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ABSTRACT
Nerve impulse conduction is greatly increased by mye-

lin, a multilayered membranous sheath surrounding

axons. Best known from and most extensively investi-

gated among vertebrates, a few invertebrates, including

some superfamilies of copepod, have functionally and

structurally similar myelin-like sheaths surrounding their

axons. We examined the development of myelin ultra-

structure in Bestiolina similis, a paracalanoid copepod.

Development occurred in a novel way: initial myelina-

tion always appeared first as a partial layer, which in

later stages came to encircle an axon completely. This

partial myelin first appeared in a single pair of reidenti-

fiable fibers, at the second naupliar stage. Two addi-

tional pairs of reidentifiable fibers also became partially

myelinated by the third naupliar stage. The number of

myelin layers in this trio of axon pairs increased with

development, but, at any one stage, each axon had the

same number of layers along its entire length. These

axons disappeared after the copepodite metamorpho-

sis. After metamorphosis, the fiber that took over as

largest in the nerve cord became the most heavily my-

elinated and was identified as the lateral dorsal giant

fiber. The rate of myelination was also characterized in

the antennular nerve as a representative of the periph-

eral nervous system. As axons became larger, they

were more likely to be partially, and then completely,

myelinated, the latter having a lower ratio of axon core

to fiber diameter than the former. Copepod myelin is

an instructive example of convergent evolution, with

far-reaching consequences for nervous system function-

ing and the behavior that nervous systems subserve.
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Myelin is an evolutionary innovation that has made pos-

sible the high-performance nervous systems enjoyed by

humans and other vertebrates. Its contributions to sys-

tem processing speed, compactness, accuracy, and effi-

ciency are clear in general terms (Zalc and Colman,

2000). By going beyond a single instance of this innova-

tion, analyzing the similarities and differences among in-

dependently evolved cases, we can better understand

the key principles governing its contributions to nervous

system organization and function. Although myelin is

widely considered to be a strictly vertebrate innovation,

structurally similar and functionally almost identical inno-

vations have arisen apparently independently in three

other taxa: oligochaetes, decapod shrimp, and copepods

(for reviews see Schweigreiter et al., 2006; Hartline and

Colman, 2007; Roots, 2008). Invertebrate myelins share

many (but not all) of the characteristics of vertebrate

myelin, including multilamellar lipid-rich membranous

sheaths and periodic interruptions in the sheath termed

‘‘nodes.’’ All that have been examined for the property

possess a ‘‘saltatory’’ mode of impulse conduction, result-

ing in an order of magnitude more rapid impulse propaga-

tion speed than for nonmyelinated fibers of the same di-

ameter as well as energy saving estimated at a few

orders of magnitude. However, the variations among the

different instances of myelin are as revealing as their sim-

ilarities (Hartline, 2008).

The occurrence and significance of myelin in certain

planktonic copepods have only recently come to be

appreciated. An early report of copepod myelin based on

light microscopy (Lowe, 1935) was confirmed in passing

in several subsequent electron microscopic studies
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(Elofsson, 1971; Raymont et al., 1974; Barrientos, 1980),

but the distribution and structural details of the innova-

tion did not begin to become clear until relatively recently

(Davis et al., 1999). Subsequent studies have shown that,

within the crustacean subclass Copepoda, myelin seems

to have arisen once and only once, in a single order, Cala-

noida. This occurred at the divergence between the

superfamilies Centropagoidea (amyelinate) and Megaca-

lanoidea (myelinate) and has been preserved in every

species of the more ‘‘advanced’’ taxa so far examined

(Lenz et al., 2000). Behavioral reaction times to predatory

threat stimuli are significantly shorter in myelin-possess-

ing copepods than in those lacking myelin, a capability

that has been ascribed in part to the myelin (Lenz et al.,

2000). Ultrastructural studies of copepod myelin (Weath-

erby et al., 2000) revealed a highly ordered multilamellar

sheath not unlike that of vertebrate myelin but arranged

concentrically around the axon. Unlike the concentric mye-

lin of decapod shrimp, copepod myelin lacks ‘‘seams,’’ the

structural features representing the abutment of the mar-

gins of the concentric layers of glial membrane enveloping

shrimp axons (Huang et al., 1963; Heuser and Doggen-

weiler, 1966; Kusano, 1966). Furthermore, the nodes of

copepod myelin lacked the end feet characteristic of

nodes of both vertebrates and shrimp (Robertston, 1959;

Heuser and Doggenweiler, 1966). These differences sug-

gest some significantly different design principles in the

structuring of copepod myelin and have prompted the

present studies on its structure and potential relevance to

cellular as well as system function.

In this first paper, we examine the development of cope-

pod myelin from its first appearance in early naupliar

stages through adulthood. Through its development, we

gain an understanding for what the functional adult struc-

ture represents and how and where it is attained. In a com-

panion paper (Wilson and Hartline, 2011), we address the

issue of the cell type from which the myelin is derived.

MATERIALS AND METHODS

Collection
Bestiolina similis (Megacalanoidea: Paracalanidae;

Sewell 1914) is a common subtropical surface-dwelling

species found in near-shore waters of Kaneohe Bay,

Oahu, Hawaii. Subsurface tows with a plankton net were

used to collect the animals. After collection, adult and

late copepodid stages were sorted and maintained in 2-

or 4-L jars (VanderLugt, 2005) with fresh seawater prior

to fixation. To ensure proper developmental staging of

animals, eggs were collected at day 0, and individual

stages were harvested according to McKinnon et al.

(2003). Additional morphological features such as num-

ber of segments (Mauchline, 1998), length (McKinnon

et al., 2003), and appendage features (Lawson and Grice,

1973) were also used to identify developmental stage.

Transmission electron microscopy
Conventional chemical fixation with glutaraldehyde

was used to fix the animals. Briefly, animals were

immersed in 4% glutaraldehyde in 0.1 mol liter�1 cacodyl-

ate buffer (pH 7.4–7.6) with 0.17–0.35 mol liter�1 su-

crose for 1–2 hours or overnight, followed by 1% OsO4

(Weatherby, 1981). Animals were infiltrated with LX 112

(Ladd) epoxy resin and polymerized at 60�C for 2–3 days.

Sections (70–80 nm) were stained with uranyl acetate

and lead citrate and viewed with a Zeiss 10/A transmis-

sion electron microscope at 80 and 100 kV.

Scanning electron microscopy
Specimens were preserved in the electron microscopy

fixative (described above) for 1–2 hours or overnight and

then washed in buffer. This was followed by 1% OsO4 fixa-

tion, dehydration in an ethanol series, and critical-point

drying. The animals were mounted on stubs with grounding

tape, sputter coated with gold/palladium, and imaged with

a field emission scanning electron microscope (SEM) (Hita-

chi S-800 FESEM) at an accelerating voltage of 10 kV.

Light microscopy
To observe the developmental stages, live animals were

anesthetized in 7.5% MgCl2 in sea water, placed under a

coverslip in a depression slide, and imaged with an Olympus

BX51 upright microscope. Thick sections (0.5–1 lm) em-

bedded for transmission electron microscopy (TEM) were

also observed by staining with Richardson’s stain (1:1 azure

II and methylene blue with 0.5% sodium borate) and mount-

ing with Permount media (Biomeda, Foster City, CA).

Several of the thick sections were used to create

three-dimensional reconstructions of the external anat-

omy and nervous system gross features. Briefly, thick

sections were imaged and arranged serially from anterior

to posterior and entered into the freeware Reconstruct

(Fiala, 2005; http://www.bu.edu/neural/Reconstruct.html).

Outlines of external anatomy were made either using the

automated boundary Wildfire region growing tool or by vis-

ual inspection and tracing. Attempts were made to align

each section by utilizing the body outline, but, despite best

efforts, sections were subject to slight rotational differen-

ces. As a result, the traces of the neuropil at each level

might have been slightly distorted, causing a jagged appear-

ance to the general outline of the nervous system. All nerv-

ous system boundaries were completed by visual inspection

and tracing using a separate name/color scheme so that

the reconstruction could be visualized separately from the

external anatomy. Individual image thicknesses were based

on the actual section depth (0.5–1 lm). It should be noted
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that, in most photomicrographs, the brightness and contrast

were adjusted in Photoshop CS software (Adobe) or Corel

Paint (Corel) to optimize the clarity of the printed images.

Morphological measurements and
statistical analysis

Thin (70 nm) transverse sections were obtained from the

first antennular nerve (A1n) �1–2 lm distal to the brain,

where the nerve is mixed and contains both sensory and

motor fibers. The sections were processed as described

above for TEM, and the entire nerve was imaged at

�10,000 (4–40 total images, depending on stage) to view

the entire section of the nerve. Neurites, identified by their

circular profiles in transverse sections, were identified and

categorized as unmyelinated, partially myelinated, or com-

pletely myelinated. Every neurite was counted in every

stage; no sampling was performed because of the manage-

able size and the heterogeneity of the neurites (regions of

the nerve would often contain, e.g., bundles of unmyeli-

nated neurites, whereas another region would contain only

one large fiber). After categorization, the diameters of all

A1n fibers and axon cores were measured. To calculate the

overall fiber diameter (outer diameter) of a generally oblong

fiber cross-section, the minimum and maximum diameters,

measured from the outermost membrane layer at one edge

of a fiber to that of the opposite edge, were averaged. To

calculate the inner diameter (axon core), inside the myelin,

the same method was applied to the innermost ad-axo-

plasmic membrane layers. Thus, in determining the maxi-

mum inner diameter of partially myelinated fibers, one

edge of the innermost membrane layer was typically on

the nonmyelinated part of the fiber (which was also the

outer layer), and that of the opposite side was either non-

myelinated, in cases of <50% partial myelin coverage or

the inner margin of the myelin, if the coverage exceeded

50%. Similarly, the minimum inner diameter (which was

averaged with the maximum) was the distance between

the ad-axoplasmic myelin layer on one side and the unmye-

linated side opposite for <50% coverage and between op-

posite ad-axoplasmic submyelin layers for greater cover-

ages. The g ratio was calculated by dividing the mean inner

diameter by the entire fiber diameter (g ¼ inner diameter/

outer diameter). Mean diameters and ratios were com-

pared according to myelination type or stage with either

ANOVA with Tukey’s HSD post hoc analysis or Student’s t-

tests at a¼ 0.05. Data were analyzed in JMP 6 from SAS.

RESULTS

Gross anatomical development proceeds
through six naupliar and six copepodid stages

The first objective of this study was to characterize the

developmental stages of the B. similis copepod. A recent

review of the development of copepod external anatomy

is given by Ferrari and Dahms (2007). McKinnon et al.

(2003) have described median development times and

length and width for B. similis. Anatomical features of a

related Paracalanidae family member have been

described by Lawson and Grice (1973). We used this in-

formation to identify each developmental stage (Fig. 1). In

our studies, the developmental timeline and anatomical

features were in agreement with McKinnon et al.: an

embryo hatched into the first naupliar stage (N1) with

three cephalosome appendages (Figs. 1B, 2). Additional

appendages, including the maxillule (MU), maxilla (MX),

maxilliped (MP), and buds of the first two swimming legs

(P1, P2) on the metasome, formed before the sixth nau-

pliar stage (N6; Fig. 1G). A dramatic change in body mor-

phology occurred during the copepodid metamorphosis

following the N6 stage: the antennule doubled in length,

the feeding appendages became well developed, and the

urosome appeared (compare Figs. 1G,H and 2C,F).

Throughout copepodid development (C1–C5), the animal

continued to grow in width and length, adding metasome

and urosome segments (Figs. 1H–N, 2F) until it reached

adulthood (C6). Similarly to the closely related Paracala-

nidae, the adult female changed little from the C5 stage,

other than increasing in size and adding a genital opening

on the first (anterior-most) of four segments of the uro-

some (Lawson and Grice, 1973). In the male, obvious

changes included the addition of a fifth urosome seg-

ment, and the degeneration of mouth parts including the

mandible gnathosome, as observed in other megacala-

noid, nonfeeding males (Mullin and Brooks, 1967; Oht-

suka and Huys, 2001; Bradley, 2009).

Neuroanatomical development proceeds
from anterior to posterior

To determine internal anatomy of developing copepods

against which to characterize myelin development, serial

sections were taken through entire animals (Fig. 2A),

such that the outline of the nervous system could be dis-

cerned using brightfield illumination of Richardson’s-

stained tissue (Fig. 2B). Serial sections processed in this

manner were then stacked and made into 3D reconstruc-

tions to reveal the external anatomy as well as an outline

of the neuropil and associated somata of both an N5

(Figs. 2C–E, 3) and a C1 (Fig. 2F–H). Peripheral nerves

and commissures were not traced because of their

smaller sizes. A diagram of the adult CNS is provided in

Figure 2I as a frame of reference and an index to the nam-

ing and approximate boundaries of neuromeres.

This method revealed that the nervous system of an N5

(Fig. 3) consists of a brain with identifiable cephalic neu-

romeres, including the protocerebrum (PC; Fig. 3A–E),

deutocerebrum (DC; Fig. 3F,G), tritocerebrum (TC; Fig.

3H,I), and a protoventral nerve cord (VNC) beginning at

Copepod myelin development
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the region just posterior to the circumesophageal con-

nectives and anterior to the mandibular neuromere (MD;

Fig. 2E). Peripheral nerves to each of the three cephalo-

some appendages present in an N6 were also identified

(A1n, A2n, MDn) emerging from their corresponding neu-

romeres in the central nervous system (CNS). The proto-

VNC began as separate left and right longitudinal exten-

sions that remained unfused until later copepodid stages

Figure 1. Developmental stages of Bestiolina similis, showing the changes in size and form followed in this study. A: An embryo, which

hatches into three successive true naupliar stages (N1–N3; B–D) followed by the metanauplius-like older stages (N4–N6; E–G). Metamor-

phosis from N6 (G) into the first copepodid stage (H) is evident by the change in body and antennular morphology. I–M: Copepodid stages

(C1–C5) have adult-like forms of increasing body size that introduce new posterior and antennular segments and increased differentiation

of the appendages finally reaching female (N) and male (O) adults (C6). The insets for each panel depict each stage at the same relative

scale. Scale bars ¼ 10 lm in A–H; 20 lm in I–L; 50 lm in M–O; 500 lm in insets. (Locator codes: A: 0128Bestegg2_10x,40x; B:

0128BestN1_10x,40x; C: 0128BestN2_10x,40x; D: 0129BestN3b_10x,40x; E: 0128BestN5_10x,40x; F: 0130BestN5_10x,40x; G: 0201Best_N6_10x,40x;

H: 0130BestC1_10x,40x; I: 0130BestC1_20x; J: 0130BestC2_10x,20x; K: 0130BestC3_10x,20x; L: 0128BestC5c_10x,20x; M: 0128BestA1m_10xb,20x; N:

0130BestAf_10xa-b; O:0130BestAm_10xa-b.) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. Serial reconstructions of central nervous system development showing the changes in its gross morphology in relation to the body going

from a nauplius (A–E) to a copepodid (F–H). A: Scanning electron micrograph of a nauplius (N5) showing appendages: antennule (A1), second

antenna (A2), mandible (MD), maxillule buds (MU), and caudal setae (CS). B: Light micrograph of a transverse section (1 lm in thickness) through

an N5 nauplius at the level of the circumesophageal ring, where the esophagus becomes the mouth (approximate location indicated by a dotted

line in A); dorsal is to the top of image. Serial sections of the body (black dotted line) and neuropil (white dotted line; black arrow) were used for

reconstructions. C: Dorsal view of reconstruction of an N5 derived from serial sections as in B; naupliar appendages labeled as in A. D: Recon-

structed nervous system superimposed onto the body outline. E: Enlargement of reconstructed central nervous system. Shown are brain regions,

nerves of the first three appendages (A1n, antennular nerve; A2n, antennal nerve; MDn, mandibular nerve), and protoventral nerve cord (VNC). F–H:

Reconstruction of a C1 indicating divisions among the cephalosome (C), metasome (M), and urosome (U). Arrows in H indicate A1n, A2n, and MDn

locations; brain region labels as in E. Adjacent sections of the serial reconstruction were subject to slight rotational differences, causing a jagged

appearance to the general outline of the nervous system. I: Diagram of the CNS of an adult calanoid copepod showing the neuromere designations

and approximate boundaries. Neuromere abbreviations not identified above: MP, maxillipedal (first thoracic); MU, maxillular; MX, maxillary, T2–T6 sec-

ond through sixth thoracic (controlling the first through fifth pereiopods or swimming feet). DGF, dorsal giant fiber. Scale bar ¼ 50 lm in A; 25 lm

in B. (Locator codes: A: SEM_CW060320_Nauplius1; B: BestN1a_046_070312_Slide18_C1_100x; C: BestN1a_[01-155]_100x; D: FwC1x[001-093].)

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Naupliar brain. A–C: Light micrographs showing longitudinal serial sections through the dorsal region of the N5 brain (sections are

2 lm apart). The naupliar eye (NE), protocerebrum (PC), and anterior part of the deutocerebrum (DC), antennular nerve (A1n), and esophagus

(Es) can be visualized. Lipid bodies (lb), commonly seen in fixed nauplii, can also be seen. The approximate levels of some of the transverse

sections are marked at right in A. D–I: Transverse sections through the nauplius reconstructed in Figure 2 from anterior (D) to posterior (I;

sections E–I are 9, 15, 18, 20, 29 lm posterior to D, respectively). Approximate levels of A–C are marked at right in D. J,K: Electron micro-

graphs of the N2 brain at the deutocerebral (DC; J) and tritocerebral (TC; K) levels similar to those seen in F and I. Orientation for A–C is an-

terior (A) upward and lateral (L) leftward and for D–K dorsal (D) upward and L leftward. Scale bars ¼ 10 lm in A–I, 2 lm in J,K. (Locator

codes: A: BestN3a_Slide6C_2_100x_ant; B: _Slide6D_1_100x_ant; C:_Slide6F_1_100x_ant; D: BestN1a_Slide 17_G4_100x; E: _H5_100x; F:

_Slide18_A1_100x; G: _A4_100x; H: _B2_100x; I: _F2_100x; J: DBsN2a_Grid 07-33_A10a_1-12; K: DBsN2a_C6a_1-17.) [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(Fig. 2H), with some notable exceptions at commissures.

Commissures in the MD and MU segments were

observed. Commissural neurites were not observed in

more posterior sections, either because of small size or

absence of development at this stage. Similarly, the pos-

terior-most portions of the nervous system could only be

traced as far as T3 (the third thoracic segment). Several

sections taken from early-stage nauplii revealed that the

anterior brain consisted of many layers of somata with lit-

tle neuropil (Fig. 3J,K). Because the N1 does not feed, an

esophagus was not observed, although developing cir-

cumesophageal connectives extended into a rudimentary

VNC. Sections from the N1 proto-VNC at the level of the

MD revealed entirely separate left and right halves, with

about 10 neurites per side, whereas, at the N5 stage, the

halves were closer and contained >350 neurites.

There is no evidence of myelin at the
earliest naupliar stage

When and where does myelin form in B. similis? Myelin

is known to form first on the largest fibers in other inver-

tebrates (Xu et al., 1994), so we first examined the cen-

tral nervous system, where large giant fibers relay escape

response information to the appendages (Lowe, 1935). In

transverse section, the nervous system of the youngest

naupliar stage, N1, consisted of circular profiles, which

we term ‘‘neurites’’ because of their rounded cross-sec-

tions. Few or no flattened cells that might be candidates

for glia were noted inside the nervous system of this

stage, but large somata with nuclei surrounded by an elec-

tron-dense osmiophilic substance were noted around the

outside border of the developing nerve cord (data not

shown) and may represent precursors of the sheath cells

(sc) observed in later stages (see below). All neurites in two

N1 specimens examined at the PC, DC, TC, and MD were

‘‘naked’’ and devoid of myelin (MD example shown in Fig.

4A). The fiber diameters ranged from 100 to 350 nm, and

none was notably ‘‘giant’’ in comparison with the others (of

10–12 total neurites at the MD level in each given speci-

men). Many neurites (�70%) did include large mitochondria

as well as microtubules of �24 nm diameter (Fig. 4A). No

sections were examined posterior to the MD, because the

small, proto-VNC could not be followed. Because all stages,

including the N1, had a developed mandibular neuromere,

every sectioned animal (n ¼ 30) was examined at this level

as a standard point of reference.

Myelin in the mandibular neuromere
develops first in three reidentifiable axons
First myelin development: stage N2

After determining that N1s were devoid of myelin, sec-

tions of N2s at the levels of the PC, DC, TC, and MD were

examined (n ¼ 4). At the MD, a myelin-like feature was

found (Fig. 4B). One of the largest neurites in both sides

of the proto-VNC was partially bordered by an osmio-

philic, double-membrane layer (Fig. 4B, arrow). The struc-

ture was plate-like and thin layered; capped the fiber, fol-

lowing closely along its margin; and appeared to provide

a cover to one side of the neurite. One of the lamellar

membranes appeared double, with little space between

the two parts, thus resembling compressed or ‘‘com-

pounded’’ membrane of adult copepod or vertebrate mye-

lin (Robertson, 1958; Weatherby et al., 2000). We have

thus termed this feature ‘‘partial myelin.’’ The source of

the partial myelin could not be determined, because this

layer did not appear to be associated with any nearby

cells when examined in nearby serial sections, although

the lamellar layer did appear to be cisterna-like and was

found within the axolemma itself in some ultramicrograph

images (see companion paper). Glia could be distin-

guished at this stage as long, extended profiles that were

always superficial to the round neurites in the neuropil of

the protonerve cord; none of the glia was associated with

the partial myelin. At all levels sectioned (mandible to

posterior metasome) of the N2 stage, myelin was never

found to be complete, only partial. All other fibers of simi-

lar diameter (>350 nm) remained unmyelinated at this

stage (Fig. 4B). This largest fiber, designated ‘‘axon 1,’’

was found in the same location in all N2s examined. It

was thus considered ‘‘reidentifiable,’’ representing the

same neuron from individual to individual.

Continuing myelin development: stages N3–N6
The development of myelin layers of axon 1 was also

characterized at subsequent naupliar stages (Fig. 4C,D);

partial myelin was replaced by a combination of partial

and complete layers in some cases or all complete layers

in others. The number of layers increased with the age of

an animal (Fig. 4E). By the last naupliar stage (N6), axon 1

contained up to five concentric layers (one single and

four double, shown at N5 in Fig. 4D), but, as in the

younger stages, fibers of equal size or larger sometimes

remained unmyelinated.

The next objective was to characterize at different de-

velopmental stages the extent of myelination in the MD

neuromere, where myelin was first identified. In N2, only

axon 1 was partially myelinated (Fig. 4B), but, by N3, two

other fibers (axon 2 and axon 3) were also partially

myelinated and persisted throughout all naupliar stages

(N6: Fig. 5). This trio of myelinated axons was located

ventromedially in both left (Fig. 5A) and right (Fig. 5B)

hemicords, with axon 1 always more lateral and ventral

than the more medial and closely associated axons 2 and

3. So consistent was their location and appearance that

we believe these to represent the same reidentifiable

Copepod myelin development
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axons in all animals observed. The extent of myelination

was correlated with axon diameter: axon 1 of the trio

(550 nm in diameter) was ensheathed by five layers (Fig.

5C,D); the next largest myelinated fiber, axon 2 (170 nm;

Fig. 5E), had four layers; and the smallest myelinated

fiber, axon 3 (110 nm; Fig. 5E), had only two. Two

Figure 4. First CNS myelin: stages in the myelination of reidentifiable axon 1 monitored at a fixed level in the VNC, the mandibular neuromere

(MD ; location indicated in F). Transmission electronmicrographs of transverse sections. A: N1 showing all neurites (up to 10 at this stage)

devoid of myelin. Mitochondria (mi) were evident in large neurons. B: N2, axon 1 (one of the largest in the proto-VNC; see also Fig. 5) partially

capped by a myelin-like lamella (arrow). The lamella consists of two closely apposed osmiophilic layers; note the lack of obvious associations

with nearby cells, including adjacent glia (gl). Note fiber of similar size remaining unmyelinated (*). C: N4, myelin of axon 1 consists of a combi-

nation of partial and two complete membrane layers. The partial layer (arrowhead) appears internal to the complete layers. D: N5, axon 1

increases in diameter, with four double and one single layer covering most of the core. Note that fewer neurites contain mitochondria in later

stages. E: Bar graph of number of layers in axon 1, both partial (gray) and complete (black) averaged across all preparations for different nau-

pliar stages (N2, n ¼ 3 [*note N1, n ¼ 3, had 0 layers]; N3–N4, n ¼ 3; N5–N6, n ¼ 3; error bars indicate SD). N2 and N3–N4s had similar av-

erage layer numbers, but at the N3–N4 stage the layers became complete. Orientation arrows: D, dorsal; L, lateral. Scale bars ¼ 200 nm.

(Locator codes: A: 071222_EBsA2a_E6a_18, 5-16; B: DBsN2a_E9a_4,2); C: BestN6b_C7f_14,12; D: BestN6a_D2b_10,11.)
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additional neurites (fiber diameters of 110 nm and 450

nm; arrowheads, Fig. 5C,F) had two-thirds of their axons’

surface covered by a partial sheath. The larger of these

two neurites (Fig. 5F) is located in the dorsal part of each

hemicord, near where the lateral dorsal giant fiber (DGF)

is typically found in adult stages. Because it was the larg-

est fiber in the region, it was likely a developing DGF.

Notably, the DGF was greater in diameter than axons 2

and 3 yet contained fewer myelin layers. The second of

the partially myelinated fibers (Fig. 5C, arrowhead) was

not consistently found in all sections in an individual ani-

mal or across animals. In summary, the largest neurite at

the level of the MD (axon 1) formed myelin first (by N2)

and had the largest total number of lamellae, whereas

another pair of axons (axons 2 and 3) were also first par-

tially and later completely ensheathed by myelin, and the

DGF remained only partially covered by N6.

Myelin in other neuromeres: characterization
of the reidentifiable axon trio

The extent of early myelination outside of the mandibu-

lar neuromere was characterized next. Serial sections of

stage N3 (n ¼ 3) and N6 nauplii (n ¼ 3) revealed the

myelinated trio extending anteriorly into the circumeso-

phageal connectives and present as far anterior as where

the antennal nerve emerged (TC). In more posterior sec-

tions (n ¼ 1 N3 and 3 N6), the trio of myelinated axons

remained in the same general configuration as in the MD

(Fig. 6): ventromedial in each hemicord, the largest of the

three always being most lateral. The trio was found in

developmental stages from N3 through N6 (compare Fig.

6A–C with D–E); even the most posterior regions of the

N3 proto-VNC near the caudal furca contained partially

myelinated fibers. Notably, the number of myelin lamellae

ensheathing the trio did not vary from the level of the MD

Figure 5. CNS myelination of the N6 stage charting the emergence of a reidentifiable trio of myelinated axons. Transverse sections through

the VNC at the MD level (as indicated in Fig. 4F). Left (A) and right (B) VNC, low-power images. C–F: Enlargements of portions boxed in in A,B.

The trio of concentrically myelinated fibers in the ventromedial position is found consistently in that location in different specimens. Both the

location (A,B) and the number (5: C,D) of layers surrounding each of the largest fibers (axon 1) are identical in each hemicord. E: Axons 2 and

3 are also ensheathed by complete concentric lamellae, although with fewer layers than axon 1 (n ¼ 4 for axon 2 and n ¼ 2 for axon 3). Also

note in C another axon, smaller than axon 3, that contains partial myelin (arrowhead), whereas, in F, an axon of intermediate size between

axons 1 and 2 contains only partial myelin layers; its location in the dorsal and lateral part of the VNC (see A) suggests that it may be a devel-

oping dorsal giant fiber (DGF). Orientation arrows: D, dorsal; L, lateral; M, medial. Scale bars ¼ 2 lm in A; 1 lm in B; 200 nm in C–F. (Locator

codes: A: BestN2a_A3a_1; B: _A3b_5-10; C: _A3a_10; D: _A3b_13; E: _A3a_12; F: _A3a_8.)
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Figure 6. Naupliar trio of myelinated fibers at different VNC levels. A–C: Cross-sections of the left VNC in the same animal (N6) as Figure

5 showing appearance of the myelinated trio at different levels (enlargements of axon 1 in insets): A: that of the maxillary nerve (MX; the

fifth appendage), B: the first periopod (T2 neuromere), and C: Bud of the second pereiopod (T3 neuromere; see G for section locations).

The exact location of the myelinated axons varied from anterior to posterior and from animal to animal but was always ventromedial (ori-

entation same for all images). Note the number of layers (5) in axon 1 does not vary from anterior to posterior in the animal. D,E: Poste-

rior end of an N3 VNC. The trio of myelinated fibers extends to the end of the metasome and retains the same layer numbers as found in

anterior sections (data not shown). F: Partially myelinated soma from medial part of posterior metasome (location of one myelinated cell

body in the same animal is marked in D by an asterisk) just anterior to the caudal setae shown in Figure 2A. It likely belongs to one of

the trio of myelinated axons found more anteriorly. Scale bars ¼ 2 lm in A–D; 200 nm in E,insets; 1 lm in F. (Locator codes: A: Best-

N2a_C1a_1,2; B: _A1a_1,3; C: _E6a_1-3,5; D: BestNx1a_C3a_2; E: _C3a_4; F:_C2f_3.)
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to the most posterior sections (Fig. 6A–C, insets show

axon 1 of an N6 with five layers), although it did increase

with developmental stage (compare with axon 1 in Fig. 6E

from N3, when only three layers are present). The origin

of the trio could not be determined, but at least six par-

tially or completely myelinated somata were found at the

posterior end of the metasome (Fig. 6F). We were unable

to determine with certainty whether the myelinated

somata were the source for the myelinated axon trio, but

we presume this to be the case because we did not find

similar myelinated cell bodies anywhere else in the nerv-

ous system.

Myelination of most of the CNS continued
to increase in the copepodid stages
Copepodids lack the myelinated naupliar
axon trio

Most of the central nervous system was found to increase

in myelination throughout copepodid development, with one

Figure 7. Development of CNS myelination in copepodids. Cross-sections of the MD region in different stages; muscles (mu) controlling the

mandible can be seen. A: In a C1, the naupliar myelinated trio is absent (approximate former location encircled). Note that, other than the DGF

(upper left, in box), all axons have only partial layers or are naked. B: Enlargement of DGF in A. Note up to four complete, loose layers surround

the axon. C: In a C3, the DGF is ensheathed by about six complete concentric layers. D: In a C5, the DGF has 16 layers, which are more com-

pacted compared with younger stages. Also note the osmiophilic sheath cell (sc) and glia (gl) that surround but do not touch the myelin layers.

E: Adult: 19 semicompacted layers have very little space between them. F: Schematic showing the location of sections A–E. G: Bar graph of

the number of DGF layers (error bars indicate SD), both partial (gray) and complete (black) increase linearly with developmental stage (C1–C2,

n ¼ 3; C3–C4, n ¼ 3; C5–C6, n ¼ 7). Orientation arrows: D, dorsal; L, lateral; V, ventral. Scale bars ¼ 2 lm in A; 1 lm in B–E. (Locator

codes: A: PpC3a_08-12_B5c_1-6: B:_B5c_7-10; C: FpC1e_ 07-29_E1b_1; D: FwC5a_06-02_C1a_4-13; E: BsPA1a_ 07-30_B3a_21.)
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exception. As mentioned previously, the N6 goes through a

major external transformation when it becomes a cope-

podid (C1). Careful inspection of the C1 also revealed

changes in the nervous system, namely, a complete loss

of the myelinated trio of fibers seen in the naupliar

stages. The myelinated trio could not be found at the

mandibular neuromere (Fig. 7A) or in any anterior or pos-

terior sections of the C1 (Fig. 8).

Myelination of the DGF
The DGF appeared to be the first axon to be insulated

after the metamorphosis into the copepodid stage (Fig.

7B). The development of myelin layers in the DGF of MD

was characterized in all copepodid stages (Fig. 7B–G);

early-stage DGFs had partial or a combination of partial

and complete layers, and, as in the largest naupliar fiber,

the number of layers increased as the animal aged (Fig.

7G). By adulthood, up to 19 layers were found. Unlike the

nauplius, all large fibers were myelinated, although no

fiber was larger than the DGF, which had the most lamel-

lae of any axon.

Unlike the naupliar myelinated trio, the extent of myeli-

nation of the DGF did vary according to location along the

nerve cord. In general, myelination was less well devel-

oped the more posteriorly the axon was examined. As far

anterior as the circumesophageal connectives, a DGF

could be found in the dorsolateral region on each side.

There, it contained up to four layers of complete myelin at

the C1 stage (Fig. 8A,B). In addition to being the largest

nerve fiber in this region, the DGF had the greatest num-

ber of myelin layers, although some smaller neurites had

partial layers (arrowheads, Fig. 8B). More posterior sec-

tions at the MD (Fig. 8C,D) revealed a looser myelin that

was still complete, but, by the thoracic segments (T3: Fig.

8E,F; T4: Fig. 8G,H), the myelin was either partial or com-

pletely missing. Other neurons at T3 did have one partial

myelin layer, but by T4 most neurites were naked. These

results indicate that there is an anterior to posterior pro-

gression of myelination in the copepodid stages, which

differs from the constant level of myelination seen in the

trio of fibers in the nauplius.

One feature we noted was that the DGF appeared

smaller in some anterior sections than in posterior ones

(compare Fig. 8A with C), even though the DGF might be

expected to increase in size as it develops in such an an-

terior-to-posterior manner. Upon further investigation,

the diameter of the DGF was variable, depending on the

exact location between neuromeres: it shrank in the con-

nectives and then expanded before making synaptic con-

nections with motor axons in each segment (Fig. 9).

Another feature of the copepod myelin was observed in

functional nodes, where the DGF synapsed with giant

motor neurons (MoG) in each segment. As seen in Figure

9H, myelin changed from a complete to a partial state at

the synapses, so that the membranes of both the DGF and

the MoG came into close contact, providing both electrical

junctions (intermembrane space was �4 nm) and chemi-

cal synapses (DGF contained vesicles and synaptic bars,

and the MoG contained postsynaptic densities).

Copepodid stages were also found to contain electron-

dense cells full of mitochondria that ensheathed the

nerve cord (Figs. 7D, 9, sc). These formed a loose peri-

neurium and were reminiscent of perineurial glia

described for insect (see, e.g., Wigglesworth, 1960; Tre-

herne and Schofield, 1981; Edwards and Tolbert, 1998;

Leiserson et al., 2000; Banjeree et al., 2006) and

decapod (see, e.g., Abbott, 1971) nervous systems. The

outer glial cells were often found to be in close associa-

tion with the DGF but were never shown to contribute

directly to the myelin. Other darkly stained glial cells

penetrated into the nerve cord and surrounded the DGF

(Fig. 9H), but these also never made contact with the

outer myelin layer.

Myelin development in the antennular nerve
lagged that in the CNS

We next compared the development of myelin in

peripheral nerves with that in the CNS. The first antenna

is present in all developmental stages, and, compared

with the CNS, it has relatively few fibers in its nerve

(A1n), which facilitated counting and scoring the extent

of myelination. Cross-sections of the proximal A1n

Figure 8. Copepodid myelin at different levels in the VNC. Sections from a stage C1 CNS comparing layers and extent of myelination. Right

panels are enlargements of boxed regions in the left panels. Cross-sections at the level (indicated in I) of the tritocerebrum (TC; A,B); note

the many neurons ensheathed with partial layers (B, arrowheads), contrasting with the DGF with at least four complete layers. C,D: MD (also

shown in Fig. 7A,B); the DGF retains four layers, but they are less compacted than in A,B. E,F: Second thoracic segment (T3); the DGF myelin

layers (one or two) become partial, and there are fewer. G,H: Third thoracic segment (T4) showing naked DGF typical of this level; none of

the other axons is myelinated in T3 or T4. Additionally, the total number of neurites in the VNC decreases from anteriorly to posteriorly (com-

pare left VNC sizes in A,C,E,G). The trio of myelinated fibers found in the N3–N6 nauplii is not present at any point along the VNC. A ring of

nuclei of uncertain (neuronal or glial) identity surrounds VNC. Scale bars ¼ 2 lm in A,C,E,G; 500 nm in B,D,F,H. (Locator codes: A:

PpC3a_08-12_B3a_1-11; B: B3a_13; C: B5c_1-6; D: B5c_7-10; E: C9a_1-6; F: C9a_8; G: E6a_1-4; H: E6a_5.)
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revealed that PNS myelin development followed a time

course different from that of CNS myelin (Fig. 10). Partial

myelin began forming only with the N3 stage (Fig. 10B,I–

K), compared with an N2 start in the CNS (Fig. 4B). Fur-

thermore, at the older stages (N4–N6), only three of the

eight animals sectioned contained complete myelin, and

in each case it was restricted to a single myelinated fiber

that was never the largest in the nerve. This compared

with the three fully myelinated fibers in the CNS that were

identifiable across organisms at that stage. More axons

became fully myelinated only after the C1 molt (Fig. 10E).

The number of layers of the largest A1n fiber was also

quantified at different developmental stages (Fig. 10I), for

comparison with CNS axon 1 and the dorsal giant fibers.

The total number of layers for all A1n fibers did not exceed

16, whereas the DGF in the CNS reached up to 20. This dif-

ference may be related to diameter: the largest A1n fiber

was only 2 lm, whereas the DGF was often >3 lm.

To quantify the time course of myelination, each A1n

fiber was classified by its degree of myelination. As seen

in Figure 10J,K, as copepods developed, they acquired

more unmyelinated fibers through the naupliar stages,

but numbers then declined through the copepodid

stages. On the other hand, numbers of partially or com-

pletely myelinated fibers rose throughout the entire

developmental sequence. By the adult stage, only 5% of

the A1n fibers were devoid of myelin. The total number of

fibers in the A1n was found to increase by �16–17 axons

per stage, as additional fibers were likely added as seg-

ments are added to the antennules at each molt (McKin-

non et al., 2003).

Finally, we were also interested to see whether there

was a relationship between the diameter of the nerve

fiber and the presence and extent of myelination. The

mean fiber diameters (see Materials and Methods) were

measured for each developmental stage and categorized

by myelination type (Table 1). Figure 11A shows plots of

the relative distributions of outer fiber diameters among

unmyelinated, partially myelinated, and completely my-

elinated fibers in the A1 nerve for four different age

classes. In the earliest age class (N1–N3), with most of

the fibers unmyelinated (as shown in Fig. 10K), the per-

centage of unmyelinated fibers decreased with diameter

(R2 > 0.99 on a linear regression). This trend reversed in

the older naupliar group (N4–N6; R2 > 0.73). Among the

early copepodids (C1–C3), the fraction of fibers that were

fully myelinated increased with diameter (R2 ¼ 0.85), and

the unmyelinated fraction decreased up to 1 lm in diam-

eter (R2 ¼ 0.73). For the older copepodids and adults

(C4–C6), unmyelinated fibers were restricted to the

smaller diameters (less than or equal to about 1.0 lm),

whereas the fraction with complete myelin increased with

diameter up to 1.2 lm and that of partial myelin remained

relatively constant. Plots of the cumulative distributions

of axon count with increasing diameter (Fig. 11B) showed

median diameters of unmyelinated fibers ranging from

0.15 to 0.23, with the smaller medians occurring in the

copepodids. Partially myelinated axons had larger

medians (0.21–0.29) but were as tightly clustered,

whereas the copepodids dominated the upper range of

diameters. Fully myelinated axons were relatively few

among nauplii, but, among copepodids and adults, the

older age group (C4–C6) had smaller median diameter

(0.35 lm) than did the earlier copepodid stages (C1–C3:

0.54 lm; median test, P < < 0.001). A tendency toward

increasing proportions of larger fibers with age can be

seen in the lower position of the cumulative curves

approaching the asymptote of 1.0 in the unmyelinated

older compared with younger nauplii and in the partially

myelinated copepodids compared with nauplii. Overall

fiber diameter (all types) did not significantly change until

stages C1–C3, whereupon the diameters significantly

increased and then remained similar in the C4–C6 stages

(data not shown; P < 0.05, ANOVA, Tukey-Kramer HSD).

Within each stage, completely myelinated fibers were

always the largest, except in N4–N6, in which large

unmyelinated fibers (likely the developing DGF as dis-

cussed in Fig. 4) were found.

An additional parameter that we measured was the ra-

tio of the axon core diameter to the total fiber diameter

Figure 9. Intersegmental diameter fluctuations and functional nodes of DGF. Stage C5 copepodid. Serial sections at 6-lm intervals start-

ing at T2 and proceeding posteriad. Right panels are enlargements of boxed regions in the left panels. A,B: Section from connectives just

posterior to the T2 neuromere (DGF diameter �3.5 lm). B: Magnified view illustrating the semicompacted layers. C,D: Section 6 lm pos-

terior to A,B; note the DGF decrease in diameter to 1.6 lm and increase in myelin compaction. Also observe in D a nearby glial cell pro-

jection (arrows) that runs alongside but does not contact the nerve fiber. E,F: Section 12 lm posterior to A,B showing great enlargement

of DGF (4.7 lm). G,H: Section 18 lm posterior to A,B, entering the T3 neuromere; DGF diameter is less than in much of the T2 neuro-

mere (�3 lm). The myelin also changes from complete to partial where DGF contacts the giant motor neuron (MoG) in a functional node

(white arrow); the myelin appears to retract to the partial state to form a marginal ‘‘cliff’’ within the confines of the axolemma (black arrow

on one side of node; see Fig. 6, Wilson and Hartline, 2011). Electron-dense cytoplasm is also observed in the sheath cells (sc) near the

myelinated axon in D,E,H. Scale bars ¼ 2 lm in A,C,E,G; 1 lm in B,D,F,H. (Locator codes: A: FwC5c_ 08-14C4a_1-9; B: C4a_10; C:

D3a_1-6; D: D3a_7; E_F: E2a_1-9; G: 08-13 E4a_1-8; H: 08-13 E4a_9.)
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(g ratio). Figure 11C shows the calculated ratios for each

myelination type. With this calculation, partially myelin-

ated fibers were found to have a higher mean ratio than

completely myelinated fibers. Other peripheral nerves

were not characterized in detail, but nerves to all appen-

dages contained myelinated fibers by the C6 stage

(nerves to urosome were not checked). The timeline and

type of development of myelin in these fibers was beyond

the scope of this study, but a typical peripheral nerve con-

tained a combination of unmyelinated and partially and

completely myelinated layers, like the A1n.

DISCUSSION

In this study, we show that myelin first forms in B. similis

as a partial lamella on a large-diameter axon initially in the

CNS (Fig. 4) and only subsequently becomes complete,

concentric layers in later stages (Figs. 4, 9) and in peripheral

Figure 10. PNS myelin development. Sections through antennular nerve (A1n). A–C: Naupliar stages (location indicated in D). A: Stages

N1–N2; note absence of myelin (cf. CNS, Fig. 4). B: Stage N3; note axon with a single layer of partial myelin capping about two-thirds of

the axon as in the CNS (arrowhead). C: Stage N6 showing that several axons are now partially myelinated; note general lack of complete

myelin at this stage. E–G: Copepodid stages (location indicated in H). E: Stage C1 showing complete concentric myelin on some axons. F:

Stage C3, showing addition of layers. G: Adult, showing that most axons are now myelinated. I: Bar graph of the number of layers of the

largest fiber at each developmental stage (error bars indicate standard deviation [SD]). J: Graph of the number of A1n axons exhibiting

each degree of myelination at each developmental stage. Stages grouped in pairs: N1–N2 (n ¼ 6), N3–N4 (n ¼ 3), N5–N6 (n ¼ 5), C1–

C2 (n ¼ 3), C3–C4 (n ¼ 6), C5–C6 (n ¼ 8). K: Normalized bar graph showing the percentage of all A1n axons exhibiting each degree of

myelination at each developmental stage. Scale bars ¼ 200 nm. (Locator codes: A: BsN2A2_D7b_2; B: BestN6b_E1a_11; C: BestN6a_07-

26_A1c_14; E: FwC1x_06-06_D6a_12; F: PpC3d_06-10_E8a_50; G: BsPA1a_07-30_C4a_37.)

Wilson and Hartline

3274 The Journal of Comparative Neurology |Research in Systems Neuroscience



nerves (Fig. 10). Furthermore, at functional, fenestrated

nodes, the myelin retracts to form partial myelin, allowing

for synapse formation with other neurons (Fig. 9H).

This type of myelin formation has never been

described, even in other invertebrates. The only other

study to examine the development of myelin in inverte-

brates was done by Xu et al. (1994). In this study, the

authors found that penaeid shrimp myelin forms from

multiple layers of glia that envelop an axon from two

sides, forming end loops at seams. For caridean shrimp,

no developmental studies have been carried out, but

adult myelin is again different, with alternating glia over-

lapping to form seams on alternate sides in successive

layers (Heuser and Doggenweiler, 1966). Functional,

fenestrated nodes have been described in other inverte-

brates (Günther 1976; Xu and Terakawa, 1999), but the

node structure is very different, with myelin obviously out-

side the axolemma in those cases, whereas in the cope-

pod it appears to be internal to the axolemma (see also

Wilson and Hartline, 2011). Thus, in all cases of crusta-

cean myelin, the end result is the formation of complete

concentric layers surrounding the axon, but the underly-

ing structures are so different that it must be considered

an example of convergent evolution.

CNS development
This is also the first article to outline the copepod nerv-

ous system development as a whole, although a study of

an N1-stage harpacticoid, with special attention to the

circuitry of the naupliar eye, has appeared recently

(Lacalli, 2009). Although our technique did not allow for

direct comparisons with other invertebrates in which

immunolabeling of axons and synapses has been done,

some general features can be discussed. Harzsch and

Glötzner (2002) examined the developing Artemia nerv-

ous system: in the metanauplii, the brain develops as a

neuropil ring shape surrounding the stomadaeum. This

form is also present in the N1 stage of a harpacticoid

(Lacalli, 2009), in barnacle nauplii (Semmler et al., 2008),

in malacostracan embryos (Harzsch et al., 1997; Harzsch,

2002; Vilpoux et al., 2006), in an onychophoran (Eriksson

and Budd, 2000), and in several insects (Wildeman et al.,

1997; Nassif et al., 1998; Graf et al., 2000; Ludwig et al.,

2000). The presence of a similar embryonic circumoral

nerve ring in the N1 Copepoda provides more evidence

for this feature being part of the arthropod ground pat-

tern. In general, commissures and the ventral nerve cord

were also formed in an anterior-to-posterior manner in

copepods, as identified by light microscopy (Fig. 2). These

data agree with findings from many studies (see, e.g.,

Thomas et al., 1984; Harzsch, 2003; Mittmann and

Harzsch, 2003; Whitington et al., 2004) in which an ante-

rior-to-posterior progression of connective tracts and

neurogenesis has been identified.

Myelinated naupliar trio: possible homology
to terminal pioneer neurons

One notable exception to this anterior-to-posterior pro-

gression is the trio of myelinated axons found in stage

N3–N6 (Fig. 6). These axons have constant numbers of

myelin layers from anterior to posterior and may arise

from myelinated somata found near the posterior tip of

the nauplius (Fig. 6F). These neurons, therefore, may be

homologous to the terminal pioneer neurons that grow

from posterior to anterior. Similar results have been

described for Artemia, in which two terminal pioneer neu-

rons were found on either side of the posterior end of the

embryo (Blanchard, 1986; confirmed by Fischer and

Scholtz, 2010). The neurons described in that study send

long axons from the posterior tip to the mandibular seg-

ment, the precise location where we find the first myelin-

ated fibers. A recent study shows similar findings in sto-

matopods: axons from two cells in the posterior

segments at the tip of the caudal papilla grow anteriorly

during development of the egg nauplius (Fischer and

Scholtz, 2010). The copepod naupliar trio, therefore,

might have derived from the terminal pioneer neurons

found also in these other, basal crustaceans. Additional

sectioning of posterior early naupliar stages as well as

immunolabeling for a-tubulin could confirm this

hypothesis.

The other interesting finding regarding the trio is its

complete disappearance following metamorphosis to the

C1 copepodid (Figs. 7, 8). To our knowledge, no descrip-

tion of apoptotic cell death has been made in other crus-

tacean nervous systems, outside of the deutocerebrum

TABLE 1.

A1 Fiber Diameters for Developmental Stages by Myelination Type

Stage (n) No myelin Partial myelin Complete myelin

N1–N3 (8) 0.20 6 0.08 (146) 0.191 0.30 6 0.14 (14) 0.27 —
N4–N6 (6) 0.27 6 0.16 (322) 0.23 0.25 6 0.10 (63) 0.21 0.22 6 0.11 (3) 0.18
C1–C3 (9) 0.19 6 0.12 (361) 0.15 0.37 6 0.25 (525) 0.29 0.62 6 0.40 (221) 0.54
C4–C6 (8) 0.17 6 0.12 (115) 0.15 0.35 6 0.33 (806) 0.25 0.53 6 0.53 (634) 0.35

1Mean diameter (lm) 6 SD (No. of fibers), median diameter.
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(Harzsch et al., 1999; for reviews see Beltz and Sande-

man, 2003; Schmidt, 2007). It is unclear whether the trio

actually underwent apoptosis or became unmyelinated,

but no evidence for myelinated fibers in the ventromedial

part of the nerve cord was found after N6. It is possible

that the axons were retracting and could be found in seg-

ments farther posteriorly than T3 (Fig. 9). In insects,

though, neurons commonly are lost during metamorpho-

sis when they are involved in ecdysis or in sensory struc-

tures found only in larval stages (for review see Truman,

Figure 11. A1n diameter analysis. A1n outer diameters were measured and organized by myelination class. A: Graphs (histogram) of the

fraction of fibers in each myelination class for a given diameter range for four age classes of animals: no myelin (no fill), partial myelin

(gray fill) and complete myelin (solid fill). Histogram bin widths for the extreme diameters, in which the fiber density is low, have been

enlarged to include a minimum of 20 fibers each. Stages grouped in triplets; numbers of individuals in each and fibers counted are given

in Table 1. B: Cumulative frequency plots, one for each myelination class, showing the fraction of fibers in each of four age groups with

diameters less than the abscissa value: N1–N3: fine dotted line; N4–N6 dashed line, C1–C3 broken line; C4–C6 solid line. Same database

as used for A (see Table 1). C: The g ratio (inner axon core diameter/outer fiber diameter) of partial and myelinated fibers was compared

(all unmyelinated fibers have a ratio ¼ 1). The myelinated fibers had a significantly smaller g ratio (P < 0.0001, t-test). Gray horizontal

line shows overall mean for both types of fibers; boxes indicate 25th and 75th percentiles; narrow horizontal lines are standard deviations

from the mean; wide horizontal lines indicate the range of observed g ratios. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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1984; Tissot and Stocker, 2000). Perhaps these neurons

were involved in organizing the initial development of the

connectives or were involved in the transition process

between nauplius and adult and were no longer neces-

sary for copepodid stages.

Behavioral changes correlate with
developmental changes in the calanoid
nervous system

Another possibility for the function of the trio is behav-

ioral. Concomitant with the metamorphosis from the nau-

pliar (N6) to copepodid (C1) body form is a change in

locomotory mode. Nauplii possess only three effective

swimming appendages, the first (A1) and second (A2)

antennae and the mandibles (MD). Nauplii exhibit excel-

lent escape responses using these appendages (see, e.g.,

Titelman and Kiørboe, 2003; Bradley, 2009). The escape

responses are triggered by mechanosensory stimuli. Nau-

plii of Bestiolina, as well as those of Artemia, possess pos-

terior caudal setae that likely are mechanosensory (Fig.

2A, CS, arrow). Because nauplii lack the escape-triggering

antennular sensory structures of adults (because of their

specialization for locomotion), the caudal setae are good

candidates for triggering their escapes. With the meta-

morphosis into the copepodid form and the apparent loss

of the naupliar caudal receptors, the escape circuit alters.

The first antenna loses most of its locomotory function

and becomes a sensory structure bearing mechanorecep-

tors that play a key role in detecting hydrodynamic distur-

bances that signal predatory threats and trigger rapid

escape responses (Gill and Crisp, 1985; Lenz et al.,

2004). Slow swimming, originally produced by the most

anterior cephalic appendages (A1, A2, MD), shifts to

more posterior cephalic appendages (A2, MD, MP),

whereas rapid escape shifts to the thoracic pereiopods

(P1–P5). It may be expected that this change in function

of the different sensory structures and appendages would

be accompanied by appropriate changes in the nervous

system.

In the developing naupliar nervous system, the poste-

rior myelinated trio appears to be well situated to relay

sensory information rapidly from the caudal mechanore-

ceptors to the anterior motor centers controlling the ce-

phalic swimming appendages. Its early myelination sup-

ports its likely role in escape behavior, because rapid

transmission of information signaling a predatory attack

is critical to survival, even in a small organism (Lenz et al.,

2000). The progressive expansion in myelination (from

one to three axon pairs myelinated between N2 and N3)

suggests a progressive improvement in escape-response

capability. With the transition to C1, the naupliar caudal

receptors appear to be lost, and the escape behavior

switches from caudal-receptor/cephalic appendage sys-

tem to an A1-receptor/pereiopod system. The DGF is

then well-situated to convey signals entering the deuto-

cerebrum via the A1 nerve to the segmentally iterated

thoracic motor neurons innervating the pereiopods

(Lowe, 1935; Park, 1966; Gill and Crisp, 1985; Hartline

et al., 1996). The progressive DGF development noted in

the electron micrographs of the copepodid stages would

satisfy the need to keep up with the anterior-to-posterior

development of the thoracic segments and their associ-

ated pereiopods. The switch in both sensory and motor

structures between nauplius and copepodid could thus

explain the observed shifts in myelination patterns.

Fiber diameter
In vertebrate peripheral myelin, a naked axon becomes

myelinated only after it reaches a certain diameter, typi-

cally first being enveloped by Schwann cells at 0.2–0.5

lm, with compact myelination ensuing only after the

axon reaches 1–2 lm (for review see Raine, 1984). Simi-

larly, in CNS, myelin initiation begins only after an axon

attains a diameter of 1 lm (Raine, 1984). However, in

copepods, axons of mean diameter 0.35 lm (partial) to

0.50 lm (complete) were invested in myelin layers in the

A1 nerve. Why myelinate such small fibers?

First, myelin gives these animals a behavioral advant-

age. Compared with other copepods without myelin,

copepods with myelinated nervous systems react faster

to hydrodynamic stimuli (Lenz et al., 2000): a faster

escape response decreases the risk of predation by up to

50% compared with less evasive prey (Drenner et al.,

1978; Browman et al., 1983). In support of this idea, the

large fibers in the nauplius CNS were not necessarily the

first to be myelinated (Fig. 4), indicating that the function

of the axon (i.e., for directing information across large dis-

tances quickly) may be as important as the diameter of

the fiber for determining myelination. The diameter does

seem to matter as well, insofar as larger antennular fibers

were more likely to be myelinated in copepodids, at least

(Fig. 11). Also, fibers were more likely to become myelin-

ated as development progressed (Fig. 10J,K) and overall

fiber diameter increased. Although median fiber diame-

ters for partially myelinated axons were similar in all

stages, the median diameter for the completely myelin-

ated axons of the combined older-stage copepodids (C4–

C6) was considerable smaller than that for the combined

younger-stage copepodids (C1–C3: Table 1). This may be

because of the appearance of substantial numbers of

small-diameter axons in the adult forms, especially in

males, which in general had more A1 fibers than did adult

females. This is likely a result of the appearance of extra

aesthetascs (chemoreceptors) on the male antennule

Copepod myelin development
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that are presumed to be involved in detecting female

pheromones.

Another parameter for assessing the function of myelin

is the ratio of the axon core diameter to the total fiber di-

ameter, termed ‘‘g’’ by Rushton (1951; Fig. 11C). Calcula-

tions from vertebrates suggest that a g ratio of 0.62

yields the fastest conduction for a given total diameter

(Moore et al., 1978). As indicated in Figure 11C, complete

copepod myelin was close to this value, with a mean g ra-

tio of 0.60. However, it would be wrong to carry the com-

parison too far; myelin in B. similis, at least, is less com-

pact than that in typical vertebrate fibers, so capacitance

per unit length is higher and expected conduction slower

than for the equivalent vertebrate case. The g ratio for

partial myelin was larger at 0.71. Once again this cannot

be used as more that a qualitative guide indicating ‘‘less’’

myelin on average than for complete ensheathments.

However, partial myelin is still expected to reduce the

transfiber capacitance per unit length: if a fraction of the

axon is left uncovered, the insulating efficacy will be pro-

portionately reduced, but, provided that there is a no cur-

rent leakage where the margins of the myelin meet the

axolemma, overall capacitance will still be reduced.

CONCLUSIONS: COPEPOD MYELIN IS AN
INSTRUCTIVE EXAMPLE OF CONVERGENT
EVOLUTION

The independent invention of myelin by a small plank-

tonic crustacean is a remarkable case of convergent evo-

lution of a complex trait. It is remarkable not only

because it is a rare event (only three other cases of mye-

lin evolution are known: Roots, 2008) but it also occurs in

an organism so small that its advantages are not immedi-

ately obvious. It offers possibilities for valuable insight

into myelin evolution in other taxa, including vertebrates.

In part because developmental sequences often shed

light on evolutionary processes, we can use data from our

developmental studies to guide thinking about evolution-

ary events now well buried in the past, which in turn may

help inform understanding of the innovation process in

evolution generally. The potential selective advantages of

myelin, with impact on the functioning of the nervous sys-

tem as a whole as well as the behavior it governs, are

twofold: increased conduction speed and reduced meta-

bolic demand. It has not been clear which of the two

might originally have been more important in its evolu-

tion, or indeed which is currently the more important in

shaping system characteristics. If the developmental

sequence in copepods is a valid indicator of evolutionary

sequences, it would appear to favor conduction speed in

the service of reduced reaction times to predatory attack,

granting the indirect (and somewhat circular) evidence

for the role of the naupliar posterior trio in such behavior.

With the shift to (or addition of) an antennular trigger in the

escape circuitry, the superior performance with which this

endows the system in localizing threat stimuli through

bilaterally based gradient detection in sensor comparisons

(e.g., as in vertebrate auditory localization), myelinated

pathways may achieve additional benefit. Finally, for axons

subserving slowly conducting pathways in which speed is

not critical, metabolic savings might have promoted spread

of myelination to even very small axons. More generally

speaking, the drastic changes in cellular properties occa-

sioned by myelination must require a major adjustment in

other system properties to maintain the optimum. For

example, time delays, especially in feedback loops, figure

prominently in performance and stability characteristics as

assessed by systems analysis, and reducing these might

be expected to have a significant impact on system per-

formance. Documenting the downstream adjustments in

transitioning from unmyelinated to myelinated nerves

remains a largely unexplored area.
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