. We integrate
neural imaging (transmission electron microscopy [TEM] and
confocal), three-dimensional (3D) reconstructions, behavioral
assay, and RNA-seq of enriched brains (Fig. 1) to study mor-
phological and molecular changes in brains of adult B. schlosseri
across developmental stages and ages as associated with changes
in zooid behavior. In providing evidence of the cellular and
molecular linkages between each neurodegenerative process, we
document an unanticipated degree of similarity between the 2
that may be useful in identifying the evolutionary basis of the
pathological mechanisms responsible for age-induced loss of
neuron structure and function in other phylogeny. Indeed, we
argue that given 1) a unique and assayable life cycle, 2) real-
time monitoring enabled by transparent body and vasculature,
3) adult tissue specific stem cells that can be enriched and
transplanted, 4) morphological differences associated with col-
ony age, and 5) a previously sequenced genome; B. schlosseri
provides a novel and valuable platform for the study of neuro-
genesis, neurodegeneration, and evolutionary neuroscience.

Results

The neural complex of B. schlosseri, located between the incur-
rent (oral) and excurrent (atrial) siphons, is composed of a

brain (central nervous system [CNS]) and a neural gland com-
plex with the following components: ciliated funnel, dorsal
tubercle, neural gland body, and a dorsal organ (Fig. 2 A-D).
The zooid brain controls siphons, body muscle contractions,
and the ciliated cells of the branchial stigmata involved in respi-
ration and food collection. Motor neurons located in the brain
send their axons to the effector systems, i.e., muscle cells in the
zooid body wall and heart, and ciliated cells (mechanorecep-
tors) in the oral siphon, branchial sac and gut (20, 21, 24-27).
During the weekly cycle of development and degeneration, new
brains develop in each growing bud as the brains of older adult
zooids degenerate (19, 22).

The Number of Neurons and Immune Cells in the B. schlosseri
Brain Fluctuates Every Week. To characterize the cellular
dynamics of the adult zooid brains during their short-term life-
span (1 wk) we counted the number of neurons that were
stained with anti-alpha tubulin antibody (28) and a nuclear
marker (DAPI) in the brains each day (Fig. 34 and S/
Appendix, Supplementary Data 1). In early cycle, this number
ranged between 750 and 850 (days 1 to 3), reaching its maxi-
mum (~900 cells), on day 4 (midcycle). Thereafter the number
of neurons decreased (days 5 to 6) undil full brain reabsorption
at the end of the takeover (day 7) (Figs. 2F and 3B). These
analyses revealed that brains continue to develop in individual
adult zooids up to half their individual lifespan, following their
maturation in the buds and thereafter undergo neurodegenera-
tion. 3D reconstructions of the zooid neural complex at days 1,
3, 5, and 7 from 1 pm thick histological serial sections con-
firmed this pattern and also revealed that in early cycle the brain
is contiguous with both the neural gland and the dorsal organ and
other cells with undifferentiated morphology (i.e., large nuclear/
cytoplasmic ratio, absence of vesicles or granules in cytoplasm)
(Fig. 2 /-M and SI Appendix, Fig. S1) that also resemble pioneer
nerve cells associated with brain formation in buds (19). In the
late cycle, the neural gland and dorsal organ disconnect from the
brain and the putative delaminating pioneer cells are not detected.

TEM of zooid brains during days 1, 3, 5, and 7 further
revealed that during the early stages (Fig. 2 F~/), the brain is
composed of a well-organized medulla of packed neurites and
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Fig. 1. Sampling and methods used to characterize weekly cycles of neurodegeneration in B. schlosseri colonies. Schematic depicting the various methods
employed over the course of the investigation including neural complex dissection, confocal staining, histology, TEM, behavioral experiments and the inter-
vals over which neural complex sampling was conducted (over the weekly cycle and with age in adult individuals). Genetically identical subclones prepared

via incision and separation were used in diverse experimental groups.
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Fig. 2. Every week brains undergo dynamic changes leading to their degeneration that involve immunocytes. (A-C) A whole-mount colony (A) is formed
of several blastozooids, i.e., zooids derived from budding, that are grouped in star-shaped systems; each colony is embedded in the common tunic, the
extracellular matrix characteristic of tunicates, where a colonial circulatory system spreads. The latter is composed of blood vessels, joining and functionally
coordinating zooids, and terminal ampullae. Each zooid (B) has its own neural complex (C) located between the oral and atrial siphon and it is formed by
1) a brain (cerebral ganglion), 2) a neural gland, dorsal to the brain that opens into a branchial chamber through a ciliated duct and a dorsal tubercle and
3) a dorsal organ posterior to the gland and dorsal to the brain. (D) lllustration of an adult individual in lateral view with an enlarged view of the neural com-
plex. (E) Changes in brain neuron number during the weekly cycle. The illustrations highlight the neural complex and its development in the primary bud (B),
secondary bud (b), adult (A) and regressing adult (rA). (F-)) TEM of a brain respectively at day 1, 3, 5, 7; neurons are highlighted in yellow, phagocytes in red.
(-M) 3D reconstructions of the neural complex of an adult at day 1, 3, 5, 7 surrounded by morula (green) and phagocytes (red).

PNAS 2022 Vol.119 No.29 2203032119 https://doi.org/10.1073/pnas.2203032119 3 of 11



Downloaded from https://www.pnas.org by 151.82.76.115 on October 6, 2024 from IP address 151.82.76.115.

4 of 11

# of Neurons

%,
S
3

O

# immunocytes surrounding the brain

KKK HHH

30
Phase
20 B Early
B Mid
B Late

-
o

— bt 6t AR NN *

Phase

B Earl
=+ = i
Late

== ® TO

0
1 4 6
Day
E G
ﬂ it
1000 : 8120
Py
S
2 900 ‘ ? Age 2 Age
= i l 835 months 3 90 B35 months
€ 800 ** x w1 year e Ba1 year
s & m15years g
* % =
o
700 F§5 ;‘2 60 )
600 -o-é 4
1 4 6 1 4 6
Day Day

Fig. 3. A progressive decrease in the number of neurons in brains is observed during both the weekly cycle and with age. (A) Brain of B. schlosseri labeled
with anti-alpha tubulin (green) and DAPI (blue). (B) Neuron number in adult brains during the weekly cycle; day 1.5 (n = 8), day 3 (n = 6), day 4 (n = 6), day 5
(n=6), day 5.5 (n =7), day 6 (n =5), day 7 (n = 7), day 7.5 (n = 3). () Number of immunocytes during the weekly cycle; day 1 (n = 8), day 4 (n = 10), day 6
(n = 10). (D) Phagocyte (red) labeled with anti rhamnose-binding lectine (RBL), blue: brain neuron nuclei. (E) Morula cells (arrows) in the brain. (F) Neuron
number during the weekly cycle in adults belonging to 5 mo-, 1 y- and ~15 y- old colonies. (G) Sensory cell number during the weekly cycle in 5 mo- and
1 y-old colonies. ANOVA and post hoc test. P value < 0.05 (*); P value < 0.01 (**); P value < 0.001 (**%).

an external cortex made of two or three layers of neuronal
somata (Fig. 2 Fand G). As the colony approaches takeover, the
neurons are arranged in an apparently irregular manner; poly-
morphic nuclei with condensed chromatin are detected (Fig. 2
H and I and SI Appendix, Fig. S2 and Supplementary Data 2).
TUNEL assay showed that apoptosis is involved in neurodegen-
eration (days 5 and 6) (SI Appendix, Fig. S3 and Supplementary
Data 3). Muscle cells proximal to the brain did not degenerate
at days 5 and 6, indicating that initial degeneration of the brain
precedes the global tissue degeneration observed during takeover
(81 Appendix, Fig. S4).

During takeover high numbers of circulating immunocytes,
including phagocytes and morula cells, are observed. Both cell types
are involved in self and nonself recognition and target cell clearance,
but while phagocytes engulf target cells, morula cells use cytotoxic-
ity and are also associated with killing allogeneic cells (23, 29-31).
Our 3D models and confocal analysis revealed that the number
of phagocytes and morula cells in proximity to or within the

https://doi.org/10.1073/pnas.2203032119

zooid’s neural complex changes over the weekly cycle, reaching a
maximum number on day 6 (late cycle toward takeover) (Figs. 2
J-Mand 3 C-E and SI Appendix, Fig. S5 and Supplementary Data
4-6). While in early-cycle stages (days 1 to 4) the immunocytes are
concentrated around and within the brain and the dorsal organ,
during late stages they border the neural gland. Both intact and
degranulated morula cells were found in close proximity to the
brains during this phase (S/ Appendix, Fig. S6 B and C) and neuron
debris was observed in the vacuoles of phagocytes that invaded
the brains (Fig. 2/ and S/ Appendix, Fig. S6). The close proxim-
ity of neurons and immunocytes and the significant changes in
their locations and numbers over the weekly cycle suggest that
immunocytes play an important role in neuron protection (mor-

ula cells) and removal (phagocytes).

Decrease in Neuron Number Correlates with a Reduced Response
to Stimuli. To better understand neurodegeneration in B. schlosseri
we compared the number of neurons in brains of 5-mo, 1 y- and
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Fig. 4. Adult zooids behavioral response is impaired during both the weekly cycle and with age. (A-C) Confocal imaging nervous system stained with anti-
alpha tubulin (green) and Hoechst (blue). (A) Dorsal view of an adult zooid. Nerves (arrows) branching from the brain toward the oral siphon are clearly visi-
ble. (B) Upper view of the oral siphon populated with primary sensory cells. These mechanoreceptor cells are in epidermis and have both a cilium (dendrite)
and an axon directed to the brain. When stimulated they activate the oral siphon sphincter muscle contraction and induce siphon closure. (C) Tentacle, at
the base of the oral siphon, with a row of secondary sensory cells (coronal cells). At their base, they form synapses with dendrites belonging to brain neu-
rons. Their stimulation induces the contraction of both body and atrial siphon muscles, leading to expulsion of seawater from the oral siphon. (D and E)
Experimental design of the behavioral tests. In the siphon stimulation test (SST) (D) a jet of seawater is used to stimulate the oral siphon primary sensory
cells in epidermis. In the tentacle stimulation test (TST) (£), a jet of seawater stimulates the coronal cells of the tentacles. (F) Behavioral response of zooids
following TSTs and SSTs performed in days 1.4.6. (G) Comparison of behavioral response of adults from young and old colonies following TSTs performed
during the days 1,4,6. ANOVA and post hoc test. P value < 0.05 (*); P value < 0.01 (**); P value < 0.001 (**%*).

17-y-old colonies and found that the aged brains contain fewer cells
(Fig. 3F and SI Appendix, Supplementary Data 7). Brains of younger
colonies not only reach a significantly higher number of neurons
throughout adult life but also exhibit the largest increases in neu-
rons between early and midcycle (Fig. 3F). This age specific ampli-
tude, and the fact that the maximum number of neurons observed
in the older brains is significantly lower than the number of neu-
rons observed in younger brains, most likely reflects a robust cell
division and stem cell activity in young colonies versus reduced
activity in old colonies. These results also point to an ancient link
between the immune and nervous systems (32) suggesting a key
role to the immune system in neurodegenerative diseases (33, 34).
To test if this reduction in neuron number affects the ability
of the zooids to respond to mechanical stimuli, we developed 2

PNAS 2022 Vol.119 No.29 2203032119

functional assays that measure zooid activity. The first stimu-
lates the oral siphon primary sensory cells to induce oral siphon
closure (35) and is called siphon stimulation test (SST) (Fig. 4
A-B, and D). The second stimulates secondary sensory cells
(20) to induce the contraction of both zooid body and atrial
siphon muscles (35) and is called tentacle stimulation test
(TST) (36) (Fig. 4 A, G, and E). Using a waterjet controlled by
a microinjector, we stimulated sensory cells and determined the
minimum pressure needed to induce the contraction of the tar-
get siphons. Both functional assays revealed that brain neuron
numbers correlate with siphon sensitivity to stimuli (highest in
midcycle) (Fig. 4F and SI Appendix, Supplementary Data 8).
We investigated if the differences in oral siphon sensitivity were
correlated with changes in the number of primary sensory cells

https://doi.org/10.1073/pnas.2203032119 5 of 11



Downloaded from https://www.pnas.org by 151.82.76.115 on October 6, 2024 from IP address 151.82.76.115.

6 of 11

during the weekly cycle and found that the number of oral
siphon primary sensory cells tripled from early to midcycle
before decreasing in late cycle, similar to the trend described for
brain neurons (Figs. 3G and 4B and S Appendix, Supplementary
Data 9). The decrease in the number of both brain neurons and
primary sensory cells during late cycle explains the reduced sensi-
tivity to stimuli. Moreover, the comparison between the number
of primary sensory cells in young and old colonies, shows a signifi-
cant difference in day 6, with the lower number of sensory cells in
old colonies (Fig. 3G).

To determine if fewer neurons and primary sensory cells affect
the ability of a zooid to respond to stimuli, we compared the
ability of old and young colonies to respond to the TST assay
and found that old colonies are less sensitive and higher pressure
is needed to evoke a response (Fig. 4G and SI Appendix,
Supplementary Dara 10). Even with more cells at day 1 (Fig. 35),
old colonies are less sensitive to touch. These results suggest that
aging affects zooid sensitivity to stimuli.

Evolutionary Conserved Mechanisms of Neurodegeneration
and Regeneration. To examine gene expression in the brain of
B. schlosseri and identify molecular signatures potentially linked
with development and degeneration phenotypes, we sequenced
and analyzed the transcriptomes of the dissected neural com-
plex of zooids at days 1, 4, and 6 in both young (5 mo, 7 = 6)
and old colonies (7 to 16 y, » = 5). The neural complex was
dissected (Fig. 5 A and B) and cDNA libraries were prepared
for sequencing (RNA-seq) (2 X 150 bp reads, Illumina Next-
SEq. 500). Following quality control filters, reads were aligned
to the B. schlosseri transcriptome (5) and gene counts determined
(81 Appendix, Supplementary Dara 11-13). A custom algorithm
was used to identify genes that had differential expression (DE)
between different days of the blastogenic cycle in young colo-
nies (22).

Homologous genes that were significantly (P < 0.05) up-
regulated or down-regulated in the enriched brain when com-
paring early versus late cycle and young versus old colonies,
were analyzed in GeneAnalytics (37) (Fig. 5 B and C and S/
Appendix, Fig. S7 and Supplementary Data 14-16). The genes
significantly differentially expressed between the brains belong-
ing to adult zooids at day 1 versus adult zooids at day 6 reveal
the brain and its subgrouping cerebral cortex as the highest
scores for the tissue category (with the shared expression of 350
genes in the brain of B. schlosseri and the human cerebral cor-
tex), and the neuronal disease and its subgrouping disease of
mental health as highest number of hits and score for the dis-
case category (Fig. 5 B and Cand SI Appendix, Supplementary
Data 17-19).

To test whether the brains continue to develop in adult indi-
vidual zooids and if apoptosis is involved in the neurodegenera-
tive process, we calculated the relative enrichment for gene sets
of genes associated with human central nervous system develop-
ment and neuron apoptotic process with B. schlosseri homolo-
gies across the weekly cycle (Fig. 5 E and F and SI Appendix,
Supplementary Dara 20, see Materials and Methods in the SI
Appendix). Briefly, the number of genes that are highly
expressed each day are compared to random selections of genes
to infer whether more or less of the genes are active than would
be expected by chance. We found the CNS development gene
enrichment (Fig. 5E) decreases from day 4 to day 6, with 128
genes highly expressed early in the cycle that are not in the late
cycle. These include transcription factors involved in CNS
development and adult tissue homeostasis and regeneration
(80X2, SOX8, SOX9, PITX3); genes involved in differentiation

https://doi.org/10.1073/pnas.2203032119

and proliferation (NOTCH3); neurogenesis (NEUROG3); neuron
migration (RELN, FGFRI, PRKGI) and axon guidance (SLI72). In
the late cycle, 108 genes are highly expressed compared to the early
cycle, including those related to cellular degradation (UBB), chro-
mosome condensation (IV/PBL), negative regulation of the ras sig-
nal transduction pathway (/NFI), triggers for apoptosis through
expression of genes necessary for cell death (FOXO3, CASP2,
CASP3), and the mediation of growth factor-induced neuronal
survival suppressing apoptosis (AK7). This enrichment pattern
aligns with the increase in neuron number from days 1 to 4 (Fig.
3B). In contrast, the neuron death gene enrichment (Fig. 5F)
increases from a zero baseline at day 3 to a positive enrichment
on days 5 and 6. Genes possessing this expression pattern include
those related to neuron apoptotic processes (GRN, FOXO3, NFI)
and cellular accumulation of or response to amyloid-beta
(PSENI, CDK5, CDK5RI). This result further supports the pres-
ence of apoptotic neurons (S Appendix, Figs. S2 and S3) in late
cycle.

Genes associated with human neurodegenerative diseases (Alz-
heimer, Parkinson, Frontotemporal dementia, and Huntington)
[source: MalaCard, Human Disease Database (37)] had 428 genes
with putative homology in B. schlosseri that were expressed in its
CNS. Differential expression analysis of brains between days 1 and
5 [DESEq. (38)] identified 73 DE genes (Fig. 5G and SI Appendix;
Supplementary Data 21). Highly expressed in the late cycle are APP
and PARK2, genes that in humans have variants linked to neurode-
generative disease. Following similar trends in human disease are
DNAHG6, DNHDI, TNXB, SEMAGD. These results were vali-
dated with qPCR on additional brains (Fig. 5 H-K and S/
Appendix, Supplementary Data 22) with APP, CDK5, CDK5RI
showing similar patterns of high expression in late cycle compared
to early cycle. Additionally LRPI (clearance of apoptotic cells and
amyloid precursor protein) is expressed throughout the cycle.

Given the decreased brain size of old zooids and their low-
ered response to stimuli, we hypothesize that gene expression
changes in old colonies (7-16 y) compared to young (5 mo)
may be associated with neurodegeneration and looked for
homologs of genes that are associated with neurodegenerative
diseases in humans. Indeed, we identified 148 such genes when
comparing brains of different ages across all developmental
stages (SI Appendix, Supplementary Data 23) and 104 when
comparing the same developmental stage (Day 1) across ages
(Fig. 64 and SI Appendix, Supplementary Data 24). Of these,
those that are linked to genetic variants in humans include,
PINK1, TBP, VCP; those that are linked to expression differ-
ences with diseases include, 7NS1, ANKSI1B, FREM]I, RGL3,
SLITI, UNC80. A comparison of the 73 genes differentially
expressed during the weekly blastogenic cycle and the 148
genes differentially expressed with aging revealed that 35 genes
are shared, and 27 of them have a common trend (i.e., increas-
ing or decreasing expression in late cycle and in old brains) (57
Appendix, Fig. S8). This is a significant (P < 0.01, binomial
test) number of genes sharing the same pattern. A hypergeo-
metric model of the number of genes that are DE in each pro-
cess (73 and 148 out of 428) with the number that were found
to overlap (35) shows a statistically significant association (P <
le-2). This suggests that these two neurodegeneration processes
share transcriptional programs. Aging related to neurodegeneration
is well correlated with neuroinflammation in humans (39, 40). 28
genes that are associated with neuroinflammation and inflam-
mation pathways (29, 41) are expressed in the B. schlosseri brain.
Among them 19 are differendially expressed between young and
old colonies including IL17, NFKB, Caspases, C3, NLRC, and
TNFalpha (SI Appendix, Supplementary Data 25).
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Fig. 5. Significant changes in the expression of genes associated with mammalian neurodegeneration pathways are observed during the weekly degeneration
cycles. (A) Colony after brain dissection. White dotted lines highlight tissues removed. (B) Extracted brain. (C and D) Analysis with GeneAnalytics of differentially
expressed genes between early and late cycle in the enriched brain of B. schlosseri (RNA-seq). (C) Tissues and cell categories and (B) diseases associated with differ-
entially expressed genes. For each panel, only the 6 categories with the highest score and number of hits per category are displayed (the complete lists can be
found in S/ Appendix, Supplementary Data 14-16). Right identifies the subgroupings which the contribute to the dominant category (i.e., the Brain for Tissues and
Cells and Neuronal for Disease), with the numeric ratio describing the number of genes detected in B. schlosseri as compared to the total number of genes associ-
ated with the subgrouping within the database. In all cases, x-axis scores refer to the weighted sum of the scores of all matched genes in this category, normal-
ized to the log of the maximal score that can be achieved for the category. (E and F) Enrichment plots showing increase in proportion of genes associated with the
CNS development (E) and neuronal death pathway (F). The solid line is the proportion of active selected genes with the expected mean subtracted. Light and dark
bands correspond to 50% and 99% confidence intervals, respectively. (G) Seventy-three putative homologous genes associated with neurodegenerative diseases
are DE in the zooid brain during the weekly cycle. Categories are indicated based on the link that the gene has with the neurodegenerative disease (brown: genes
having a genetic variation in patients with the disease; yellow: genes DE in patients with the diseases compared to the healthy controls; green: genes identified by
scientific literature, cancer mutation data, and genome-wide association studies). Color scale depicts log,CPM normalized expression values scaled by row. (H-K)
gPCR expression of selected genes on brain tissue. APP: amyloid precursor protein, CDK5: cyclin-dependent kinase 5, LRP1: low-density lipoprotein receptor
related protein1, CDK5R1: cyclin dependent kinase 5 activator 1; error bars represent SEMs.

Unlike most species where the body is long-lived and main-
tained by cellular replacements, a B. schlosseri colony regenerates
new zooids on a weekly basis and its stem cells persist for its
entire life (1). Putative adult stem cells mediate bud develop-
ment (7, 8, 30, 42) and recent transcriptome analyses suggest

PNAS 2022 Vol.119 No.29 2203032119

that these stem cells are tissue specific (22). For this reason, we
investigated the genes included in the mammalian neural stem
cell (NSC) and lineage-specific pathway (37) and found that 27
putative homologous genes are expressed in B. schlosseri brain
(Fig. 6B and SI Appendix, Supplementary Data 26). Among

https://doi.org/10.1073/pnas.2203032119 7 of 11



Downloaded from https://www.pnas.org by 151.82.76.115 on October 6, 2024 from IP address 151.82.76.115.

8 of 11

|
;390 {73 3‘ g;zo O n>gp8 S 2 g z OX = ;xn IO §
> £
S AR o - N

SLC18A2
NKX2-2

L] THRB 2
. NOTCH1

NOTCH2

E< VIM 1

NOTCH1*

I CXCR4
EGF 0
] FGFR4
GALC
5 B swcoms -1

T
=
—- RS
— EE e
= | | PTEN
= == eo . DLG4 -2
| [— — s BMP2
— = 10 [] PROM1
I GRN
&0k
— CSPG4
e — 2 FGFR1
= [ scaat
=— 18 . SLC17A7
— — it N EX
o SMARCA4
ERNT
-: — i, [] Gl
X ol ! GFAP
| CNR1
=551 MFSD8
a— LRPY SOX2
— — aE Links with
- Ber d tve 38588898888
%%, heurodegenerative gIdgggdsay
—— discase  § prTEITILS Label
s Geneticvariation = 33355299 3 3 DE in the
S — guers 5092923 ®H® o0 weekly cycle
1:1_ [ ==— Emox . . . 3 3 a @ 2 f_ﬂ‘ 9)‘ 2_ 3 DE d. h
2 16 - Differential expression Z % GG ey aging o
22 5 months C
=] . : onstantl
85 years years . Disease associated expresse

Fig. 6. Significant changes in the expression of genes associated with mammalian neural stem cells and neurodegeneration pathways are observed during
aging. (A) DE putative homologous genes associated with neurodegenerative disease are DE in zooid's brain belonging to colonies with different ages (young:
5 mo; old: 7 and 16 y). Categories are indicated based on the link that the gene has with the neurodegenerative disease (brown: genes having a genetic vari-
ation in patients with the disease; yellow: genes DE in patients with the diseases compared to the healthy controls; green: genes identified by scientific liter-
ature, cancer mutation data, and genome-wide association studies). (B) Putative homologous genes associated with mammal neural stem cells are
expressed in zooid brains belonging to colonies of different ages (young: 5 mo; old: 7 and 16 y) and in brains at day 1 and 5 of the weekly cycle. Color scales
depicts log,CPM normalized expression values scaled by row. *Indicates different sequences that are putative homologous to the same gene.

them, 6 are DE within the blastogenic cycle (NKX2-2, THRB,
VIM, NOTCHI1, NOTCH?2, SLC18A2) and 8 are DE between
young and old colonies (CXCR4, FGFR4, CALC, VIM, EGF,
NOTCHI, SLCIA3) (SI Appendix, Fig. S9). In human fetal
NSC subsets of cells shown to migrate long distances before
differentiating and maturing express CXCR4 (43), the chemo-
kine receptor for CXCL12, potentially indicating the migrating
subset in B. schlosseri. These data reveal the existence of both
dynamic and continuous neural stem cell activity in the brain
across both timescales. The study of these genes might point to
key regulators of NSCs in aging.

https://doi.org/10.1073/pnas.2203032119

Discussion

Here we introduce B. schlosseri as a model for evolutionary neuro-
science. As an organism belonging to the closest relative clade to
vertebrates whose life cycle is characterized by 2 distinct (i.e.,
short-term and long-term) yet apparently related neurodegenera-
tive pathways, we suggest that this colonial tunicate offers unique
opportunities for novel research concerning neurogenesis, neural
degeneration, aging, and loss of nervous system function. Our
investigation reveals dramatic changes in cell type, cell number,
and brain structure during weekly budding cycles and with
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colony aging. These changes are associated with 1) impaired sen-
sorial ability as inferred by behavioral simulation tests and 2) the
differential expression of 186 unique (and 35 common) putative
genes with mammalian homologs associated with human neuro-
degenerative diseases and the differential expression of 12 unique
putative genes associated with neural stem cells. Importantly,
these lists include genes whose genetic variation predicts the onset
of neurodegenerative diseases in humans through mechanisms
and pathways that future research, building upon these founda-
tional descriptions, will be well positioned to investigate.

A Colonial Tunicate Model for Neuroscience. Tunicates like
B. schlosseri represent the earliest chordate lineage (18). Advanced
transgenic lineage tracing and single-cell transcriptome trajectories
studies on the embryonic development of the solitary tunicate
Ciona species, have previously provide insight into the evolution
of the development of the nervous system (44-49). With studies
documenting its incredible regenerative capacities, Ciona has also
been advanced as a model to study aging and regeneration and
the relationship between them (50). While solitary tunicate spe-
cies reproduce sexually through embryogenesis, colonial tunicates
like B. schlosseri reproduce through a weekly budding cycle (i.e.,
asexual reproduction) in addition to embryogenesis (i.e., sexual
reproduction). The asexual reproductive pathway of B. schlosseri
provides an innovative platform to study the function of gene
products that affect cyclical brain regeneration and degeneration.
Moreover, this colonial tunicate can be reared in laboratory condi-
tions for more than 20 y, providing the unique opportunity to
study the effects of aging (17). Studies in sea urchin and mollusk
transcriptomes have identified comparable mechanisms for aging
(51, 52) and studies in short-lived invertebrate and vertebrate
transgenic model organisms like yeast, flies, and nematodes, and
fish have revealed conserved molecular and cellular mechanisms
implicated in neurodegenerative diseases (53—57). While in the
latter studies neurodegeneration was artificially induced, our study
highlights B. schlosseri as an organism with a life history that includes
naturally occurring neurodegeneration in a pair (i.e., short-term and
long-term) of distinct but connected pathways.

Changes in Neural Number and Function with Age and
Developmental Stage. In B. schlosseri, the CNS, sensory cells,
and associated behavioral responses change dynamically over the
course of adult zooid life. Our investigation reveals that the brain
is not stable in cell number, which increases during the first
phases of the cycle and then decreases before the brain is totally
resorbed at the takeover stage. This finding raises new questions
about the processes of adult neurogenesis and neurodegeneration,
and the origin of different cell types within the neural complex.
3D reconstructions reveal that the relationship between the brain
and the other components of the neural complex (i.e., dorsal
organ and neural gland) changes alongside the number neurons
during the weekly budding cycle. Therefore, as others have sug-
gested previously (58), we believe it likely that these organs have
an active role in adult neurogenesis. Apoptosis occurs in the brain,
suggesting that this cell death mechanism plays a role in tissue
modeling not only during bud development and takeover (23,
59, 60) but also during adult life. Indeed, specific trends in brain
cell number are likely a product of the dynamic balance between
brain cell death and neurogenesis that varies with developmental
stage and age. We also investigated immunocytes (morula cells
and phagocytes) with and around the brain, finding that their
number increases significantly during the weekly cycle. Immuno-
cytes could play an important role during neurodegeneration, that
may be ascribed to their known roles in cytotoxicity (morula cells)

PNAS 2022 Vol.119 No.29 2203032119

and clearance activity (phagocytes) (30, 61). The trend in brain
neuron number that we documented correlates with that of oral
siphon epidermal receptors. In both cases, the highest number
of cells is found at mid cycle (day 4). Accumulated evidence
indicates that these trends impact animal performance. The
behavioral tests (SST and TST) that we developed showed that
zooid response to mechanical stimulation of oral siphon epidermal
receptors and coronal cells varied during the cycle. The phase
with the highest number of neurons and sensory cells (midcycle)
represents the highest animal sensitivity, whereas the phase with
the lowest number of neurons and sensory cells represents the
lowest sensitivity.

Evolutionary Conserved Molecular Signatures of Neurogenesis,
Neurodegeneration, and Aging. We also demonstrate the utility
of this species as a model for analyzing the genetic basis of aging
and loss of nervous system function. These processes within
B. schlosseri may be linked to those within mammals on account
of the extensive number of CNS genes homologous to human
and mouse genes associated with neurodegenerative diseases. We
found a significant differential expression of these genes between
young and old colonies that have been associated with mamma-
lian aging (62) and the accumulation of pathogenic elements over
time at the genetic, molecular, cellular, and functional levels (63).
Specifically, clear patterns of differentially expressed genes associ-
ated with human neurodegenerative diseases like Alzheimer, Par-
kinson, and frontotemporal dementia are evident between young
and old colonies alongside age-related phenotypes associated with
lower brain cell number, lower sensory cell number, and worse
behavioral performance. Aging of a colony is, by definition, aging
of its stem cells as most other cells are generated from these stem
cells on a weekly basis (1). In adult mammalian tissues, stem cells
are stably maintained in their niche throughout most, if not all,
of an organism’s life, although in humans and mice at least two
subsets of hematopoietic stem cells exist, a balanced or lymphoid
biased subset that dominates in youth, and a myeloid biased, proin-
flammatory subset that dominates in aging (64-66). In B. schlosseri
although somatic tissues undergo weekly waves of apoptosis and
phagocytosis, colonies undergo regeneration and live for years.
Repeated trafficking of stem cells into new niches prevents their
destruction by degenerating and/or stiffening tissues, as has been
documented in mammalian systems (67), and enables self-
preservation throughout life, perhaps via homing receptors and
chemokine receptors (1, 68). Based upon recent transcriptomic
analysis that suggest the existence of tissue-specific stem cells in
B. schlosseri (22), we investigated the expression of neural stem
cell genes in the neural complex of B. schlosseri during the
weekly cycle and with age. We identified 15 genes that were
constantly expressed as compared to 6 genes differendally
expressed within the blastogenetic cycle and 8 differendially
expressed with age.

Final Observations. In this study we focused on the asexually
reproductive phase of Bo#ryllus life history, analogous to the stem
cell-based regeneration of solitary species. Germline (4, 69) and
somatic (7, 8, 70) stem cell competitions are enabled by the
weekly early appearance of stem cells in buds and the exchange of
stem cells via anastomosed extracorporeal blood vessels that make
them colonial. It is likely that developmentally regulated cell traf-
ficking receptors and ligands control early bud appearance and
subsequent organogenesis. We have also noted that the sexually
reproduced larval tadpole has a second brain (22); elsewhere we
show that it likely receives sensory input from at least the tadpole
specific photolith, and transmits motor signals to the tadpole

https://doi.org/10.1073/pnas.2203032119 9 of 11
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musculature to allow appropriate settlement and cosettlement just
prior to metamorphosis and transition to colonial and asexually
reproductive stages in its life history. Given the links between
alterations in motor neuron strength and excitability and neurode-
generative diseases associated with loss of muscle function in
mammalian species (i.e., amyotrophic lateral sclerosis) (71), subse-
quent analyses of motor neuron phenotypes in B. schlosseri may
be particularly valuable. In the future, isolation of single candidate
neural stem cells and their progeny at different phases of chordate
and invertebrate development and takeover will be aided by single
cell RNAseq and other single cell assays of selective gene activity
and silencing, and could reveal the forerunners of the mammalian
nervous system as well. Morpholino anti-sense or siRNAI (silenc-
ing RNA) will be used to test the loss of function for some of the
candidate genes involved during the weekly neurodegeneration
cycle to understand how this influences programmed cell death.
Moreover single cell RNAseq on the macrophages associated with
the brain will help to illuminate their role in development and
degeneration. These studies may help elucidate cellular diversity
within the neural complex, reveal the protective ligands that
enable their migration to newly forming buds in the face of mas-
sive cell death and phagocytosis, and identify their functional role
within neurogeneration and neurodegeneration. We believe that
B. schlossers, given its cyclical blastogenesis and semitransparent tis-
sue, represents a robust, assayable, and repeatable model to study
such mechanisms over very short (i.e., weekly) timescales and
how the balance between them may vary with time and age at a
fine scale. Indeed, given such features we advance B. schlosseri as a
model capable of providing unique and fundamental insight to
the field of evolutionary neuroscience.

Materials and Methods

Animals. Specimens of Botryllus schlosseri (family Botryllidae, order Stolido-
branchiata) used in this study were collected from Venice Lagoon (ltaly) and
Monterey Bay (United States). They were reared adhering to glass according to
Sabbadin's technique (72) at a constant temperature of 18 °C. As facilitated by
the transparency of colony vasculature, the daily development of buds and
z00ids was monitored in vivo under the stereomicroscope to select the appropri-
ate stages. The colonies were observed during both the larval period and the
metamorphoses period to assign them an exact age.

Confocal Microscopy. A whole mount immunohistochemical method was
combined with confocal microscopy and applied to colonies at selected stages.
Further details are described in SI Appendix, Materials and Methods.

Electron Microscopy. Colonies at selected stages were fixed, dehydrated,
embedded in Epon-Araldite resin and cut in ultra-thin sections (80 nm thick).
Further details are described in S/ Appendix, Materials and Methods.

3D Reconstruction. Five samples belonging to the same colony, fixed at four
different colony phases (late bud stage, day 1, 4, 6, and 7), were embedded in
resin and serially cut using a Histo Jumbo Knife (Diatome). One-micrometer
thick sections were arranged in chains of ~20 sections each and stained with
toluidine blue. The neural complex was serially photographed and Amira soft-
ware was used to create 3D reconstructions.
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Apoptosis Detection. Sections (7 mm thick) were obtained with a Leitz 1212
microtome and used to detect apoptosis with the TUNEL reaction. Further details
are described in S/ Appendix, Materials and Methods.

Behavior Tests. Relying on methods described in earlier work (35), we per-
formed two behavioral tests: the siphon stimulation test (SST) and the tentacle
stimulation test (TTS). The first test involved the stimulation of the oral siphon
epidermal receptors, i.e., primary sensory cells located in the oral siphon wall,
whereas the TTS involved the stimulation of the coronal cells, i.e., the secondary
sensory cells of the oral tentacles. Further details are described in SI Appendix,
Materials and Methods.

Statistics. Statistical analyses were performed using R software environment
version 4.0.1 (73). Further details are described in SI Appendix, Materials
and Methods.

qPCR. qPCR were performed on brains removed from the colonies at selected
stages as identified in the main text. Further details are described in S
Appendix, Materials and Methods.

Transcriptomes and Gene Analysis. Enriched neural complex were dissected
from the adult zooids at selected stages and ages. In addition to neurons the dis-
sected tissues include blood cells, immunocytes and tunic cells found in close
proximity to the neural complex (Fig. 5B). We used the protocol described in
Voskoboynik et al., 2013 (5) to extract RNA from the brains at the stages and
ages identified in the main text. cDNA libraries were then prepared from high
quality samples (RIN > 8) using Ovation RNA-seq v2 (Nugen). Barcoded library
samples were then sequenced on an lllumina NextSEq. 500. Gene homology
was determined based on genome annotation. Gene count information was
imported into R and differential expression between the two groups comprising
each comparison was performed using Deseq?2 (38) where genes with a P value
<0.05 were characterized as being differentially expressed. Further details are
described in SI Appendix, Materials and Methods.

Data Availability. RNA-seq data are available on the Sequence Read Archive
(SRA) database: BioProject: PRINA732987. RNA-seq data have been deposited
in [BioProject] (PRINA732987) (https://www.ncbi.nlm.nih.gov/search/all/?term=
%20PRINA732987) (74). All study data are included in the article and/or
Sl Appendix.
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