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ABSTRACT The basic anatomy of the central nervous system (CNS) is well conserved within the
vertebrates and differs in significant ways from that of non-vertebrate chordates. Of the latter,
amphioxus is of special interest, being the best available stand-in for the basal chordate condition.
Immunohistochemical and gene expression studies on the developing CNS of amphioxus embryos
and larvae are now sufficiently advanced that we can begin to assign specific neurotransmitter
phenotypes to neurons identified by transmission electron microscopy (TEM), and then compare
the distribution of cell types to that in vertebrate brains. Here, by monitoring tyrosine hydroxylase
(TH) transcripts and protein, along with serial TEM, we identify a population of catecholamine-
containing neurons in the anterior nerve cord of amphioxus larvae and describe their pattern of
synaptic inputs and outputs. Inputs parallel those to the large paired neurons that control the larval
escape response, suggesting that theTH+ system functions as an accessory excitatory and perhaps
modulatory pathway in larval locomotion, with the added feature of recruiting an assortment of
additional interneurons to the circuitry. The TH+ cells probably contain either L-DOPA or dopamine,
and correspond closely with a cell population known from previous work on adult amphioxus
to be dopaminergic. This population lies in a CNS domain now thought to comprise a combined
vertebrate diencephalon plus mesencephalon, the implication being that dopaminergic nuclei in
both of these brain regions could derive from a single dien-mesencephalic population in the last
common ancestor of amphioxus and vertebrates.
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Introduction

The cephalochordate amphioxus (Branchiostoma) is now consid-
eredthe closestliving proxy for the ancestral chordate condition, and
as suchis an organism of considerable interest from a comparative
and evolutionary perspective (Holland et al., 2013; Holland 2015).
This is especially true for studies of the organization and circuitry
of the central nervous system (CNS), as the expression patterns
of developmentally important genes reveal that regional patterning
along the anteroposterior axis of the CNS, including the brain, is
highly conserved and comparable to that of vertebrates (Holland
and Holland 1999; Holland et al., 2013). This makes amphioxus
valuable as a model for early CNS development, and means the
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development of early brain circuits can, in principle, be studied in
a context that is far less complex than in any vertebrate.

Here we report on a distinctive cluster of cells in the anterior
nerve cord of young larvae of two amphioxus species (B. lanceo-
latum and B. floridae) identified using probes and antibody for
tyrosine hydroxylase (TH) transcripts and protein, respectively.
TH is responsible for converting tyrosine to L-DOPA, which can
act as a neurotransmitter in its own right. L-DOPAergic neurons
have been described, for instance, in the dorsal vagal complex
and hypothalamus of vertebrates (Bjorklund and Dunnett 2007;
Misu et al., 2003; Misu and Goshima 2006). Alternatively, L-DOPA
can be transformed into other catecholamine neurotransmitters,
including dopamine (DA), adrenalin, and noradrenaline (Daubner
etal., 2011). Amphioxus is known to possess both vertebrate- and
invertebrate-type D1-like and D2-like dopamine receptors (Candiani
et al., 2005; Burman and Evans 2010, Bayliss and Evans 2013),
and among the DA-containing neurons described from adult am-
phioxus by Moret et al. (2004), there is a prominent group (their
Population 1) positioned dorsally, near the anterior end of the nerve
cord, whose location corresponds closely with that of our TH+cells.
In contrast, Moret et al. (2004) found no evidence for significant
amounts of noradrenalin in amphioxus tissues, an indication that
amphioxus lacks the adrenergic systems found in vertebrates.

We have now identified the TEM counterparts of our TH+ cluster
and reconstructed both the cells and their projections from
serial sections. The cells’ location corresponds precisely
with Population 1, supporting a provisional assignment to A
that neuronal group, and consistent with our early-stage
cells being the first of that group to differentiate. Unlike
the situation in the adult, we have so far been unable to
demonstrate the presence of DA itself in larval neurons,
but there are both technical and developmental reasons
for this, not least that individual neurons can change their
transmitter during development, a form of transmitter plas- (&=
ticity that can occurin catecholaminergic systems, including
those using dopamine (Ugrumov 2013, Borodinsky and
Belgacem 2016). In the comparative section of this paper,
we therefore provisionally treat our TH+ cells as either
members of Population 1 or precursors to it, and examine
what this may mean from a comparative neuroanatomical
and functional standpoint.

To be more specific, having data on young larvae
clarifies the positioning of both our TH+ cell cluster and
Population 1 relative to key morphological and molecular F
landmarks. DA nuclei in the vertebrate brain are located in
the diencephalon and anterior midbrain, bridging between
thetwoin someinstances, andinthe hypothalamus (Smeets
and Gonzalez 2000; Yamamoto and Vernier 2011). Iden-
tifying the precise amphioxus homolog of each of these
regions is complicated by the absence in amphioxus of
two key signaling centers that serve as landmarks in the
vertebrate brain, the zona limitans intrathalamica and
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regions could derive from a single, ancestral dien-mesencephalic
population similar to that in amphioxus. Some implications are
considered, including the role DA may play in establishing basal
locomotory circuits within the brain, and in the development and
functioning of neural circuits more generally.

Results

TH mRNA expression (B. lanceolatum)

Transcripts of B. lanceolatum TH were detected by whole
mount in situ hybridization starting from the late neurula stage
at 36 hpf (hours post fertilization), when expression is visible in
a small cluster of two to three dorsolateral cells in the posterior
cerebral vesicle (Fig. 1A,B), increasing to four to five cells by 108
hpf (Fig. 1 C-G). The cells are localized in the dorsolateral wall of
the cerebral vesicle, just anterior and dorsal to the lamellar body.
A similar staining pattern has also been documented in B. floridae
larvae (Candiani et al., 2005), indicating that this TH+ cluster is
well conserved between the two species.

Cellular details revealed by tyrosine hydroxylase protein
immunohistochemistry (B. lanceolatum)

The distribution of TH protein was examined using a polyclonal
antibody against TH, combined with confocal microscopy (Fig.

isthmic organizer (Castro et al., 2006; Holland et al., 2013).
However, from the recent study by Albuixech-Crispo et al.
(2017), it now appears that the amphioxus homologs of
the caudal forebrain (i.e. most of the diencephalon) and
mesencephalon are specified as a single unit, and this is
where both our TH+ cell cluster and Population 1 neurons
are located. This implies that vertebrate DA nuclei in both

Fig. 1. Tyrosine hydroxylase (TH) mRNA expressionin Branchiostoma lanceolatum
larvae. (A) Side view of an early B. lanceolatum larva at 36 hours post fertilization
(hpf). (B) Close-up of the anterior end of the specimen in (A), showing TH expression
in the posterior cerebral vesicle. (C) Side view of a B. lanceolatum larva at 48 hpf.
(D,E) Magnifications, at different focal planes, of the anterior end of the larva in (C).
(F) TH expression in a B. lanceolatum larva at 108 hpf. (G) Higher magnification of
the anterior end of the larva in (F). Coloration in the tail corresponds to tail pigment;
anterior is to the left. Scale bars, 10 um.
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PS TH-positive neurons

Fig. 2. Tyrosine hydroxylase (TH) and dopamine (DA) immunoreactivity in Branchiostoma lanceolatum larvae. Selected images from 15 speci-
mens; these are maximum projections of confocal stacks taken at a step size of 0.8 um. TH immunoreactivity is shown in green in (A,D), and in yellow
in (B,C); DA immunoreactivity is shown in green in (E). Acetylated B-tubulin staining is shown in red in (A,D,E) and nuclei (Hoechst labeling) in blue in
(A-E). (A) Anterior region of a B. lanceolatum larva at 108 hpf (hours post fertilization). (B) Close-up of the cerebral vesicle of the B. lanceolatum larva
at 108 hpf in (A). (B') Schematic drawing of the TH+ cells of the B. lanceolatum larva shown in (B). (C) Close-up of the cerebral vesicle of a B. lanceo-
latum larva at 250 hpf. (C') Schematic drawing of the TH+ cells of the B. lanceolatum larva shown in (C). (D,E) Comparison between TH (D) and DA
(E) immunoreactivity in the anterior region of B. lanceolatum larvae at 108 hpf on the right side. Signal overlap is highlighted with white dotted lines;
anterior is to the left. Scale bars, 50 um in (A,D,E) and 10 um in (B,C). Abbreviations: ES, endostyle; GS, gill slit; NF neuropore; POF, pre-oral pit; PS,

pigment spot; RN, rostral nerve.

2). The results were consistent with our in situ hybridization data,
but provide more cellular detail. Strong TH immunoreactivity can
be detected in a cluster of six to eight neurons (7.0+0.94, n=9) at
108 hpf, and eight to nine (8.5+0.50, n=6) at 250 hpf, and there
are typically two to three additional faintly stained cells of which
at least some clearly belong to the same cluster (Fig. 2 A-D). The
neurons are located in the posterior cerebral vesicle, beginning
just caudal to the point where the anterior, open portion of the
central canal ends, i.e. at the level of the infundibular cells. Short,
conspicuously thick TH+ processes extend ventrally from the main

part of the cell body towards the developing tegmental neuropile,
where a mass of cellular processes and terminals is observed. In
several instances, the nucleus of one TH+ neuron was consider-
ably more ventral than the others (Fig. 2 C,C’). The more usual
situation is for the nucleus to remain close to the cell apex, while
the rest of the cell body tapers, compressed by surrounding cells,
until it reaches the top of the ventral neuropile. From there the axon
arises, accompanied by irregular groups of terminals. However,
based on TEM observations, it is clear that compression can also
displace the nucleus ventrally, towards the base of the cell. A de-
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gree of variability in nuclear position is therefore to be expected.

We also observed TH immunoreactivity in a group of spindle-
shaped cells just rostral to the anterior pigment spot of the frontal
eye (Fig. 2A-D). These correspond precisely with the pigment cells
as seen in TEM, which would be actively synthesizing melanin at
this stage, using L-DOPA as a precursor (Solano, 2014). Their
distinctive narrow, conical shape is due to the way the rostral
perinuclear part of each cell is compressed by the anterior tapering
of the nerve cord. TH immunoreactivity was also detected in small
clusters of cells in the endostyle and in the right oral papillae. Both
structures are involved in mucus secretion, indicating an association
between this function and catecholamines. Neither structure, from
TEM analysis, contains neurons. THimmunoreactivity in peripheral
structures is not corroborated by TH mRNA expression, which
could be due either to lower sensitivity of our in situ hybridization
protocol or non-specific antibody binding to other epitopes. Caution
is therefore required in interpreting this result.

For comparison with TEM data (below), certain aspects of the

arrangement and morphology of the anterior-most TH+ cells in the
cerebral vesicle are especially noteworthy (see Fig. 3). The cell
bodies are dorsolaterally positioned, on either side of the midline
in an approximately symmetrical arrangement. There are five cells
on each side in the specimen illustrated in Fig. 3, of which the
two anterior-most on the left side (asterisks in Fig. 3C,D) would
be categorized as faintly stained. Neurites project ventrally, and
then expand to form groups of terminals (Fig. 3 A,E). There are
also forward projections, four in this case (downward-pointing ar-
rowheads in Fig. 3C indicate the two on the right side, horizontal
arrowheads in Fig. 3D the two on the left), which we interpret as
the apical portion of the anterior-most cells, and these converge
near the caudal surface of the preinfundibular portion of the central
canal in the same fashion as the apices of the cells we identify as
their probable TEM counterparts (the PIN1s, see below). From the
TEM data, there are no other cells in this location with exactly this
combination of morphological features.

Dopamine immunohistochemistry (B. lanceolatum)

Using a specific antibody, DA immunoreactivity was observed
only in the TH+ cells located in the right oral papilla (Fig. 2 D,E),
while there was no detectable DA signal from cells in the cerebral
vesicle. This could be for technical reasons, including inadequate
fixation and photodegradation, both of which are known to be
problematic. DAimmunoreactivity was, however, detectable in other
non-neuronal larval tissues (Fig. 2E), and varying the method of
fixation, including fixing in the dark, did not yield any CNS signal.
As discussed below, the neurons in question may not be fully dif-
ferentiated at the stages examined, and transiently use something
other than DA (e.g. L-DOPA) as a transmitter.

Cell identity and number, from serial TEM (B. floridae)

Very little is available by way of TEM data for the amphioxus
neurulae and larvae used here for localizing TH mRNA and TH
protein. Young B. floridae larvae, up to about 150 hpf (ca. 6 days),
are comparatively poor subjects for TEM, because their neurons
are not sufficiently differentiated to be clearly distinguishable either
from one another or from non-neural cells, and the absence of
fully differentiated nerve tracts complicates efforts to draw useful
conclusions regarding synaptic patterns and vesicle types. The
most useful and complete dataset available to date comes from a
serial TEM analysis and reconstruction of the anterior nerve cord
of a 300 hpf (i.e. 12-day) B. floridae larva (e.g. see Lacalli et al.,

Fig. 3. Morphological details of a Branchiostoma lanceolatumtyrosine
hydroxylase (TH)+ neuronal cell cluster. Lateral view of the region around
the anteriormost TH+ cells at 250 hpf, anterior to the left, showing selected
z-planes from a confocal stack, going from the right side of the head (A) to
the left side (E) and covering a distance of 14 um. Cell nuclei are indicated
(asterisks, five in total on each side) along with the inner surface of the
open portion of the central canal region (dotted curve), which ends at the
level of the infundibular cells; we see no indication of the anterior portion
of the lamellar body in this region at this stage. Apical processes (arrow-
heads) can be seen extending towards this point from the left (B,C) and
right (D) to converge near the medial plane (C). Matching the TEM data,
we find two forward-projecting apices from the two anteriormost cells on
the right (downward-pointing arrowheads), and two from the anteriormost
cells on the left (horizontal arrowheads). Apices from more caudal cells
(upward-pointing arrowheads) meet the central canal more caudally, ca.
10 to 12 um further back in this instance. Axonal projections are visible in
(A,E), connecting to clusters of ventral terminals. Scale bar, 10 um.



1994; Wicht and Lacalli 2005), which is re-examined here in the
light of our TH results.

Lacalli and Kelly (2003) identified four categories of neurons
by TEM considered good candidates to contain biogenic amines,
based on the general appearance of their fibers and complement
ofvesicles. In antero-posterior sequence (Fig. 4) these are: (1) type
1 preinfundibular projection neurons (PPN1s), whose apices are
positioned well forward of the infundibular cell cluster, (2) type 1
parainfundibular neurons (PIN1s), whose apices lie just behind the
infundibular cluster adjacent to the anterior-most floor plate cells,
and (3,4) type 1 and 3 tegmental neurons (TGNs), which form a
mixed cluster in the ventral midline above the neuropile between
about sections 700 and 900. The TH data can be used to rule out
cells in category (1) for being too rostral and those in categories
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(3) and (4) for being too ventral in position and too caudal relative
to other landmarks. This leaves the PIN1s, of which Lacalli and
Kelly (2003) described and mapped two pairs (see their Fig. 2B).
All four cells had slender or flattened (i.e. compressed) apices that
project forward to emerge into the central canal just behind the point
where the latter narrows from an open condition, characteristic of
the anterior cerebral vesicle, to the more compressed canal seen
along the remainder of the nerve cord. The lamellar body begins
at this level as well, and its cells are the most dorsally positioned
neurons in the cord of young larvae, lying just under the medial
file of cells forming the roof plate.

The PIN1s are positioned below the lamellar cells, separated
from them by one to two narrow files of other cells. None of the latter
are differentiated neurons, so there are no other cells besides the
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Fig. 4. Prospective aminergic neurons in Branchiostoma floridae larvae, from electron microscopical (TEM) data. (A) Side view, from serial TEM
reconstructions, of the anterior nerve cord of a 300 hours post fertilization (hpf) (12-day) B. floridae larva, showing the relative positions of three classes
of putative aminergic, type 1 neurons (preinfundibular projection neurons, PPNs; parainfundibular neurons, PINs; and tegmental neurons, TGN, in pink,
lavender, and beige respectively) in relation to the pigment spot of the frontal eye (grey), the lamellar body (LMB, light blue), and the infundibular cells
(INF, dark blue). The tegmental neuropile is shown in light grey. This is a simplified, but accurate re-drawing of published data, taken largely from Lacalli
and Kelly (2003), with section numbers along the bottom. The PIN1s correspond to cells expressing TH. (B) A more caudal example of a putative TH+
neuron (lavender), the left member of the fourth pair, showing its relationship to the anterior group of dorsal bipolar cells (ADBs, in yellow, of which
ADBT1 is the anteriormost example on that side), the closely associated dorsal nerve and dorsal tract (DN and DT, respectively, also yellow), and the
core fibers of the rostral nerve (CF), all of which converge on the left ascending bundle (lab, in green), containing forward-projecting dendrites of the
large paired neurons (LPNs). This is where the rostral-most synaptic inputs to the LPNs occur, beginning at about section 800. (C) Selected sections, in
6 panels, showing more precisely how the PPN1s and PIN1s differ in terms of apex and cell position relative to the central canal and surrounding cells,
shown as nuclear profiles. Colors as in (A). The series extends from section 410 (panel 1) to 660 (panel 6), with about a 50 section (3.4 um) interval
between panels. Abbreviations: ADB, anterior dorsal bipolar neuron, CF, rostral core fiber; DT, dorsal tract; DN, dorsal nerve, INF, infundibular cells, lab,
left ascending bundle; LMB, lamellar body; PIN, parainfundibular neuron,; PPN, preinfundibular projection neuron; TGN, tegmental neuron.
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PIN1s in this region to be confused with those in the TH prepara-
tions. The remaining type 1 neurons, which from our results do not
contain TH, also differ from PIN1s in having terminals containing
a somewhat different mixture of clear and dense-cored vesicles
and, consistent with a role in paracrine transmission, have few,
if any, synapses. The predominant type of vesicle in PIN1 axons
and terminals are of intermediate size (45 to 60 nm) and some-
what irregular profile. They have faint central condensations of
moderate density and form crowded, somewhat irregular arrays
at presynaptic sites (see Fig. 3 B,C,E in Lacalli and Kelly 2003).
Where clear vesicles are present, their small size and comparative
rarity suggests in most cases that they are the same vesicle type
cut off axis, so as to miss the central condensation. We conclude
that most PIN1 synapses employ one vesicle type, though we have
also found a few synapses, chiefly to preinfundibular fibers (e.g.
of PPN1s), where small clear vesicles appear to predominate.
Larger, more densely stained dense-cored vesicles also occur in
small numbers in PIN1s, near the Golgi, and in fibers, but seldom
at or near synapses.

Itis somewhat ambiguous whether PIN1s should be considered
dorsal neurons or ventral ones. The main part of the cell body is
dorsally positioned (Fig. 4A), matching the TH preparations, but
this is because the cells are pushed upwards by the mass of neu-
ronal cellbodies displaced caudally from the preinfundibular region
(see profiles 4 and 5 in Fig. 4C). PIN1 apices, in contrast, project
into the ventral part of the central canal, and are either adjacent
to, or one cell apex removed from the apices of the anterior-most
floor plate cells (see Fig. 4, in Lacalli and Kelly 2003). Such close
proximity to both the most dorsal and most ventral cells in the cord
is possible only because the central canal is very small at this
point, and most of its inner surface is taken up by the expanded
apices of the lamellar cells. In searching for other TH+ neurons,
proximity to the lamellar body (i.e. dorsal positioning) has proven
the relevant criterion, allowing us to identify four additional neurons
that are potentially of similar type. These are arranged roughly in
pairs as shown in Fig. 5A, although one cell (blue in the figure)
is sufficiently different that we have doubts that it belongs to the
same category. All four cells have apices significantly smaller than
those of the more rostral PIN1s: 0.7 to 0.95 wm and approximately
circular for the former, compared with 3.4 to 4.5 um and elongate
for the latter. Apex length in amphioxus neurons can be used to
estimate the relative times of neuron differentiation, as it depends
on the timing of the terminal cell division relative to the elonga-
tion phase of the late-stage neurula (Lacalli 2000). On this basis,
all four of the more caudal members of the PIN1-like class are
considerably younger than the anterior PIN1s, as are the various
tegmental neurons. These differences are reflected in the input
patterns as described below, which place the anterior-most PIN1s
as both the earliest of this class of the TH+ neurons to differentiate
and the founders of the basic circuits to which other members of
the class later contribute.

Fibertracing and synaptic patterns, from serial TEM(B. floridae)

Because their axons are small and frequently compressed by
surrounding fibers, few of the individual TH+ fibers (i.e. PIN1 and
PIN1-like) could be traced with confidence much beyond the region
shownin Fig. 5A. There are numerous inputs to all eight cells within
this region, though with differences that correlate with the relative
time of differentiation. Outputs are predominantly from the anterior

two pairs of TH+ neurons, so we assume the main output from
more caudal pairs lies further back in the section series. Axons
belonging to five of the eight cells (one was lost, two cross to the
other side) converge to form a medial bundle just beneath the floor
plate in the region of section 800. The bundle then shifts gradually
to the right and joins the upper paraxial bundle (upb) on the right
side. Having a medial point of mutual contact also occurs with
crossing fibers of other cell types in our specimen, including the
large paired neurons (LPNs) and commissural neurons (CNs, see
Figs. 3A, 7A, 10A, in Lacalli and Kelly 2003), suggesting this may
be a way of organizing early fiber projections. During their transit
down the right side of the cord, the TH+ fibers become increasingly
difficult to trace individually. They continue as a group, but we do
not know how far they travel or their eventual targets, except for
LPN and CN axons, which receive synaptic input from identifiable
TH+ fibers beginning at about section 1250.

Despite the problems encountered in tracing, a consistent pat-
tern of inputs to TH+ neurons can be recognized, and the transit of
their axons together in the upb in five cases out of eight suggests
that these cells at least should be classed together as belonging to
the same neuronal subtype. Inputs include the rostral core fibers
(CFs) and anterior dorsal bipolar cells (ADBs, equivalent to the
tectal cells, T, in Lacalli and Kelly 2003), which are also inputs to
the escape response, for which the LPN3s, located in the primary
motor center (PMC), appear to be central. A difference is that,
while sensory and ADB input to the LPNs are massively redundant
(see Fig. 5, in Lacalli and Kelly 2003), TH+ neurons typically make
fewer contacts, and individual synapses are comparatively small.

For the four anterior TH+ neurons, outputs are to LPN dendrites
and axons, to CN axons in a few cases, to a type 3 ascending
fiber (AX3), and to an assortment of tegmental neurons (TGNSs,
mapped in Fig. 2, in Lacalli and Kelly 2003). Among the latter is
a category referred to as second-order neurons with descending
fibers (SDFs), which are major targets of the first four TH+ neu-
rons. The SDFs can be distinguished from other TGNs by their
descending fibers, predominantly clear vesicles, and well-defined
synapses. Most other TGNs are more variable in morphology, with
multiple branched neurites of mainly local extent, and irregular
large terminals containing mixed populations of vesicles. Where
junctions with TGNs occur, the polarity is often ambiguous, which
makes it difficult to recognize subclasses within the TGNs based
on morphology and input/output patterns. The SDFs, as a class,
can be defined by always being post-synaptic to TH+ neurons
via well-defined synapses, often to the base of the cell (see Fig.
3B, in Lacalli and Kelly 2003, the central small arrow in Fig. 3D
shows a TH+ synapse to a basal dendrite from an adjacent SDF).
The most active SDF, in turn, synapses with motoneurons (MNs),
CNs, and an extensively connected multipolar neuron (MP, see
Fig. 9D, in Lacalli and Kelly 2003, the large ascending fiber in this
figure is mistakenly identified and is, instead, a continuation of the
large SDF fiber shown here in Fig. 5A). We are uncertain as to the
targets of less active SDFs.

TH+ neurons also form synapses with each other, where their
fibers meet near the midline, and with fibers originating in the
preinfundibular region, including some belonging to PPN1s. In a
few cases, we also identified synapses to what appeared to be
rostral sensory fibers that synapse in turn with MNs, and in one
case a direct synapse between the anterior-most TH+ neuron on
the left and a MN on the right, as shown in Fig. 5A. Contacts with



type 2 PPNs (PPN2s) occur at several points, but are not obviously
synaptic except for two cases: on each side there is a specialized
junction, possibly synaptic, between the axon of an anterior TH+
neuron and one of the two PPN2 fibers. These are both ipsilateral
contacts, and both occur on a branch from the principle PPN2 fiber,
which develops in part as a terminal and ends, on the left side,
in a post-synaptic bulb-like specialization that is enclosed by the
TH+ axon. This occurs at section 685, as indicated in Fig. 5A. The
polarity of the comparable junction on the right, at section 760 and
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also indicated in Fig. 5A, is less easily interpreted. The PPN2s are
involved in the dorsal compartment (i.e. the slow-twitch) motor
circuit, so this implies an early involvement of the TH+ neurons
in this function.

Assuming that the TH+ neurons of amphioxus larvae use DA
or a related catecholamine neurotransmitter or neuromodulator,
the TH system likely functions as a parallel pathway for controlling
the escape response and, perhaps, other locomotory functions,
with the added feature of recruiting an assortment of additional
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LPNs, CNs
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targets

Fig. 5. Prospective tyrosine hydroxylase (TH)+ neurons in a Branchiostoma floridae larva, and their juvenile counterparts, from electron
microscopical (TEM) data. (A) Dorsal view of the anterior nerve cord of the 300 hours post fertilization (hpf) (12-day) B. floridae larva reconstructed
from the level of the infundibular cell apices (shaded) to about section 1200, showing putative TH+ neurons, and, to the right, two of the second-order
neurons with descending fibers (SDFs) that receive TH+ input. TH+ neurons in red are the type 1 parainfundibular neurons (PIN1s) described previously
by Lacalli and Kelly (2003) (see their Fig. 2A for a more complete map of inputs and outputs). Cells newly described in this account are in black and
blue, the latter color marks the one cell least like the others, which may therefore be of a different type (see text for details). Arrows show selected
synaptic contacts. Among the key inputs to TH+ neurons are those from the anterior group of dorsal bipolar cells (ADBs), including the anteriormost of
these (ADB1), and in one case from the frontal eye via cell 4L. Key TH+ targets include the SDFs and the large paired neurons (LPNs). All inputs shown
to the former are from the anterior two pairs of TH+ neurons, but the terminals responsible are largely obscured in this view by overlying cell bodies.
Arrows topped with open circles indicate synapses from unspecified dorsal tract sensory fibers. (B,C) Two sections through the juvenile nerve cord,
separated by about 10 um. (B) shows a dorsal stack of neurons (vertical bar) located just behind the front of the lamellar body, matching the anterior
portion of the Population 1 dopaminergic center reported by Moret et al. (2004). Bundles of fibers similar to those described by Moret et al. (2004)
descend ventrally on either side, arrows in (C) for the left tract, to join a pair of fiber tracts, marked by asterisks. Note that the compressed part of the
central canal is largely open, as both sections lie forward of the point where translumenal neurons become major components of the dorsal nerve cord.
Scale bars, 5 um. Abbreviations: 4L, frontal eye neuron;, ADB, anterior dorsal bipolar neuron; CF, rostral core fiber; CN, commissural neuron, LPN, large
paired neuron; MN, motoneuron; PIN, parainfundibular neuron; PPN, preinfundibular projection neuron; SDF second-order neuron with descending
fibers, TH, tyrosine hydroxylase-containing neuron, upb, upper paraxial bundle.
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interneurons to these pathways. Interestingly, the pathway as a
whole appears to be biased to the right, with the majority of both
TH+ and SDF fibers projecting to the upb on that side. The location
of the upb tends to reinforce our conclusion that there is no direct
output to MNs from TH+ neurons aside from the one example
mentioned above. This is because, as a group, the TH+ fibers
remain confined to the region medial to the upb, adjacent to the
notochord, as they travel caudally. From there, they would have
no direct access to MN dendrites, which are generally short and
restricted to more ventrolateral parts of the neuropile.

Serial TEM details for individual neurons (B. floridae)

The cell bodies of the first TH+ pair taper beyond the level of
the nucleus and enter the neuropile quite far forward. They then
produce a complex set of fibers and terminals. Those arising from
the cell on the right are especially well developed, with multiple
branches and numerous terminals, and do not cross the midline.
Instead, they penetrate quite deeply into the ventrolateral neu-
ropile, close to the motor tracts, and may terminate there, as we
were unable to discover caudally projecting fibers beyond section
860. The principal fiber from the anterior-most of the TH+ neurons
on the left side has at most a few dendrites, no major branches,
and comparatively few terminals. It traverses the neuropile to the
ventral midline, just beneath the floor plate, and joins the medial
bundle of other DA fibers that eventually, in turn, joins the right upb.

Inputs to the anterior-most TH+ neurons are typically received
on small spines or en passant. Fibers from both the right and left
members of the pair contact and receive synaptic input from the
forward-projecting fiber of the anterior-most of the ipsilateral ADBs
(ADB1 in Fig. 4B). The anterior-most ADBs are the only members
of that class whose rostral neurites project ventrally and exit the
cord via the rostral nerves. Fibers from all other ADBs exit via
dorsal nerves. The difference is probably due to the anterior-most
ADBs developing first, at a time when the dorsal tracts are not
yet established, leaving the rostral pathway as the only means of
exit. We did not find direct inputs from the rostral core fibers to the
anterior-most TH+ neurons, though they synapse to some other
members of the class.

Cells of the second TH+ pair have better defined dendritic arbors.
These are notlarge, but project dorsally to receive synapses, along
with adjacent LPN3 dendrites, from the rostral fibers, dorsal tract
fibers,and ADBs. Outputsinclude synapses to LPN3 dendrites and
various TGNs, in the latter case both to fibers in passing and to the
bases of the cell bodies. Axons from both meet near the midline
and travel, with other TH+ fibers, to the right upb. As above, the
axon from the left cell crosses, while the one from the right does
not. Both continue in this tract, but the one from the left has the
most terminals and forms a series of contacts, including synapses
with the LPN1, 2, and 3 axons in the region where they cross.

Neither of the cells of the third pair have projections like those
of the other cells, but for two different reasons. The cell on the left
(apex at section 680, Fig. 5A) is unusual in squeezing between
more medial cells rather than projecting laterally, so its basal fiber
emerges near the center of the neuropile. Several long dendrites
then branch from the fiber before we lose it among the other TH+
fibers where they meet medially. Because of the fiber’s mid-ventral
location, there is no opportunity for its branches to encounter the
CFs, ADBs or dorsal tract fibers that provide input to other TH+
neurons. The principle fiber from the cell on the right projects to

the dorsal tract, which abuts its base and travels for some dis-
tance with the tract receiving repeated synapses from the ADBs.
The fiber is then diverted ventrally into the lateral neuropile and
traverses the midline below the level of the upb, thereby missing
any contact with other TH+ fibers. On the left side of the cord, the
fiber continues caudally near the top of the notochord, in a posi-
tion much like that taken by other TH+ fibers on the right. This cell
has been previously illustrated (Fig. 9B, in Lacalli and Kelly 2003)
and erroneously categorized as an anterior commissural neuron.
If both members of this pair are TH+ neurons, their morphology
suggests that later-developing members of the class face a dif-
ferent situation in terms of the surrounding fibers and potential
targets they encounter, and vary morphologically for that reason.
TH+ neurons appear therefore to be opportunistic in the contacts
they make, which may be a means of supplying new targets and
pathways as these emerge during development.

Cells of the fourth TH+ pair abut the dorsal tracts on their re-
spective sides, so each has direct access via dendritic arbors to
both this tract and the bundle of rostral core fibers, located just
below, and both have well-developed axons. The left member
of the pair has an especially large dendritic arbor and receives
inputs typical of other TH+ neurons, but has few outputs in the
region examined. Its axon was lost among the other fibers of the
upb by the end of somite 1, but the paucity of terminals up to this
point suggests it has significant output more caudally. The right
member (blue in Fig. 5A) differs in several respects from all other
members of the TH+ class. It has an ascending fiber that projects
forward through the center of the lateral neuropile on the right,
dips to the ventral region in places, and expands to produce a
series of very large terminals. Targets include a number of fibers
presynaptic to MNs. This cell is also unusual in having terminals
containing many more large dense-core vesicles (60 to 70 nm in
diameter and very dense) than are found in other TH+ terminals,
and far fewer of the numerous small vesicles have visible contents.
Despite its similarity in other respects to other TH+ neurons and
frequent contacts with their fibers, this one cell is almost certainly
a different, but perhaps related cell type.

Onset of muscle-based undulatory swimming (B. lanceolatum)

Ithas previously been shown that early B. floridae larvae initially
exhibit only unilateral bends and progressively obtain the ability
to swim with an undulatory motion during subsequent develop-
ment (Stokes 1997; Lacalli and Kelly 2003). Observing the onset
of swimming in B. lanceolatum larvae in slow motion (Movie 1),
we found that, in contrast to reports on B. floridae, the initial mo-
tions of B. lanceolatum larvae typically consist of a bend that is
followed by a counter-bend to the contra-lateral side. The first
bend uses more anterior myotomes than the counter-bend. As the
larvae elongate, they show longer series of contralateral bends
that gradually involve more myotomes. The contraction of these
myotomes in an anteroposterior progression eventually results in
an undulatory swimming movement.

Discussion

The tyrosine hydroxylase system: organization and function

Our molecular and TEM data, in combination, define the early
population of amphioxus TH+ neurons in an unambiguous way,
as consisting of a small number of dorsally positioned neurons



in a region that extends from the front of the lamellar body to
about the midpoint of the tegmental neuropile. We could typically
identify between eight and twelve cells in 4.5-day and 10.5-day
B. lanceolatum larvae, and eight cells (one questionable) by TEM
in a 12-day B. floridae specimen.

Based on TEM data, synaptic input to the TH+ neurons is from
fibers in the rostral and dorsal nerves, from the ADBs, and from the
frontal eye (FE) (Fig. 6). The same cells and fibers are presynaptic
to the LPNs that serve as central components of the main pathway
for activating the escape response. The TH+ system appears
therefore to be a parallel pathway that serves to recruit a number
of additional, second order interneurons to the escape response,
including TGNs and SDFs. There appears also to be a sequence
in the development of TH+ neurons, with the anterior-most pair
of cells developing first and receiving their main input from the
anterior-most of the ADBs, whereas later-developing, more caudal
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Fig. 6. Synaptic inputs and outputs to the amphioxus tyrosine
hydroxylase (TH)+ system. A summary of our observations on TH+
neurons in developing amphioxus larvae. For the TH+ neurons, there are
differences between cells depending on their age and location, so not
all make the contacts shown, e.g. the frontal eye (FE) input via cell 4L is
to one TH+ neuron. The plural “s” is used if that category has multiple
cell subtypes. Thicker lines indicate redundant input pathways with large
numbers of synapses, and the dotted line is a direct TH-to-MN synapse,
of which we have so far found only one example. The last is likely a relict
of early development and possibly of limited functional importance to
larval behavior. Abbreviations: ADB, anterior dorsal bipolar neuron; CN,
commissural neuron; ESC, epithelial sensory cell, FE, frontal eye, IPN,
ipsilateral projection neuron, LPN, large paired neuron; MIN, motoneuron;
MR multipolar neuron; PPN, preinfundibular projection neuron; SDF, second-
order neuron with descending fibers, TGN, tegmental neuron, TH, tyrosine
hydroxylase-containing neurons.
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members of the TH+ class have more complex dendritic arbors
and receive a more varied input from fibers in the dorsal tracts, as
well as having caudal projections with fewer outputs in the region
examined. The synaptic targets of the TH+ system include fibers
with major inputs to the MNs on the right side, and in general most
of the projections arising from both the TH+ neurons and their
targets are biased to the right.

We are currently unable to identify the transmitter used by our
TH+ neurons with certainty. TH catalyzes the formation of L-DOPA,
which can then act as a neurotransmitter in its own right (Misu
and Goshima 2006; Hiroshima et al., 2014), or is transformed into
other catecholamines, e.g. dopamine, noradrenaline or adrenaline
(Daubner etal., 2011). DA-containing neurons have previously been
reported in the anterior nerve cord of adult amphioxus (Moret et al.,
2004), but we were unable to detect DA itself in the larval cerebral
vesicle. Conversion into other catecholamine neurotransmitters is
unlikely, since HPLC analyses of the monoamine content of adult
amphioxus revealed high levels of L-DOPA and DA, but no nor-
adrenaline or adrenaline (Moret et al., 2004). Larval TH+ neurons
could nevertheless be dopaminergic, but not fully differentiated
in the stages we have examined. L-DOPA, a DA precursor, is the
most likely alternative as transmitter, and could be used transiently
in cells that only later adopt a mature DAergic phenotype. L-DOPA
and DA can act as both excitatory and inhibitory neurotransmitters,
as neuromodulators that tune the excitability of one or many target
cells, and as neurohormones (Ben-Jonathan and Hnasko 2001;
Callier et al., 2003; Misu and Goshima, 2006). L-DOPA interacts
with most DAreceptors, so neural circuits involving either transmitter
would likely function in an essentially equivalent way. Amphioxus
possesses vertebrate- and invertebrate-like D1-like dopamine
receptors (Candiani et al., 2005; Burman and Evans 2010) and at
least one D2-like receptor (Bayliss and Evans 2013). The former
typically transmit excitatory signals while the latter are better known
for modulatory or inhibitory effects. To date, expression in the ce-
rebral vesicle has only been shown for D1-like receptors (Candiani
et al., 2005), suggesting that our TH+ neurons would most likely
be excitatory. In relation to L-DOPA, it is worth noting its role in
retinal patterning through the release of pigment epithelium-derived
factor (Lopez et al., 2008). A similar role for our TH+ neurons in
amphioxus is a possibility, in which case the acquisition of a full
DAergic phenotype might be delayed if competitive binding by DA
blocked this mechanism.

Across the animal kingdom, DA is crucially involved in motor
control (Barron et al., 2010), which could be relevant to the role
TH+ neurons play in amphioxus larvae. Our TEM observations,
based on one specimen, show asymmetries in TH+ projections,
and the initial stages of muscular swimming in amphioxus also
show marked asymmetric features: the first muscular twitches of
B. floridae have been reported as repeated and to one side (Stokes
1997; Lacalliand Kelly 2003), and in B. lanceolatumbegin anteriorly
on one side followed by a counter-twitch of more caudal myotomes
on the opposite side (Movie 1). In both amphioxus species, a more
rapid, rhythmic pattern of alternating contractions then develops
progressively (Movie 1) (Stokes 1997; Lacalli and Kelly 2003).
From a reassessment of the neurochemical data (Candiani et al.,
2012; Lacalli and Candiani 2017), it appears that all the ventral
neurons in the vicinity of the LPNs are excitatory except for a
small, more anterior group of GABA-containing CNs. The LPNs
and the TH+ system, therefore, appear to be providing multiple
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sources of excitatory and/or modulatory input to the anterior MNs.
An asymmetric muscular response would require either excitatory
inputs that develop asymmetrically or an asymmetric input that is
inhibitory. An important point here is that the SDFs can be ruled
out as containing the inhibitory neurotransmitter GABA, so their
effect in amphioxus should be an excitatory one, also biased to the
right. There are, however, other early sources of excitatory input
biased to the left, notably the contralateral axon of the right LPN3,
which targets the left MNs via especially long dendrites (see Fig.
7 F,G, in Lacalli and Kelly 2003). The latter feature is an indication
that the connection is made very early, with the dendrites being
stretched passively as the intervening neuropile thickens. On the
right side, in contrast, the contralateral axon of the left LPN3 forms
comparatively few synapses, and most LPN input to MNs comes
instead from the left LPN2. This, along with a variety of other minor
asymmetries means that, from a circuitry standpoint, the situationis
very complex and depends on asymmetries among an assortment
of excitatory inputs. A further complication is that we also do not
know which category of motor fibers, fast twitch or slow twitch, is
first to function. Based on the data currently available, therefore,
we are unable to draw any firm conclusions regarding the role
asymmetrical TH+ projections play in the first muscular responses.
Circuit asymmetry is now known to also be a feature of the escape
pathway in ascidian tadpole larvae (Ryan et al., 2016), and there
is some justification for comparing the startle response in the lat-
ter with that in vertebrates controlled by Mauthner neurons (Ryan
et al., 2017). We do not, however, have any evidence relating
the larval locomotory center in amphioxus to either of these two
systems, and the former (the PMC) is in any case positioned too
far forward for any of its cells to be direct homologs of Mauthner
neurons, which are located in the hindbrain.

By 3 to 4 days of development, amphioxus larvae are capable of
a much greater range of swimming behaviors, from brief twitches
to either short or sustained bouts of swimming of varied intensity.
Explaining these requires either a multiplicity of circuits or, more
likely, a core circuit whose output can be modulated by one or more
accessory circuits. The TH+ system could be one such accessory
circuit, whose role may be to sustain the swimming response beyond
the time when the initiating stimulus has ceased. While we have
no direct evidence to support this, it is consistent with the obser-
vation that some of the largest terminals belonging to descending
axons that target MNs are downstream in the TH+ pathway, so
synaptic activity in these fibers could conceivably continue for some
considerable time. In addition, because the anterior-most TH+
neurons develop so early (their apices are the longest of any of
the anterior neurons) and have so many different synaptic targets,
we speculate that they may play a role throughout early develop-
ment, providing input to multiple pathways as each is established.
This implies that the functions of early- and later-developing TH+
neurons could differ, depending on which pathways happen to be
developing at any given time. Furthermore, the complexity of DA
signaling in vertebrates, which relies on multiple receptor types
and downstream effectors (Ben-Jonathan and Hnasko 2001; Callier
et al., 2003), suggests that amphioxus TH+ neurons might have
additional functions beyond the modulation of larval locomotion.
For example, because the amphioxus D1/B-adrenergic receptor
is expressed in the vicinity of the pre-oral pit, a putative pituitary
homolog (Candiani et al., 2005), there could be a neurohormonal
release of catecholamines, such as DA from amphioxus TH+ neu-

rons, similar to that occurring in vertebrate hypothalamo-pituitary
DA systems (Ben-Jonathan and Hnasko 2001).

Comparative and evolutionary considerations

The results of Moret et al. (2004) show a large anterior cluster
of DAneurons (their Population 1), whose rostral limit corresponds
to the location of our early-stage cluster of TH+ neurons. We find
similar cells in this same location in TEMs of the juvenile stage
(Fig. 5B), along with short, ventrally directed nerve tracts (Fig. 5C)
resembling those described by Moret et al. (2004) as containing
DA. This convinces us that we are almost certainly dealing with the
same group of neurons in our amphioxus specimens, regardless
of species or age, though the presence of DA itself in the larval
CNS remains to be demonstrated. By the adult stage, Population
1 occupies a dorsal domain extending from the anterior end of the
lamellar body to the beginning of somite 2, with its cells concen-
trated towards the rostral end of this domain. For the purposes of
this section, comparing our amphioxus results and those of Moret
et al. (2004) with the situation in other chordates, we will refer to
our TH+ cells as putative/pre-DA (pDA) neurons.

DA neurons in vertebrates occur in a series of nuclei in the
diencephalon and rostral midbrain (O’Connell and Hofmann 2011;
Yamamoto and Vernier 2011), but the absence of midbrain DA
centers in lampreys and teleosts (Ekstrom et al., 1992; Abalo et
al., 2005) has been interpreted as evidence that they evolved later
than those in the diencephalon (Yamamoto and Vernier 2011). If
s0, the region occupied by Population 1 DA neurons in amphioxus
should be homologous to all or part of the diencephalon. From the
rostral part of this region, pDA fibers project to the PMC, a prob-
able homolog of the vertebrate mesencephalic locomotor region
(MLR). Accordingly, the pattern in young amphioxus larvae seems
to match that in lamprey, where diencephalic DA neurons project
to the MLR (Sirota et al., 2000; Ryczko et al., 2013), and there
are comparable projections in other vertebrates from the A11 cell
group, a DA nucleus located in the caudal diencephalon. The
similarity of the amphioxus lamellar body to the pineal supports
this interpretation, implying that the whole of its extent, from the
level of the infundibular cells to nearly the end of somite 1 (i.e.
the posterior cerebral vesicle in the terminology of Lacalli et al.,
1994), is homologous to the vertebrate diencephalon. However,
on morphological grounds the issue is more complex than this
correlation implies (Lacalli 2017), and there is compelling new
molecular evidence (Albuixech-Crispo et al., 2017) thatthe domain
in question actually combines the amphioxus counterparts of the
thalamus, pretectum, and midbrain. The distinction between this
domain (the diencephalo-mesencephalon primordium, or Di-Mes
in the authors’ terminology, which we will refer to here as the
dien-mesencephalon) and the rest of the forebrain may thus be
evolutionarily more important than the conventional distinction
between forebrain and midbrain.

Comparing the distribution of DA neurons in amphioxus and
vertebrates in more detail, there is first a difference in dorsoventral
positioning. Diencephalic nuclei can be quite dorsal in vertebrates
(e.g. the pretectal nucleus, A11, and A13), while mesencephalic
nuclei (A9 and 10) are considerably more ventral. In amphioxus,
in contrast, the anterior-most of our pDA neurons (the PIN1s)
are difficult to assess in this context, as they are equally close to
both the floor plate and roof plate, while more caudal pDAs and
all of Population 1 are clearly dorsal relative to other neurons in



the cord. This is not so much a problem, as a consequence of the
difference in scale between amphioxus and vertebrate brains, and
the degree to which the dorsal surface of the latter has expanded
during evolution. As to scale, and in contrast with the situation in
vertebrates, a larval neuron in amphioxus can be quite dorsal in
relative terms and still be only a few cell diameters from the ventral
midline and floor plate. With the addition of an expanded set of
dorsal brain structures in vertebrates, cells and cell groupings that
were originally quite dorsal will become progressively ventral in
relative terms so long as their point of origin along the dorsoventral
axis of the ependymal layer is ventral to the expansion zone. Hence
there is no contradiction in supposing that dorsally positioned DA
neurons belonging to Population 1 could have homologs in later-
ally- or ventrally-positioned nuclei in vertebrates. It is also worth
noting that the close association of the anterior-most amphioxus
pDA (PIN1) neurons with the floor plate in young larvae accords
with evidence that the vertebrate floor plate is a source of DA
progenitors (e.g. Bonilla et al., 2008).

A second, and more fundamental, problem is to determine
whether the organization of the DA system in amphioxus has
anything useful to tell us about the distribution of DA neurons
across different brain regions in ancestral chordates, and hence
in vertebrates, or whether secondary alterations have changed the
organization of the amphioxus dien-mesencephalon to the point that
no meaningful phylogenetic information can be extracted fromiit. It
may well be that absence of two key organizers in amphioxus, the
zona limitans intrathalamica and the isthmus organizer, has allowed
rostral structures originally restricted by an ancestral diencephalic
domainto spread caudally and displace or otherwise alteradomain
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that was originally more midbrain-like. If so, the extension of both
the lamellar body and the DA system to the end of somite 1 is
probably secondary rather than ancestral, and the mesencephalic
DA centers of amniotes would be evolutionary innovations.

The alternative is to see the dien-mesencephalon as an an-
cestral feature preserved in amphioxus. Further, because the
dien-mesencephalon is co-extensive with the domain bounded by
the zona limitans intrathalamica and isthmic organizer, the dien-
mesencephalon counterpart in hemichordates can be identified
as lying between the latter two signaling centers. The resulting
phylogeny (Fig. 7) clearly shows evolutionary continuity in the
positioning of TH+ and DA neural centers from basal deutero-
stomes to vertebrates. The extended distribution of DA neurons
through the whole domain in amphioxus, assuming this reflects
the ancestral condition, provides, in principle, sufficient precur-
sors over an extended distance for the evolutionary elaboration of
both diencephalic and mesencephalic DA centers in vertebrates.
The absence of the latter in lampreys and teleosts would then be
due to secondary loss, which is plausible, given that midbrain DA
populations are present in elasmobranchs (Carrera et al., 2012).

In this context, it is a meaningful exercise to try to determine
where, withinthe combined domain in amphioxus, atransition occurs
between structures and cell types that map to the diencephalon and
those that map to the midbrain. Chief among the latter is the PMC,
a plausible homolog of the vertebrate MLR, which implies that the
mesencephalic part of the amphioxus dien-mesencephalon begins
atleast as far forward as the PMC. Further, since the diencephalon
does not give rise to motor nerves, the anterior-most of these in
amphioxus, located about 20 um forward of the boundary between

Fig. 7. Evolutionary continuity of dien-
mesencephalic tyrosine hydroxylase (TH)+
neurons in deuterostomes. A comparison
of comparable neural domains in developing
stages of a hemichordate, amphioxus, and
an amniote vertebrate, showing that the
domain defined as lying between the zona
limitans intrathalamica (ZL/, vertical red line)
and isthmic organizer (IsO, vertical blue line)
or, for hemichordates, their homologs, cor
responds with the dien-mesencephalon (Di-
Mes) (shown in pink) of Albuixech-Crespo et
al. (2017), which is also where populations of
DA and TH+ neurons reside. Hemichordates
have an intraepithelial nervous system, but
Pani et al. (2012) have shown that the same
genetic markers that define this domain in the
vertebrate brain do so as well in hemichor
dates, and that it corresponds to the collar
(C). The zone in question is a site of TH+ and
DAergic neuronal populations according to
Pani et al. (2012) for hemichordates, and this
accountand Moretetal. (2004) foramphioxus.
In vertebrates, reviewed by Yamamoto and
Vernier (2011), there are DA nuclei in both the

mesencephalic (Mes) and caudal diencephalic (Di) parts of the brain, and in the hypothalamus, though this varies between taxa. Here, TH+ and DA cell
groupings associated with the Di-Mes are shown in green, though in hemichordates (green asterisk) their precise location has not been described. There
is currently no evidence in amphioxus for homologs of vertebrate hypothalamic DA nuclei (orange), but if these are ancient features of deuterostomes,
they might also be present in hemichordates. If so, their expected location would be anterior to the ZLI, i.e. in the proboscis. It is not currently clear
whether the absence of a fully internalized CNS in hemichordates is a secondary simplification, or reflects the ancestral condition, with internalization
occurring early in the chordate lineage as shown here. Abbreviations: 1-4, character states; C, collar; CNS, central nervous system; Di, diencephalon;
Di-Mes, dien-mesencephalon; IsO, isthmic organizer; Mes, mesencephalon; F, proboscis; T, trunk; ZLI, zona limitans intrathalamica.
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somites 1 and 2in 12-day B. floridae larvae, should also be mesen-
cephalic. The lamellar body expands caudally beyond this pointin
late stage larvae (e.g. see Fig. 12, in Lacalli 2002), which prompts
us to suggest that some of this increase in size may be to meet a
functional demand. The sizeable mass of close-packed lamellae of
which the lamellar body is composed implies that monitoring day
length, its supposed function, requires maximal sensitivity to very
low light levels. Expanding caudally into adjacent CNS domains
to achieve greater size and light-gathering ability might then be
advantageous, but would compromise the value of the lamellar
body as marker of any one CNS domain.

In summary, our observations, together with those of Moret et
al. (2004), accord with the molecular data of Albuixech-Crespo et
al. (2017) in identifying a domain extending from the front of the
lamellar body to the end of somite 1 that is both the exclusive site
in which dorsal DA (i.e. Population 1) and pDA neurons are found,
and which also expresses molecular markers characteristic of the
dien-mesencephalon as defined by the latter authors. So long as
this unified domain reflects the ancestral condition rather then
being secondarily derived, the DA neurons of Population 1 span
a sufficient anteroposterior distance by the adult stage to provide
progenitors to populate both brain regions. The mostrostral neurons
in Population 1 would then find their homologs among diencephalic
nuclei (e.g. A11 and 13), while more caudal neurons would more
likely have mesencephalic counterparts (A9 and 10). Our data
unfortunately tell us nothing about the origin of more rostral DA
nuclei, i.e. those located in the hypothalamus. However, consider-
ing the opportunism we observed during DA cell development in
amphioxus, our analysis may explain one curious feature of the
vertebrate DA system: that the caudal projections to the locomotory
centers arise from A11, a diencephalic nucleus, whereas the more
caudal midbrain nuclei project forward to telencephalic structures.
One could argue that the anterior-most DA neurons have always,
in chordates, played a key role in establishing the first locomotory
control circuits, but once this is accomplished during development,
later developing, more caudal DA neurons are free to participate
in other circuits, including those supplying newly evolved and later
developing structures, e.g. in the forebrain. We suggest this flex-
ibility may be the key to understanding the role DA neurons play
both evolutionarily and functionally in the vertebrate brain.

Materials and Methods

Obtaining animals and embryos, and TH cDNA cloning

Adult amphioxus (B. lanceolatum) were collected in the bay of Argelés-
sur-Mer, France, gametes were obtained by thermal stimulation (Fuentes et
al., 2004), and embryos and larvae were fixed as described by Candiani et
al., (2015). Total RNA from B. lanceolatum adults was extracted using the
TRIzol LS reagent (Invitrogen, USA) and treated with RNAse-free DNAse
| (Ambion Europe Ltd., UK) according to the manufacturer’s recommenda-
tions to digest genomic DNA. First-strand cDNA was synthesized with 5
ug of RNA using the SuperScript first-strand synthesis system (Invitrogen,
USA) and oligo(dT) primers. Using the available sequence of the B. lanceo-
latum TH gene (accession number: AJ577809), we designed the following
primers to amplify, by PCR, a partial clone of the B. lanceolatum TH gene:
5-TTCGATAGACTGCCCGCCATCTTG-3’and 5-CTTGATTTCCGGCTT-
GCCAGACA-3'. The PCR product, with a length of 1063 bp, was directly
cloned using a TOPO TA cloning kit (Invitrogen, USA) and subsequently
verified by sequencing of both DNA strands using a PerkinElmer 377 Prism
DNA Sequencer (PerkinElmer, USA) sequencing machine.

Whole mount in situ hybridization and immunohistochemistry

TH mRNA expression was assessed by in situ hybridization of B.
lanceolatum embryos and larvae fixed at different developmental stages
(Candiani et al., 2015). The partial B. lanceolatum TH clone obtained was
used as template for the synthesis of antisense and sense riboprobes.
After in situ hybridization, images were obtained using an Olympus IX71
microscope (Olympus ltalia S.R.L., Italy) equipped with a chilled color digital
camera, ColorView Il (Soft Imaging System GmbH, Germany). Images
were subsequently processed using the analySIS software package (Soft
Imaging System GmbH, Germany).

For immunohistochemistry, fixed amphioxus larvae were washed sev-
eral times with PBS (phosphate buffered saline, 0.1M, pH 7.4) for 1h and
then immersed in blocking buffer (PBS plus 0,3% Triton X-100 and 1.5%
BSA) for 1h. Larvae were then incubated in primary antibodies, anti-TH
rabbit polyclonal antibody from Millipore (USA) (AB152) or anti-DA rabbit
polyclonal antibody from Abcam (France) (ab8888) and anti-acetylated f3-
tubulin antibody from Sigma Aldrich (USA) (T6793). All primary antibodies
were applied at a dilution of 1:500 in blocking buffer for 48h at 4°C. The
specimens were then washed in several changes of PBS and incubated, at
4°C overnight, in the nucleic acid dye Hoechst/bisBenzimid from Invitrogen
(USA) and in the secondary antibodies, anti-rabbit IgG Alexa Fluor®488
from Thermo Fisher Scientific (USA) (A-11008) and anti-mouse Cy3™
from Bethyl Laboratories Inc. (USA) (A90-516C3). Hoechst was applied
at a dilution of 1:5000, and the secondary antibodies at dilutions of 1:800
for anti-rabbit IgG Alexa Fluor®488 and 1:1500 for anti-mouse Cy3™. After
several rinses with PBS, larvae were mounted in Mowiol (Sigma Aldrich,
USA) and imaged using a Leica TCS SP5 confocal laser scanning micro-
scope (Leica Microsystems, Germany).

Transmission electron microscopy (TEM)

For TEM, the principle subject was a single 300 hpf (12-day) larva of B.
floridae, prepared, serially sectioned, and reconstructed following methods
described by Lacalli et al. (1994). The section series, described previously
but re-examined here, extends from the front of the nerve cord to the end
of somite 2. We also included TEM data from sections through a newly
metamorphosed juvenile, sectioned at 2 um intervals through the first two
somites, and prepared following the same methods.

Filming larval swimming behavior

B. lanceolatum larvae at either 27, 30 or 72 hpf were transferred into a
Petri dish containing 2.5 ml artificial seawater and left under a stereomicro-
scope to acclimatize for 10 min. Larval swimming movements were then
filmed at 200 frames/sec with a Hamamatsu Flash4 camera (Hamamatsu
Photonics, Japan). The movies obtained were exported at 7 frames/sec
using the Imaged software (Schneider et al., 2012).
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