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Abstract

In the sea slug Tritonia diomedea, mucociliary crawling is
controlled partly by two pairs of bilaterally symmetrical neu-
rons located in the pedal ganglia. These neurons, known as
the Pedal 5 and Pedal 6 cells, produce a class of neuropep-
tides called TPeps. Using immunohistochemistry we identi-
fied TPep-likeimmunoreactive (TPep-LIR) neuronsin diverse
nudibranch species. All species examined had 2-7 large,
TPep-LIR cells located in each pedal ganglion. The absolute
size of the largest TPep-LIR neuron was correlated with foot
size. Species with a bigger foot size tended to have larger
TPep-LIR cells. However, the number of cells in a given spe-
cies was not correlated with the size of the adult foot. The
presence of large, TPep-LIR cells across the nudibranchs sug-
gests that part of the neural circuitry controlling mucociliary
locomotion has been conserved, although the size and num-
ber of cells is variable across species. We conclude that the
motor circuit underlying crawling might adapt to changes in
foot size by changing the size of motor neurons in the circuit,
but that changes in cell number are not directly related to

foot size. Copyright © 2008 S. Karger AG, Basel

Introduction

In the search for general principles of how evolution
shapes neural circuits, a fundamental issue is identifying
which elements of nervous systems tend to be conserved
and which elements are evolutionarily labile [Croll, 1987;
Breidbach and Kutsch, 1995]. One strategy for identifying
evolutionarily labile traits in the nervous system is to look
for variation in closely related species. Ideally, this ner-
vous system variation can be correlated with behavioral
and morphological traits to help understand how the ner-
vous system evolves in response to selection on behav-
ioral or morphological phenotypes [Paul, 1991]. In this
study, we examined part of the neural circuitry that con-
trols crawling in the nudibranch gastropods, or sea slugs,
and looked for correlations between neuroanatomy and
foot size.

Whereas most slugs and snails crawl using muscular
waves, the nudibranchs crawl using mucociliary locomo-
tion [Agersborg, 1922, 1923; Audesirk, 1978; Crow and
Tian, 2003]. Mucociliary crawling in the sea slug Tritonia
diomedea is controlled in part by the bilaterally symmet-
rical Pedal 5 (Pd5) and Pedal 6 (Pd6) cells. The Pd5 and
Pd6 cells cause an increase in the ciliary beat frequency
at the pedal epithelium and thereby increase crawling
speed [Willows et al., 1997; Popescu and Frost, 2002;
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Wang et al., 2003]. Anatomical findings suggest that the
Pd5 cells innervate the entire foot and the Pd6 cells in-
nervate the anterior end of the foot [Popescu and Wil-
lows, 1999; Wang et al., 2003; Cain et al., 2006].

The Pd5 and Pd6 cells are easily identifiable in T. dio-
medea because of their size and location [Willows et al.,
1973]. The cells are large, up to 500 pm in diameter, and
are located on the dorsal surface of the pedal ganglia. The
Pd5 and Pdé6 cells are also identified by the presence of
the neuropeptides TPeps [Lloyd et al., 1996; Beck et al,,
2000]. TPeps cause an increase in ciliary beating when
applied to isolated patches of the ciliated pedal epitheli-
um and when applied to isolated ciliated cells [Willows et
al., 1997]. TPep-like immunoreactive (TPep-LIR) cells of
asimilar size and location to the T. diomedea Pd5 and Pd6
cells have been identified in the central ganglia of the nu-
dibranch Phestilla sibogae [Croll etal.,2001]. In this study,
we examined 11 additional species of nudibranchs for the
presence of similar TPep-LIR cells.

A common finding in comparative neuroanatomical
studies is that cell types are conserved but the number of
cells of a given type are variable [Paul, 1991; Turrigiano
and Selverston, 1991; Witten and Truman, 1998; Katz and
Harris-Warrick, 1999; Tierney et al., 1999; Page and Par-
ries, 2000; Katz et al., 2001; Page, 2002; Espinoza et al,,
2006; Newcomb et al., 2006]. One hypothesis for changes
in cell number is that cell number might be correlated
with the size of the target organ [Marois and Carew, 1997;
Page and Parries, 2000]. Because the Pd5 and Pd6 cells in
T. diomedea are motor neurons involved in crawling, we
hypothesized that the number of large, TPep-LIR cells in
the pedal ganglia would be correlated with the size of the
foot. Additionally, within an individual species, cell size
appears to be correlated with the innervation area [Gil-
lette, 1991; Moroz et al., 1997]. Motor neurons with large
target areas tend to have large somas, whereas interneu-
rons and sensory neurons, which tend to have smaller
target areas, have smaller somas [Gillette, 1991]. Because
cell size is correlated with innervation area within a spe-
cies, we hypothesized that target area should also be cor-
related with the size of motor neurons across species.

Using immunohistochemistry, we found that the pres-
ence of large, TPep-LIR cells similar to the Pd5 and Pd6
cells in T. diomedea was conserved across the nudi-
branchs. All species examined had 2-7 large, TPep-LIR
cells in each pedal ganglion. By mapping the number of
cells onto a nudibranch phylogeny, it appears that the
number of cells has changed multiple times within the
nudibranchs. Using independent contrasts methods, we
found that the size of the largest TPep-LIR neurons was

Comparative TPep-LIR Neurons in
Nudibranch Molluscs

positively correlated with the size of the foot. However,
the relative size of the TPep-LIR cells, calculated as the
width of the cell divided by the width of the pedal gan-
glion, was not correlated with the foot size; therefore, the
correlation between motor neuron size and foot size
might be an effect of scaling rather than an effect of selec-
tion for larger cells in species with a larger foot. We also
found that the number of TPep-LIR cells was not corre-
lated with foot width. Therefore, although the presence
of two or more large, TPep-LIR cells in all species of nu-
dibranchs suggests that part of the neural circuitry con-
trolling crawling in nudibranchs is conserved, the num-
ber of motor neurons is evolutionarily labile but is not
directly related to foot size.

Materials and Methods

Animal Collection

All animals were collected within the state of Washington,
USA. Tritonia diomedea and Dendronotus iris were trawled from
Bellingham Bay at depths of approximately 30 m. Tritonia festiva
and Armina californica were collected from Dash Point State Park
and Seahurst Park by SCUBA divers. All other species were col-
lected by net or by hand from the area around San Juan Island. All
animals were maintained in flow-through seawater tanks at the
University of Washington Friday Harbor Laboratories.

Immunohistochemistry

Ganglia were immunolabeled for TPep using a protocol mod-
ified from Beck et al. [2000]. The TPeps are a trio of 15-amino acid
long peptides (TPep-PLS, TPep-PAR and TPep-NLS) that differ
at positions 1, 8 and 12 [Lloyd et al., 1996]. We used antiserum to
TPep-NLS that was provided by A.O.D. Willows. The central gan-
glia were removed from individuals representing 12 gastropod
species (table 1). Brain samples were fixed at 4°C for 5 to 12 h in
4% paraformaldehyde in filtered sea water (FSW) with 50 mM Tris
and subsequently rinsed twice in FSW, then three times in PBS
(phosphate buffer, saline), at room temperature for at least 2 h.
The brains were permeabilized in PTA (PBS with 4% Triton-X 100
and 0.1% NaNj) for 12 to 24 h, then incubated at 4°C in PTA with
6% normal donkey serum (NDS) for 6-12 h, followed by incuba-
tion at 4°C in PTA, 6% NDS, and 0.2% rabbit anti-TPep-NLS
[Willows et al., 1997] for 24-48 h. After being rinsed 5 times in
PTA over 12 h at room temperature, the central ganglia were in-
cubated at 4°C in PTA with 6% NDS for 12-24 h, then incubated
at4°Cin PTA, 6% NDS, and 0.125% Alexafluor 488 donkey anti-
rabbit IgG (Molecular Probes, Eugene, Oregon, USA) for 24-
48 h. Brains were then rinsed at room temperature 5 times in PBS
over 12 h. Finally, the brains were dehydrated through an ethanol
series, cleared with xylenes, and mounted in DPX.

As a control, the secondary antibody was omitted from the
second incubation solution. None of the control tissue showed any
TPep-like immunolabeling. To control for non-specific labeling
by the secondary antibody, brains were incubated without the
TPep-NLS antiserum. Again, none of this control tissue showed
labeling by the secondary antibody. To control for non-specific
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Table 1. Summary of species examined for TPep-like immunore-
activity in the central ganglia

Subclass Opisthobranchia
Order Nudibranchia
Suborder Aeolidoidea Aeolidia papillosa

Hermissenda crassicornis
Armina californica
Dirona albolineata
Janolus fuscus
Dendronotus albus
Dendronotus iris
Melibe leonina

Tritonia diomedea
Tritonia festiva

Cadlina leutomarginata
Rostanga pulchra

Suborder Arminoidea

Suborder Dendronotoidea

Suborder Doridoidea

labeling of our primary antibody, we added 100 pM TPep-NLS to
our primary antibody solution 24 h before incubating the tissue
in the antibody solution. We processed brains from Armina cali-
fornica with the pre-incubated primary antibody. Tissue that was
processed with the pre-incubated TPep-NLS antiserum did not
show any TPep-like immunolabeling. All TPep-immunolabeling
was imaged with a Bio-Rad Radiance confocal microscope and
captured using Bio-Rad LaserSharp2000 software (Bio-Rad Lab-
oratories, Hercules, Calif., USA).

One of the T. diomedea brains used for statistical analyses was
previously immunolabeled with a TPep-NLS antibody by Shaun
D. Cain using a similar protocol [unpublished data]. The T. dio-
medea brain immunolabeled with a TPep-NLS antibody pub-
lished in Beck et al. [2000] was also used for statistical analyses.

Size Measurements

Measurements of cell size and ganglion width were made in
NIH Image] 1.32. To control for variation in animal size among
species, we standardized cell size by dividing cell width by gan-
glion width. This ratio is termed ‘relative cell size’. The width of
the TPep-LIR cells was measured along the longest visible axis
(fig. 1). The width of the ganglion was measured at the widest
point along the anterior-posterior axis and at the widest point
along the transverse axis. For most species, when viewing the dor-
sal surface, the pedal ganglia were roughly circular. However, for
some species, such as D. albolineata, the ganglia tended to be wid-
eralong the transverse axis than they were along the anterior-pos-
terior axis. Other species, such as D. iris tended to be wider along
the anterior-posterior axis. Therefore, for each individual, we
used the longer axis for our measurement of ganglion width.

Neurons were designated as ‘large’ if the relative cell size was
greater than 0.10, meaning the cell width was greater than 10% of
the width of the pedal ganglion. This value was chosen on the ba-
sis of measurements of the T. diomedea TPep-LIR cells in Beck et
al. [2000]. On the dorsal surface of each pedal ganglion in this
species, there were three prominent cells (Pd5, Pd6 and Pedal 7
(Pd7)) that all exceeded a relative cell size of 0.20. A fourth cell
was slightly smaller and had a relative size of 0.11 on the left ped-
al ganglion and 0.16 on the right pedal ganglion. The next biggest
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Fig. 1. Schematic diagram of the central ganglia of Tritonia dio-
medea. Brain is shown dorsal-side up. The width of the ganglion
was measured at the widest point along the anterior-posterior axis
and at the widest point along the transverse axis. The width of the
TPep-like immunoreactive (TPep-LIR) neurons was measured
along the longest visible axis.

Suborder

C. leutomarginata
Doridoidea
R. pulchra

A. californica
D. albolineata Arminoidea

J. fuscus

A. papillosa
pap Aeolidoidea
H. crassicornis

T. diomedea
T. festiva
M. leonina Dendronotoidea

D. albus

D. iris

Fig. 2. Nudibranch phylogeny used for independent contrasts
analyses. The relationship between suborders is a summary of
phylogenies based on morphological characteristics and molecu-
lar markers [Wigele and Willan, 2000; Wollscheid-Lengeling et
al., 2001]. Tritonia diomedea and Tritonia festiva are grouped to-
gether based on their taxonomic classification, as are Dendrono-
tus iris and Dendronotus albus.

cell appeared distinctly smaller and had a relative size of 0.07 on
the left pedal ganglion and 0.09 on the right pedal ganglion.
Therefore, a relative cell size of 0.10 was selected as the cut-off be-
tween ‘medium’ and ‘large’ cells.

Measurements of foot size were made in Adobe Illustrator
from images of adults of each species while the animals were
crawling. We measured the length of foot along the midline. We
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Fig. 3. TPep-like immunolabeling in Cad-
lina leutomarginata. A TPep-like immu-
noreactivity on the dorsal surface of the
central ganglia of C. leutomarginata. Ar-
rows indicate the large TPep-LIR neurons
in the pedal ganglia. Brightness and con-
trast were adjusted in Adobe Photoshop.
Scale bar = 250 pm. B Schematic diagram
summarizing TPep-LIR neurons on the
dorsal surface of the central ganglia. The
large TPep-LIR cells are shaded. The gan-
glia, nerves and cell bodies were traced
from confocal micrographs in Adobe II-
lustrator. The projection patterns of neu-
rites were determined using NIH Image].
C TPep-like immunoreactivity on the ven-
tral surface of the central ganglia. Arrows
indicate the large TPep-LIR neurons in
the pedal ganglia. Scale bar = 250 pm.
D Schematic diagram summarizing TPep-
LIR neurons on the ventral surface of the
central ganglia. The large TPep-LIR cells
are shaded.

measured the width of the foot perpendicular to the midline half-
way along the length of the foot. The shape of the foot varies great-
ly depending on the behavioral state of the animal, but while
crawling the foot is flat and maintains a relatively constant shape
[Copeland, 1919, 1922; Audesirk, 1978]. Because foot length and
width are correlated, we performed a principal component analy-
sis in MATLAB (The Mathworks, Natick, MA) to collapse length
and width into the single variable ‘foot size’.

Data Analysis

When making comparisons among phenotypic traits in mul-
tiple species, data points are not statistically independent because
of the hierarchal nature of phylogenetic relationships [Felsen-
stein, 1985; Harvey and Pagel, 1991]. Independent comparison
methods use actual trait values and phylogenetic relationships to
assign ancestral trait values to the nodes of the phylogeny. The
assigned nodal values are then used to compare each pair of spe-
cies, or pair of nodes, that share a common ancestor [Felsenstein,
1985; Harvey and Pagel, 1991]. Independent contrasts regression
analyses were performed using the PDAP module in Mesquite
version 1.06 [Garland et al., 1992, 1993; Midford et al., 2003; Mad-
dison and Maddison, 2005]. The nudibranch phylogeny shown in
figure 2 was used for these analyses.

To determine if the size or number of TPep-LIR cells is cor-
related with size, we performed independent contrasts regression
analyses for: (a) the absolute size of the largest TPep-LIR cell; (b)
the relative size of the largest TPep-LIR cell; and (c) the number
of large TPep-LIR cells vs. the first principal component of foot
length and width (i.e., foot size). The number of cells used in the
analyses was the number of individually identifiable TPep-LIR
cells with a relative cell size greater than 0.10.

Comparative TPep-LIR Neurons in
Nudibranch Molluscs

The results of independent contrasts regression analyses are
affected by the branch lengths assigned to the phylogeny. There
are various methods available in Mesquite for assigning branch
lengths. One of the assumptions of independent contrasts re-
gression analyses is that there is no correlation between the size
of the contrast value and its standard deviation [Pagel, 1992]. To
determine which method we should use to assign branch lengths,
we examined the relationship between the size of the contrast
value and its standard deviation for each variable when branch
lengths were assigned using a number of methods available in
Mesquite. There was no method of assigning branch length
available that produced no significant correlations for all the
variables tested. By assigning ‘All Branch Lengths to 1.0’ then
‘Branch Length Method of Nee’, followed by ‘Grafen’s [1989]
Rho transform’ with Rho = 0.5, there were no significant cor-
relations between the size of the contrast value and its standard
deviation for any of the variables tested. This method was there-
fore used to assign branch lengths for independent contrasts re-
gression analyses.

Results

Immunohistochemistry

Suborder Doridoidea

Cadlina leutomarginata. In C. leutomarginata, both

the right and left pedal ganglia had four large, TPep-LIR
cells (fig. 3). Two cells were located on the dorsal surface
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Fig. 4. TPep-like immunolabeling in Ros-
tanga pulchra. A TPep-like immunoreac-
tivity on the dorsal surface of the central
ganglia of R. pulchra. Arrows indicate the
large TPep-LIR neurons in the pedal gan-
glia. Brightness and contrast were adjusted
in Adobe Photoshop. Scale bar = 125 pm.
B Schematic diagram summarizing TPep-
LIR neurons on the dorsal surface of the
central ganglia. The large TPep-LIR cells
are shaded. C TPep-like immunoreactivity
on the ventral surface of the central gan-
glia. Arrows indicate the large TPep-LIR
neurons in the pedal ganglia. Scale bar =
125 pm. D Schematic diagram summariz-
ing TPep-LIR neurons on the ventral sur-
face of the central ganglia. The large TPep-
LIR cells are shaded.

Table 2. Summary of foot dimensions and of large TPep-LIR cells in the pedal ganglia

Species Cells Largest right pedal cell Largest left pedal cell Foot dimensions

n cell width relative size n cell width relative size n length width

(um * SE) (= SE) (um * SE) (= SE) (mm * SE) (mm * SE)

C. leutomarginata 4 4 186%x7 0.36x0.03 4 173 £8 0.34%+0.02 2 296 9%2
R. pulchra 2 3 92*%1 0.27£0.01 3 97x3 0.29£0.02 5 19+4 7%x1
A. californica 7 5 146=x21 0.18£0.02 6 155113 0.19+0.01 2 768 32x1
D. albolineata 5 3 195%x10 0.26%0.03 3 183+24 0.23£0.01 7 464 14x1
J. fuscus 4 4 121%5 0.25%0.02 4 128%2 0.24%+0.01 2 54*16 l16+4
A. papillosa 5 3 202x24 0.27%x0.01 3 212%36 0.28+0.02 2 42+ 4 11x1
H. crassicornis 3 3 129x23 0.24%0.02 3 133%19 0.24%0.01 3 30%3 7x2
T. diomedea 4 3 287%22 0.28£0.05 3 29637 0.30%0.04 3 17115 71%4
T. festiva 4 3 232%8 0.31+0.01 3 221%35 0.31x0.05 2 6716 247
M. leonina 2 7 134x20 0.19%0.01 6 127%x16 0.18£0.01 5 66E38 8x1
D. albus 3 4 203%x12 0.43%+0.03 4 1859 0.37%x0.03
D. iris 3 3 276%43 0.12%0.01 3 273x24 0.13£0.01

and two were on the ventral surface. The largest cell, lo-
cated on the dorsal surface, had a mean width of 186 *+
7 pm (mean * SE;n =4) in the right pedal ganglion and
173 £ 8 wm (n = 4) in the left pedal ganglion (table 2).
In the right pedal ganglion, the mean relative cell size
(cell width divided by ganglion width) of the largest
TPep-LIR cell was 0.36 * 0.03. In the left pedal ganglion,
the mean relative cell size was 0.34 £ 0.02.

Rostanga pulchra. R. pulchra had two large, TPep-LIR
cells in each pedal ganglion (fig. 4). The largest cell, lo-
cated on the ventral surface, had a mean width of 92 *
1 wm (n = 3) in the right pedal ganglion and 97 * 3 um
(n=3) in the left pedal ganglion, with a mean relative size
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0f0.27 * 0.01 in the right pedal ganglion and 0.29 * 0.02
in the left pedal ganglion. The large TPep-LIR cell on the
ventral surface in each ganglion had three major branch-
es. One branch projected towards the anterior nerve of
the pedal ganglion, one branch entered the anterolateral
nerve of the pedal ganglion, and one entered the postero-
lateral nerve. The large TPep-LIR cell on the dorsal sur-
face in each ganglion had a major branch that projected
out the posterolateral nerve.

There was a cluster of 30-35 TPep-LIR cells on the
medial margin of the ventral surface of each pedal gan-
glion. In one specimen, the largest one of these cells had
a relative size of 0.11 in the right pedal ganglion and 0.10

Baltzley/Lohmann



Fig. 5. TPep-like immunolabeling in Armina californica. A TPep-
like immunoreactivity on the dorsal surface of the central ganglia
of A. californica. Arrows indicate the large TPep-LIR neurons in
the pedal ganglia. Brightness and contrast were adjusted in Adobe
Photoshop. Scale bar = 250 wm. B Schematic diagram summariz-
ing TPep-LIR neurons on the dorsal surface of the central ganglia.
The large TPep-LIR cells are shaded. Arrows indicate likely ho-
mologues of the Pd5 neurons in T. diomedea. C TPep-like immu-

in the left pedal ganglion. This cell was not reliably iden-
tifiable in other specimens and is therefore not included
in the regression analyses of the number of large TPep-
LIR cells vs. foot length, width and area (table 2).

Suborder Arminoidea

Armina californica. The right pedal ganglia of five an-
imals were immunolabeled. The largest TPep-LIR cell
was located near the posterior edge of the dorsal surface
of the ganglion (fig. 5). This cell had a mean width of 146
+ 21 pm and a mean relative size of 0.18 = 0.02. There
were six additional large, TPep-LIR cells, with mean rel-
ative sizes ranging from 0.16 £ 0.01 to 0.11 * 0.01.

The left pedal ganglia of six animals were immunola-
beled. As in the right pedal ganglion, there was a large
TPep-LIR cell near the posterior edge of the dorsal sur-
face. This cell had a mean width of 155 * 13 pm and a
mean relative size of 0.19 * 0.01. There were six addi-
tional large, TPep-LIR cells, with mean relative sizes
ranging from 0.15 £ 0.01 to 0.10 = 0.01.

In one of the preparations, it was possible to determine
the projection pattern of some of the large, TPep-LIR
cells. The largest TPep-LIR cell in both pedal ganglia had
a primary neurite that bifurcated and sent a branch into
each of the two lateral nerves of the pedal ganglion. The
morphology of this cell is similar to that of Pd5 in T. dio-

Comparative TPep-LIR Neurons in
Nudibranch Molluscs

noreactivity on the ventral surface of the central ganglia. Arrows
indicate the large TPep-LIR neurons in the pedal ganglia. The
cellsindicated by arrowheads are the same cells as the large TPep-
LIR cellslocated at the posterolateral margin of the dorsal surface.
Scale bar = 250 pm. D Schematic diagram summarizing TPep-
LIR neurons on the ventral surface of the central ganglia. The
large TPep-LIR cells are shaded. Arrows indicate likely homo-
logues of the Pd6 neurons in T. diomedea.

medea and is likely a Pd5-homologue. The cell located on
the posterolateral margin of the dorsal surface had a pri-
mary neurite that bifurcated and sent one branch towards
the fused cerebral-pleural ganglia. The target of the sec-
ond branch could not be determined. The smallest and
most anterior of the large, TPep-LIR cells on the dorsal
surface also appeared to have a primary neurite that bi-
furcated, with one branch extending into the neuropil of
the pedal ganglion and a second branch projecting into
the anterior nerve of the pedal ganglion.

The largest TPep-LIR cell on the ventral surface in
both pedal ganglia had a primary neurite that bifurcated
and sent one branch into the anterior nerve and the oth-
er branch into the anterolateral nerve. This cell is likely
the homologue of the Pd6 cell in T. diomedea. One of the
other cells on the ventral surface had a primary neurite
that bifurcated and sent one branch toward the cerebral-
pleural ganglia and one towards the anterior nerve of the
pedal ganglion.

Dirona albolineata. All three individuals had 5 large
TPep-LIR cells on the dorsal surface of the right pedal
ganglion (fig. 6). The largest of these cells had a mean
width of 195 * 10 wm and a mean relative size of 0.26 *+
0.03. All 3 individuals had 5 large TPep-LIR cells on the
dorsal surface of the left pedal ganglion. The largest of
these cells had a mean width of 183 * 24 pm and a mean
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Fig. 6. TPep-like immunolabeling in Dirona albolineata. A TPep-
like immunoreactivity on the dorsal surface of the central ganglia
of D. albolineata. Arrows indicate the large TPep-LIR neurons in
the pedal ganglia. Brightness and contrast were adjusted in Adobe
Photoshop. Scale bar = 250 wm. B Schematic diagram summariz-
ing TPep-LIR neurons on the dorsal surface of the central ganglia.
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Fig. 7. TPep-like immunolabeling in Janolus fuscus. A TPep-like
immunoreactivity on the dorsal surface of the central ganglia of
J. fuscus. Arrows indicate the large TPep-LIR neurons in the ped-
al ganglia. The cell indicated by arrowhead is the same cell as the
large TPep-LIR cell located at the lateral margin of the ventral
surface. Brightness and contrast were adjusted in Adobe Photo-
shop. Scale bar = 250 wm. B Schematic diagram summarizing

relative size 0f0.23 £ 0.01. There was also a cluster of five
or six TPep-LIR cells on the lateral margin of both pedal
ganglia. In one specimen, two of these cells in the left
pedal ganglion had a relative size greater than 0.10 (ac-
tual value = 0.11 and 0.12). In another specimen, one of
these cells in the right pedal ganglion had a relative size
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The large TPep-LIR cells are shaded. Arrows indicate likely ho-
mologues of the Pd5 neurons in T. diomedea. Arrowheads indi-
cate likely homologues of the Pd6 neurons in T. diomedea. C
TPep-like immunoreactivity on the ventral surface of the central
ganglia. Scale bar = 250 wm. D Schematic diagram summarizing
TPep-LIR neurons on the ventral surface of the central ganglia.

TPep-LIR neurons on the dorsal surface of the central ganglia.
Thelarge TPep-LIR cells are shaded. C TPep-like immunoreactiv-
ity on the ventral surface of the central ganglia. Arrows indicate
the large TPep-LIR neurons in the pedal ganglia. Scale bar = 250
pm. D Schematic diagram summarizing TPep-LIR neurons on
the ventral surface of the central ganglia. The large TPep-LIR cells
are shaded.

greater than 0.10 (actual value = 0.12) and one of these
cells in the left pedal ganglion had a relative size greater
than 0.10 (actual value = 0.11). However, because these
cells were not individually identifiable in other speci-
mens, they were not included in the regression analysis
of the number of large TPep-LIR cells vs. foot size.

Baltzley/Lohmann



Fig. 8. TPep-like immunolabeling in Aeolidia papillosa. A TPep-
like immunoreactivity on the dorsal surface of the central ganglia
of A. papillosa. Arrows indicate the large TPep-LIR neurons in the
pedal ganglia. Brightness and contrast were adjusted in Adobe
Photoshop. Scale bar = 250 um. B Schematic diagram summariz-
ing TPep-LIR neurons on the dorsal surface of the central ganglia.

In both ganglia, the primary neurite of the largest and
most medial TPep-LIR cell bifurcated. It appeared to
send one branch out the anterolateral nerve of the pedal
ganglion and the second branch towards the posterolat-
eral nerve. Based on morphology, this cell is likely ho-
mologous to the T. diomedea Pd5 cell. The second largest
cell, located on the posterior margin of the pedal gan-
glion, also had a primary neurite that bifurcated, sending
one branch into the anterior nerve of the pedal ganglion
and sending the other branch towards the lateral nerves.
This cell is likely homologous to the T. diomedea Pd6 cell.
One of the other large, TPep-LIR cells appeared to send
a neurite into the ipsilateral cerebral-pleural ganglion.

Janolus fuscus. Four animals were examined. There
were 4 large TPep-LIR cells in each pedal ganglion. The
largest TPep-LIR cell in the right pedal ganglion had a
mean width of 121 £ 5 wm and a mean relative size of
0.25 % 0.02 (fig. 7). The largest TPep-LIR cell in the left
pedal ganglion had a mean width of 128 £ 2 um and a
mean relative size of 0.24 % 0.01.

Suborder Aeolidoidea

Aeolidia papillosa. A. papillosa had 4 large, TPep-LIR
cells on the dorsal surface of the right pedal ganglion
(fig. 8). The largest of the cells was had a mean width of
202 * 24 pm and a mean relative size of 0.27 £ 0.01
(n = 3). Likewise, there were 4 large, TPep-LIR neurons
on the dorsal surface of the left pedal ganglion. The larg-
est of the cells had a mean width of 212 = 36 pum and a
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Thelarge TPep-LIR cells are shaded. C TPep-like immunoreactiv-
ity on the ventral surface of the central ganglia. Arrows indicate
the large TPep-LIR neurons in the pedal ganglia. Scale bar = 250
pm. D Schematic diagram summarizing TPep-LIR neurons on
the ventral surface of the central ganglia. The large TPep-LIR cells
are shaded.

mean relative size of 0.28 * 0.02 (n = 3). There was also
one large TPep-LIR cell on the medial margin of each
pedal ganglion. The smallest and most lateral of the large,
TPep-LIR cells appeared to have a primary neurite that
projected into the posterolateral nerve of the pedal gan-
glion.

Hermissenda crassicornis. H. crassicornis had 3 large,
TPep-LIR cells on the dorsal surface of the right pedal
ganglion (fig. 9). The largest of the cells had a mean width
of 129 * 23 um and a mean relative size of 0.24 + 0.02
(n = 3). There were also 3 large TPep-LIR cells on the dor-
sal surface of the left pedal ganglion. The largest of the
cells had a mean width of 133 £ 19 wm and a mean rela-
tive size 0of 0.24 * 0.01 (n = 3). There was also a cluster of
about 15 TPep-LIR cells on the lateral margin of both
pedal ganglia. In one specimen, one of these cells in the
right pedal ganglion had a relative size greater than 0.10
(actual value = 0.10) and one of these cells in the left ped-
al ganglion had a relative size greater than 0.10 (actual
value = 0.13). In another specimen, one of these cells in
the left pedal ganglion had a relative size greater than 0.10
(actual value = 0.10). However, because these cells were
not individually identifiable in other specimens, they
were not included in the regression analyses of the num-
ber of large TPep-LIR cells vs. foot length, width and
area.

The largest TPep-LIR cell in each pedal ganglion ap-
peared to send a neurite into the lateral nerve of the ped-
al ganglion. Based on its morphology, this cell is likely
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Fig. 9. TPep-like immunolabeling in Hermissenda crassicornis.
A TPep-like immunoreactivity on the dorsal surface of the central
ganglia of H. crassicornis. Arrows indicate the large TPep-LIR
neurons in the pedal ganglia. Brightness and contrast were ad-
justed in Adobe Photoshop. Scale bar = 250 pm. B Schematic dia-
gram summarizing TPep-LIR neurons on the dorsal surface of
the central ganglia. The large TPep-LIR cells are shaded. Arrows

homologous to the Pd5 cell in T. diomedea. The primary
neurite of the second largest TPep-LIR cell had three
branches. One branch of the neurite projected into the
lateral nerve of the pedal ganglion. A second branch pro-
jected into the anterior nerve of the pedal ganglion. The
third branch projected into the neuropil of the pedal gan-
glion. This cell might be homologous to the T. diomedea
Pd6 neuron.

Suborder Dendronotoidea

Tritonia diomedea. All specimens had 4 large, TPep-
LIR cells on the dorsal surface of both the right and left
pedal ganglion (n = 3). The largest cell had a mean width
of 287 £ 22 pm (mean relative size: 0.28 £ 0.05) in the
right pedal ganglion and a mean width of 296 * 37 pum
(mean relative size: 0.30 * 0.04) in the left pedal gan-
glion.

There was a group of 8-10 TPep-LIR cells on the ven-
tral surface of each pedal ganglion. In each specimen, at
least 2 of these cells in the right pedal ganglion and 3 of
these cells in the left pedal ganglion had a relative size
greater than 0.10. However, we could not be sure that we
were measuring the same cells in each specimen. There-
fore, these cells were not included in the regression anal-
yses.

Tritonia festiva. T. festiva had 4 large, TPep-LIR cells
on the dorsal surface of each pedal ganglion (fig. 10). The
biggest cell had a mean width of 232 £ 8 pm (mean rela-
tive size: 0.31 £ 0.01; n = 3) in the right pedal ganglion
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indicate likely homologues of the T. diomedea Pd5 neurons. Ar-
rowheads indicate likely homologues of the Pd6 neurons in T. di-
omedea. C TPep-like immunoreactivity on the ventral surface of
the central ganglia. Scale bar = 250 pm. D Schematic diagram
summarizing TPep-LIR neurons on the ventral surface of the cen-
tral ganglia.

and a mean width of 221 * 35 pwm (mean relative size:
0.31 % 0.05; n = 3) in the left pedal ganglion.

There was a group of 8-10 TPep-LIR cells on the ven-
tral surface of each pedal ganglion. In each specimen, at
least 1 of these cells in the right pedal ganglion and 2 of
these cells in the left pedal ganglion had a relative size
greater than 0.10. However, we could not be sure that we
were measuring the same cells in each specimen. There-
fore, these cells were not included in the regression anal-
yses.

Melibe leonina. The right pedal ganglia from 7 ani-
mals and the left pedal ganglia from 6 animals were im-
munolabeled. All specimens had one large TPep-LIR cell
on the dorsal surface of each pedal ganglion and one large
TPep-LIR cell on the ventral surface (fig. 11). The cell on
the ventral surface was the larger of the two cells. This
cell had a mean width of 134 £ 20 wm (mean relative
size: 0.19 % 0.01) in the right pedal ganglion and a mean
width of 127 * 16 pm (mean relative size: 0.18 * 0.01)
in the left pedal ganglion.

The primary neurite from the large TPep-LIR cell on
the dorsal surface projected toward the lateral nerves of
the pedal ganglion. This cell is likely homologous to the
T. diomedea Pd5 cell. The primary neurite from the large
TPep-LIR cell on the ventral surface of the right pedal
ganglion branched several times in the neuropil. One
branch projected out the anterior nerve of the pedal gan-
glion. This neuron might be a homologue of the Pd6 cell
in T. diomedea.
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Fig. 10. TPep-like immunolabeling in Tritonia festiva. A TPep-
like immunoreactivity on the dorsal surface of the central ganglia
of T. festiva. Arrows indicate the large TPep-LIR neurons in the
pedal ganglia. Brightness and contrast were adjusted in Adobe
Photoshop. Scale bar = 250 um. B Schematic diagram summariz-

ing TPep-LIR neurons on the dorsal surface of the central ganglia.
Thelarge TPep-LIR cells are shaded. C TPep-like immunoreactiv-
ity on the ventral surface of the central ganglia. Scale bar = 250
pm. D Schematic diagram summarizing TPep-LIR neurons on
the ventral surface of the central ganglia.

Fig. 11. TPep-like immunolabeling in Melibe leonina. A TPep-like
immunoreactivity on the dorsal surface of the central ganglia of
M. leonina. Arrows indicate the large TPep-LIR neurons in the
pedal ganglia. Brightness and contrast were adjusted in Adobe
Photoshop. Scale bar = 250 pm. B Schematic diagram summariz-
ing TPep-LIR neurons on the dorsal surface of the central ganglia.
The large TPep-LIR cells are shaded. Arrows indicate likely ho-

Dendronotus albus. D. albus had 1 large, TPep-LIR cell
on the dorsal surface of each pedal ganglion (fig. 12).
There were 2 large TPep-LIR cells on the ventral surface
of each pedal ganglion. The largest cell had a mean width
of 203 £ 12 pm (mean relative size: 0.43 £ 0.03; n = 4)
in the right ganglion and a mean width of 185 * 9 um
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Nudibranch Molluscs

mologues of the Pd5 neurons in T. diomedea. C TPep-like immu-
noreactivity on the ventral surface of the central ganglia. Arrows
indicate the large TPep-LIR neurons in the pedal ganglia. Scale
bar =250 pm. D Schematic diagram summarizing TPep-LIR neu-
rons on the ventral surface of the central ganglia. The large TPep-
LIR cells are shaded. Arrows indicate likely homologues of the
Pd6 neurons in T. diomedea.

(mean relative size: 0.37 % 0.03; n = 4) in the left gan-
glion.

There was also a group of about 20 TPep-LIR cells on
the ventral surface of each pedal ganglion. In each spec-
imen, 10-12 of these cells have a relative size between
0.15 and 0.20. However, this cluster appeared more sim-
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Fig. 12. TPep-like immunolabeling in Dendronotus albus.
A TPep-like immunoreactivity on the dorsal surface of the central
ganglia of D. albus. Arrows indicate the large TPep-LIR neurons
in the pedal ganglia. Brightness and contrast were adjusted in
Adobe Photoshop. Scale bar =250 pm. B Schematic diagram sum-
marizing TPep-LIR neurons on the dorsal surface of the central

ganglia. The large TPep-LIR cells are shaded. C TPep-like immu-
noreactivity on the ventral surface of the central ganglia. Arrows
indicate the large TPep-LIR neurons in the pedal ganglia. Scale
bar =250 pm. D Schematic diagram summarizing TPep-LIR neu-
rons on the ventral surface of the central ganglia. The large TPep-
LIR cells are shaded.
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Fig. 13. TPep-like immunolabeling in Dendronotus iris. A TPep-
like immunoreactivity on the dorsal surface of the central ganglia
of D. iris. Arrows indicate the large TPep-LIR neurons in the ped-
al ganglia. Brightness and contrast were adjusted in Adobe Pho-
toshop. Scale bar = 1000 wm. B Schematic diagram summarizing
TPep-LIR neurons on the dorsal surface of the central ganglia.

ilar to a cluster of smaller TPep-LIR cells on the ventral
surface of the pedal ganglia found in D. iris, T. diome-
dea and T. festiva rather than to the Pd5 and Pdé6 cells.
Therefore, we did not include these cells in our regres-
sion analyses of cell number vs. foot length, foot width
and foot area.
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Thelarge TPep-LIR cells are shaded. C TPep-like immunoreactiv-
ity on the ventral surface of the central ganglia. The cells indi-
cated by arrowheads are the same cells as the large TPep-LIR cells
located at the posterior margin of the dorsal surface. Scale bar =
1000 pm. D Schematic diagram summarizing TPep-LIR neurons
on the ventral surface of the central ganglia.

Dendronotus iris. D. iris had 3 large, TPep-LIR cells on
the dorsal surface of the each pedal ganglion (fig. 13). The
largest cell had a mean width of 276 * 43 pum (mean
relative size: 0.12 £ 0.01; n = 3) in the right ganglion and
a mean width of 273 * 24 pm (mean relative size: 0.13
* 0.01; n = 3) in the left ganglion.
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Fig. 14. Independent contrasts regression of cell size against foot
size. Foot size was determined by performing a principal compo-
nents analysis of foot length and foot width. Independent contrast
values for foot size and cell size were generated in the PDAP mod-
ule in Mesquite version 1.06 [Midford et al., 2003; Maddison and
Maddison, 2005]. Independent comparison methods use actual
trait values and phylogenetic relationships to assign ancestral
trait values to the nodes of the phylogeny. The assigned nodal val-
ues are then used to compare each pair of species, or pair of nodes,
that share a common ancestor. As a result, a data set with 10 spe-
cies will generate 9 nodal values used for the regression analysis.

Foot Size Measurements

Foot size measurements were not made on the animals
collected for immunohistochemistry, but we were able to
collect at least 2 additional specimens from 10 of the 12
species examined. The mean length and width of the foot
for each species is listed in table 2. Because length and
width are correlated, we performed a principal compo-
nent analysis to compress the data into a single variable.
The first principal component accounted for 90.3% of the
total variance. We termed the transformed data ‘foot size’
and used this variable to perform regression analyses and
ANOVAs.

Regressions and ANOVAs

To determine whether cell size was correlated with the
size of the target area, we performed independent contrast
regression analyses of the width of the largest TPep-LIR
cellin the pedal ganglia vs. foot size. The width of the larg-
est TPep-LIR cell was significantly correlated with foot
size (right pedal ganglion: r2=0.41, Fig=5.539, p=0.046;
left pedal ganglion: r2=0.50, F)5=8.017,p =0.022; fig. 14).
However, larger animals tend to have larger pedal ganglia.
Independent contrast regression analyses of pedal gan-
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glion width vs. foot size showed a significant correlation
between the variables (right pedal ganglion: r* = 0.67,
Fi s = 16.286, p = 0.004; left pedal ganglion: r* = 0.65,
Fi s = 15.163, p = 0.005). Additionally, independent con-
trast regression analyses of the width of the largest TPep-
LIR cell vs. the width of the pedal ganglia also showed a
significant correlation (right: r> = 0.55, F ;o = 11.994,
p = 0.006; left: 2 =0.51, Fi10 = 10.222, p = 0.009). There-
fore, the correlation between TPep-LIR cell size and foot
size might be due to larger animals having larger brains
and larger brains having bigger neurons. In an effort to
control for the relationship between cell size and ganglion
size, we standardized cell size by dividing cell size by gan-
glion width to create the measurement ‘relative cell size’.
Independent contrasts regression analyses showed that the
relative size of the largest TPep-LIR cell was not signifi-
cantly correlated with the foot size (right: > <0.001, F, s <
0.001, p = 0.986; left: r* = 0.02, F; ;o = 0.138, p = 0.720).

To determine whether cell number was correlated with
the size of the target area, we performed independent con-
trast regression analyses of the number of large TPep-LIR
cell in the pedal ganglia vs. foot size. The number of large,
TPep-LIR cells was the same for the right and left pedal
ganglia. The number of cells was not significantly corre-
lated with foot size (r* = 0.06, F; g = 0.503, p = 0.498).

The results of independent contrast analyses depend
on the phylogeny used; however, the phylogeny of the nu-
dibranchs is unresolved. After our initial analysis found
a significant correlation between cell size and foot size,
we repeated our regression analysis with the arminids
(A. californica, D. albolineata, and J. fuscus) grouped as a
monophyletic, unresolved clade, similar to the phylogeny
used in Newcomb et al. [2006]. When we used this phy-
logeny, the correlation between cell size and foot size was
still significant (right: r* = 0.42, F; g = 5.855, p = 0.042;
left: 2 = 0.51, F; 4 = 8.315, p = 0.020).

Discussion

All nudibranch species examined had at least two bi-
laterally symmetrical pairs of large TPep-LIR cells locat-
ed on the dorsal surface of the pedal ganglia (figs. 3-13).
The exact number of cells differed among species and has
evidently changed multiple times in the evolutionary his-
tory of the nudibranchs (fig. 15). However, the number of
large TPep-LIR cells in the pedal ganglia of a species was
not correlated with foot size. This is consistent with pre-
vious studies that have shown that brain size, which is
correlated with body size, is not strongly correlated with

Brain Behav Evol 2008;72:192-206 203



total number of neurons in gastropods [Boyle et al., 1983;
Newcomb et al., 2006].

Within an individual animal, the size of a neuron (i.e.,
the diameter of its soma) often reflects the size of the target
area it innervates [Gillette, 1991]. A larger soma size might
be an adaptation for increasing the production of cellular
materials necessary to supply increases in axonal volume
and innervation area [Gillette, 1991; Moroz et al., 1997].
Thus, as evolution alters the size of the foot, one possibil-
ity is that large neurons innervating specific areas of the
foot might show corresponding changes in size which re-
flect the increased or diminished size of the target area.
Our findings are consistent with this idea, inasmuch as the
size of the largest TPep-LIR neuron in the pedal ganglia of
a species was correlated with foot size (fig. 14). This cor-
relation, however, must be interpreted with caution be-
cause it might also arise for reasons unrelated to the evo-
lutionary scenario outlined above. For example, foot size
is correlated with ganglion size, which in turn is correlated
with cell size. In an additional analysis, we therefore stan-
dardized cell size by dividing the cell width by ganglion
width. When the relative size of the largest TPep-LIR cell
was compared to foot size across species, however, no sig-
nificant relationship was found between relative cell size
and foot size.

At least two different explanations might account for
why absolute cell size is correlated with foot size but rela-
tive cell size is not. One, of course, is that the correlation
between absolute cell size and target size might be due to
scaling rather than to evolutionary pressures selecting for
larger soma sizes in motor neurons. However, several
studies have provided evidence that although there is a
general trend for larger nudibranchs to have larger neu-
rons, not all neurons increase in size as body size increas-
es [Boyle et al., 1983; Newcomb et al., 2006]. An alterna-
tive possibility is that relative cell diameter might not be
a good metric for evaluating cell size. Relative cell size
was intended to control for the differences in brain size
across species, but brain size is positively correlated with
body size and therefore with foot size. Thus, controlling
for brain size might have had the unintended conse-
quence of controlling for foot size as well.

Implicit in the analyses of changes in cell size and cell
number across species is the assumption that the large,
TPep-LIR neurons in different nudibranch species are mu-
cociliary motor neurons such as the Pd5 and Pd6 cells in
T. diomedea. The majority of the large, TPep-LIR cells we
identified have axons that project out through the pedal
nerves (fig. 3-13). For example, in the arminid A. califor-
nica, the largest TPep-LIR cell has a primary neurite that
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bifurcates and sends one branch out pedal nerve 2 (PdN2)
and another branch out pedal nerve 3 (PAN3) (fig. 5), a pat-
tern matching that of the Pd5 cell in T. diomedea [Loh-
mann et al., 1991; Cain et al., 2006]. A. californica also has
a large, TPep-LIR cell on the ventral surface of each pedal
ganglion that bifurcates and sends one branch out pedal
nerve 1 (PdN1) and one branch out PAN2, similar to the
morphology of the T. diomedea Pd6 cell [Wangetal., 2003].
Additionally, the arminid D. albolineata (fig. 6), the aeolid
H. crassicornis (fig. 9) and the dendronotid M. leonina
(fig. 11) each have a large TPep-LIR cell that has branches
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projecting out PAN2 and PAN3 and a second large TPep-
LIR cell that has branches projecting out PAN1 and PdN2.
Axonal projection pattern, along with cell size, location,
neurotransmitter content and physiology are typically
used to establish homology between identifiable neurons
[Weiss and Kupfermann, 1976; Nusbaum and Kristan,
1986; Croll, 1987; Watson and Willows, 1992; Breidbach
and Kutsch, 1995; Wright et al., 1996; Katz et al., 2001]. The
axonal projection patterns of the largest, TPep-LIR cells in
the pedal ganglia of these species suggests that the largest
of the TPep-LIR cells might be homologues of the Pd5 and
Pdé6 cellsin T. diomedea. In the dorid R. pulchra (fig. 4), one
of the large TPep-LIR cells projects out PAN1, PAN2 and
PAN3 and another large TPep-LIR cell projects out only
PAN3. Although it appears likely that one of these cells is
homologous to Pd5 and the other to Pd6, it is difficult at
present to determine which is which.

Using morphological and physiological features to
identify homologous neurons creates two opposing sets
of problems. One is that neurons, as any other structures
subject to evolution, might converge on similar features
without having any shared ancestry. Regardless of the
criteria used to assign homology, similarities can arise
from parallel evolution; thus, an element of uncertainty
is inherent in any functional definition of homology
[Roth, 1984]. The contrasting problem is that variation
might exist in any of the morphological or physiological
features used to identify evolutionarily homologous neu-
rons [Bulloch and Ridgeway, 1995]. Indeed, these differ-
ences are often the reason why the cells are interesting
from a comparative perspective. The challenge is there-
fore to locate neurons that share enough similarities that
they can be identified as homologues, yet at the same
time have enough differences that the variations can be
correlated with changes in behavior or morphology.

In our study we attempted to make the identification
of Pd5 and Pd6 homologues objective by choosing dis-
tinctive criteria of the Pd5 and Pd6 cells in T. diomedea.
Among these are that the cells contain TPeps, are located
on the dorsal surfaces of the pedal ganglia, and are very
large (up to 500 wm in diameter). Rather than subjective-
ly deciding what constituted a ‘large’ neuron in each spe-
cies, we standardized cell size by dividing the width of the
cell by the width of the pedal ganglion and defined a
‘large’ neuron as one with a soma width equal to or great-
er than 10% of the ganglion width. As we began imaging
TPep-LIR cells in different species, however, we discov-
ered that subjective decisions could not be avoided en-
tirely. For example, we decided to include large TPep-LIR
cells located anywhere in the pedal ganglia (not just those

Comparative TPep-LIR Neurons in
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on the dorsal surface) because the exact location of Pd5
and Pd6 homologues might plausibly change during evo-
lution. Similarly, we decided not to include in the analysis
a cluster of about 12 TPep-LIR cells in D. albus (fig. 12)
that fit our definition of ‘large” but closely resembled a
cluster of smaller TPep-LIR cells that exists in three oth-
er species: D. iris (fig. 13); T. diomedea (fig. 10); and T. fes-
tiva (fig. 10) (see Results for additional information).

Based on the morphological criteria typically used to
identify homologous neurons, we have identified a set of
potentially homologous TPep-LIR cells that are present
across the nudibranchs. Although the presence of these
TPep-LIR cells is conserved, the number of TPep-LIR
cells varies among species. This finding is consistent with
the observation that specific types of neurons tend to be
conserved, but the number of cells varies among closely
related species [Paul, 1991; Turrigiano and Selverston,
1991; Witten and Truman, 1998; Tierney et al., 1999; Page
and Parries, 2000; Katz et al., 2001; Page, 2002; Espinoza
etal., 2006; Newcomb et al., 2006]. Although the hypoth-
esis that cell number might be correlated with the size of
the target organ has been postulated several times, at-
tempts to correlate changes in cell number with behavior
or morphology have generally been unsuccessful [Faul-
kes and Paul, 1997; Marois and Carew, 1997; Page and
Parries, 2000]. One problem in trying to correlate cell
number with behavior or morphology is that the function
of cells is often unknown and it is therefore difficult to
know with which features cell number might be corre-
lated. Because the Pd5 and Pd6 cells are mucociliary mo-
tor neurons, we performed regression analyses to exam-
ine the relationship between cell number and foot size
and, consistent with previous studies, did not find a sig-
nificant correlation. In summary, our results suggest that
as motor circuits in the nudibranch nervous system
evolve, both cell size and the number of motor neurons
are evolutionarily labile, but cell number might not be
directly related to the size of the target area.
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