
Meningeal-like Organization of Neural Tissues in
Calanoid Copepods (Crustacea)

Frederic Mercier,* Tina M. Weatherby, and Daniel K. Hartline

B�ek�esy Laboratory of Neurobiology, Biological Electron Microscope Facility, Pacific Biosciences Research Center,

University of Hawai’i at Manoa, Honolulu, Hawai’i 96822

ABSTRACT
Meninges, the connective tissue of the vertebrate cen-

tral nervous system (CNS), have not been recognized in

invertebrates. We describe the ultrastructure of the

adult brain, antennules, and cord in five marine cope-

pods: Calanus finmarchicus, Gaussia princeps, Bestiolina

similis, Labidocera madurae, and Euchaeta rimana. In all

of these locations we identified cell types with charac-

teristics of the typical cells of vertebrate meninges and

of their peripheral nervous system (PNS) connective tis-

sue counterpart: fibroblasts, having flattened twisting

processes with labyrinthine cavities communicating with

the extracellular space, and macrophages, containing

prominent lysosomes, well-developed endoplasmic retic-

ulum, Golgi apparatus, and indented heterochromatin.

The vertebrate distinction between electron-dense cells

in the most external connective tissues (dura mater

and epineurium) versus electron-lucent cells in the

more internal connective tissues (pia-arachnoid and

endoneurium-perineurium) was also found in the cope-

pod CNS and PNS. Similar to the vertebrate organiza-

tion, electron-dense cell networks penetrated from the

outer layer (subcuticle) to surround inner substructures

of the copepod nervous systems, and electron-lucent

networks penetrated deeply from the brain and nerve

surfaces to form intertwined associations with neural

cells. Moreover, the association of these cells with

basement membranes, glycocalyx, and fibrils of colla-

gen in copepods conforms to a meningeal organization.

The primary deviation from the vertebrate ultrastruc-

tural organization was the often tight investment of

axons by the meningeal-like cells, with an intercalated

basement membrane. Together, these data suggest

that the tissues investing the copepod nervous system

possess an organization that is analogous in many

respects to that of vertebrate meninges. J. Comp. Neu-

rol. 521:760–790, 2013.
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The nervous systems of vertebrates consist of neurons,

glia, and vascular and connective tissue cells, which to-

gether form a very organized cytoarchitecture (Ramon y

Cajal, 1909, 1911; Peters et al., 1991; Mercier and Hat-

ton, 2004). The connective tissue portion of this architec-

ture in the central nervous system (CNS) is termed

‘‘meninges’’ (originating from the Greek meninx ¼ mem-

branes) and comprises several layers of brain coverings,

namely dura mater (commonly called dura), arachnoid,

and pia-mater (commonly called pia) from the outermost

layer inward (Nolte, 2009) and of their respective exten-

sions within the brain structures (Mercier and Hatton,

2004; Mercier, 2004; Nolte, 2009). Other extensions of

the meninges envelop peripheral nerves and penetrate

the nerve elements to form the connective tissue of the

peripheral nervous system (PNS). The function of the

meninges is not well known. Until recently, it was thought

that the meninges do not represent more than a mechani-

cal protection for the brain and spinal cord (Nolte, 2009).

Recent studies suggest that meninges interact with the

neural tissue, participating in neuroprotection (Schilling

et al., 2009) and morphogenesis (Siegenthaler et al.,

2009). In addition, adult meningeal cells may represent a

source of neural stem cells, potentially contributing to the

production of new neural cells (Bifari et al., 2009; Decimo
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et al., 2011; Nakagomi et al., 2011). Interestingly, mam-

malian neural stem cells and their immediate progeny

proliferate in a heparan sulfate proteoglycan niche asso-

ciated with meninges that extend from the brain surface

to the neurogenic zones, in the depth of the brain (Mer-

cier and Arikawa-Hirasawa, 2012). Recent data demon-

strate that focal meningeal destruction impairs the pro-

cess of learning and memory (Derecki et al., 2010).

Based on the presence of numerous gap junctions

throughout networks of meningeal cells (Mercier and Hat-

ton, 2001) and the presence of extracellular matrix (ECM)

material (basal lamina, also termed basement membrane

or lamina propria; Timpl et al., 1979; Timpl 1989; Yurch-

enco and Schittny, 1990) at the interface of the meninges

with the neural tissue (Mercier and Hatton, 2000, 2001,

2004), we also proposed that meninges and their exten-

sions within the brain form an integrated system that

processes growth factors for the benefit of neural struc-

tures (Mercier and Hatton, 2004; Mercier, 2004) and the

neurogenic zones (Mercier et al., 2002, 2011). Thus,

the organization of the connective tissue elements of the

nervous system is assuming new significance that war-

rants examination beyond the vertebrate bounds.

The organization of the ensheathment of invertebrate

nervous systems has not been traditionally perceived as

meningeal. The most basal taxon that has been credited

with meninges is the fish (Momose et al., 1998). Are

meninges a tissue that has been developed only in verte-

brates? Connective tissue elements such as ECM mole-

cules, membranes, and connective tissue cells are pres-

ent in the nerves and peripheral organs of invertebrates

(Ashhurst 1968; François 1998). However, comprehen-

sive comparisons of the organization of this connective

tissue with that of the vertebrate nervous system are

rare. To determine the extent to which a meningeal model

might be applied to one group of invertebrates, we inves-

tigated the ultrastructure of neural tissues (brain and exit-

ing nerves, especially of the antennules) in five species of

copepod of the order Calanoida (Crustacea). Exploring

large fields of the nervous tissues, we used four criteria

to identify meningeal characteristics. First, we searched

for cells with morphological features of vertebrate macro-

phages and fibroblasts, the typical cells of the meninges.

Ultrastructural characteristics (organelles, chromatin,

general morphology) of these cell types of the adult

rodent were used for comparison. Next, we analyzed the

cytoarchitecture of the neural tissue, examining the cell

locations and their relative positions. In mammals, the

meningeal cells are located both at the surface of neural

tissues and within the brain and nerves. Meningeal cells,

covered by basement membranes, separate vascular

cells from neural cells, forming the adventitia, also

termed the perivascular layer (Mercier and Hatton,

2004). Meningeal cells also form large and flattened

extensions that course between the hippocampus and

the thalamus, between the subcortical structures and the

hypothalamus, and between the cerebellar gyri (as sulci).

Meningeal cells also separate substructures of the nerve,

forming a lattice in which neurons are inserted. This is

potentially an important identifying feature of meningeal

organization. Third, we observed the ECM material and its

location. The ECM that is directly visible by transmission

electron microscopy (TEM) is diagnostic for the presence

of connective tissue. Fibrils of collagen, basement mem-

branes (Ryerse, 1998), and glycocalyx (Weinbaum et al.,

2007) can be identified even without immunolabeling for

specific markers. In vertebrates, this ECM material is sys-

tematically associated with connective tissue, including

vascular cells if they exist. Importantly, a basement mem-

brane always separates meningeal cells from neural cells

(neurons and glial cells) (Mercier and Hatton, 2004).

Indeed, it is a general principle of the organization of ani-

mal organs and tissues, including the nervous system,

that a basement membrane exists at the interface

between the connective tissues (stroma) and the func-

tional tissues (parenchyma) of organs (Kefalides et al.,

1979; Laurie et al., 1983; Timpl, 1989; Yurchenco and

Schittny, 1990; Mercier and Hatton, 2000, 2001, 2004;

Desai et al., 2011). While vertebrate neural cells may

secrete ECM molecules and participate in the formation

of the cell surface interstitial matrix (Ramos Moreno

et al., 2006), there is never a basement membrane sepa-

rating the neural cells from each other (Mercier and Hat-

ton, 2004). Finally, we used a remarkable characteristic

that distinguishes two sorts of meningeal cells in both

CNS and PNS of vertebrates. Dural fibroblasts (CNS) and

epineurial fibroblasts (their equivalent in the PNS) appear

electron-dense by TEM (Table T11). Pia-arachnoid fibro-

blasts (CNS) and perineurial/endoneurial fibroblasts are

visualized as electron-lucent cells by TEM (Peters et al.,

1991; Vandenabeele et al., 1996).

In the course of investigating the nervous systems of

various copepods over several years, we have determined

that about half of the species of marine calanoids pos-

sess myelinated axons and half do not, a division that falls

along phylogenetic lines (Davis et al., 1999; Lenz et al.,

2000; Weatherby et al., 2000). While thin cellular invest-

ment of the axons and somata has been noted in these

studies, the heavy ensheathment characteristic of the

better-studied decapods has not. Further, the glial

involvement expected in a myelin-forming context has not

been observed (Wilson and Hartline, 2011). This led to

the question of the nature of the relation between the

neurons and their associated supporting cells in cope-

pods. A meningeal model (adult rat) has proved useful as

a guide in this study. Organization of the rat meninges

Copepod meninges
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and further details used to identify meningeal cell charac-

teristics are presented in the Materials and Methods.

MATERIALS AND METHODS

Animals
The invertebrate species investigated were five marine

copepods representing the four major superfamilies of

the Calanoida: Gaussia princeps (Augaptiloidea), Labido-

cera madurae (Centropagoidea), Calanus finmarchicus

and Bestiolina similis (Megacalanoidea), and Euchaeta

rimana (Clausocalanoidea). C. finmarchicus is a zoo-

plankter that is widely distributed in the Northeast Atlan-

tic. The specimens were collected offshore of Frenchman

Bay, Maine. G. princeps is a mesopelagic copepod found

in tropical waters worldwide. The G. princeps specimens

were collected off the Big Island, Hawaii. E. rimana were

collected offshore and L. madurae inshore of Kaneohe

Bay, Oahu, Hawaii. B. similis were obtained from the latter

source and cultured in the laboratory through several

generations prior to use. The animals were adult or last-

stage preadult (C5), and ranged in body length from 0.5

mm (B. similis) and 2–3 mm (L. madurae, C. finmarchicus,

E. rimana) to 10 mm (G. princeps).

TEM and imaging
Calanus finmarchicus specimens were fixed by high-

pressure freezing, courtesy of Dr. Kent MacDonald at the

University of California, Berkeley Robert D. Ogg Electron

Microscope Laboratory. The freeze substitution was a mix

of 1% osmium tetroxide, 0.1% uranyl acetate, and 5%

water (to enhance membrane contrast) in acetone. G.

princeps and L. madurae were fixed by conventional

immersion in 4% glutaraldehyde in 0.1 M sodium cacodyl-

ate supplemented with 0.35 M sucrose for 1 hour, fol-

lowed by postfixation with 1% osmium tetroxide in 0.1 M

sodium cacodylate for 1 hour, and dehydration in an etha-

nol series. After substitution with propylene oxide, the

specimens were infiltrated and embedded in LX112 resin

polymerized at 60�C for 3 days. E. rimana and B. similis

were fixed by ultrarapid cryofixation. Briefly, samples

were held in clamshell copper TEM grids in forceps and

plunged into freezing propane in a Reichert KF80 ultra-

rapid cryofixation device, then transferred to freezing 1%

osmium tetroxide in methanol held in a liquid-nitrogen-

cooled metal block. Vials were stored at �80�C for 4.5

days, held at �20�C for 24 hours, transferred to ice-cold

methanol on ice for 30 minutes, transferred to fresh ice-

cold methanol, then removed from ice and allowed to

come to room temperature. Animals were removed from

their clamshell grids, immersed in propylene oxide, then

infiltrated and embedded in LX112 epoxy resin. The 70–

90 nm-thick sections were obtained with a Reichert Ultra-

cutE ultramicrotome. After poststaining with uranyl ace-

tate and lead citrate, the samples were examined with an

LEO 912 (Zeiss) TEM operated at 100 kV. The ultramicro-

graphs were recorded with a 1MB Proscan slow-scan

fast-transfer CCD camera using magnifications ranging

from 6,000� to 50,000�. Montages of ultramicrographs

for use in figures were created with Adobe Photoshop

CS3 (Mountain View, CA). Image adjustments for bright-

ness and contrast were either not made or were minimal.

Criteria for identifying meningeal
characteristics by TEM

In order to provide a framework against which to inter-

pret the fine structure of the nervous system in marine

copepods, we will describe the principal features of the

vertebrate nervous connective tissues, exemplified in the

adult rat. Although the connective tissues of the PNS and

the CNS are fundamentally similar, the meningeal exten-

sions within the PNS have been given specific names. The

epineurium is continuous with the dura mater and sur-

rounds each peripheral nerve (Table 1; Fig. F11). The peri-

neurium, continuous with the arachnoid, envelops subdi-

visions of the nerves, whereas the endoneurium is the

innermost subdivision of the PNS connective tissue,

wrapping individual bundles of axons (Table 1; Fig. 1A)

(Peters et al., 1991). Figure 1A shows a diagrammatic

representation of the connective tissue of the vertebrate

nervous systems at the PNS/CNS junction. The pia and

arachnoid are very similar in cell composition (Peters

et al., 1991), the only difference between the two layers

being that the pia fronts the neural tissue (glial limitans)

with a basement membrane in between. Pia and arach-

noid are often described as a joined pia-arachnoid (‘‘lep-

tomeninges’’). Most dural tissue is located at the inner

surface the skull (Fig. 1A) although the dura mater proj-

ects at specific locations within the brain, including the

TABLE 1.

Organization and Cell Composition of the Connective Tissues in the CNS and PNS of the Adult Rodent

Rodent CNS (brain and cord) PNS (nerves)

Extraparenchyma (stroma) Dura mater Fibroblasts &
macrophages

Epineurium Fibroblasts &
macrophagesArachnoid Perineurium

Pia mater Endoneurium
Parenchyma Neurons, astrocytes, oligodendrocytes & microglia Neurons and Schwann cells

Mercier et al.
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falx cerebri and tentorium cerebelli (Nolte, 2009). The

pia-arachnoid is located beneath the dura mater, directly

contacts the glia limitans (astrocytes bordering the brain),

and extensively projects through the brain, separating

brain structures, and as perivascular sheaths (adventitia)

(Fig. 1A) (Mercier and Hatton, 2004). The organization of

meninges in the spinal cord is similar to that of the brain.

Counterparts of the meninges exist in the PNS; the

C
O
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O
R

Figure 1. (Legend on page 764).
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Copepod meninges
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epineurium of nerves corresponds to the dura, whereas

the perineurium and endoneurium correspond to the pia-

arachnoid (Table 1; Fig. 1). The endoneurium surrounds

individual bundles of axons, whereas the epineurium

encircles a large subportion of the nerve (Fig. 1).

Meninges primarily consist of fibroblasts and macro-

phages. Both cell types display unique ultrastructural

characteristics. Fibroblasts comprise long ultra-flattened

and twisted processes, triangular or ovoid cell body, pale

heterochromatin and euchromatin in the pia-arachnoid,

dense heterochromatin and euchromatin in the dura, a

narrow cytoplasm surrounding the cell nucleus, and a lab-

yrinth of lacunae that communicate with the meningeal

extracellular space (Fig. 1) (Peters et al., 1991; Vandena-

beele et al., 1996). Figure 1B–D shows the characteristic

flattened fibroblast processes that twist and appear in

ultramicrographs to be of variable diameter. The flat-

twisted processes of fibroblasts can be viewed by scan-

ning electron microscopy (Fig. 1D). Two sorts of fibro-

blasts exist in the meninges: electron-lucent ones in the

pia-arachnoid (Fig. 1B) and electron-dense ones in the

dura in the CNS (Fig. 1E). Similarly, electron-lucent fibro-

blasts form the endoneurium and perineurium of nerves,

whereas electron-dense fibroblasts define the nerve epi-

neurium (Peters et al., 1991). Electron-lucency of the pia-

arachnoid and electron-density of the dura is conserved

throughout the vertebrates (Zajicova, 1975). Macro-

phages in vertebrates display an intermediate electron-

density and are characterized and distinguished by the

presence of large lysosomes, indented heterochromatin,

and a high density of organelles, including well-developed

Golgi apparati and endoplasmic reticulum (ER) (Carr,

1973; Peters et al., 1991; Mercier et al., 2002, 2003,

2006).

Importantly, a basement membrane is interposed at

the interface between electron-lucent cells (arachnoid)

and electron-dense cells (dura) (Fig. 1A; TableT2 2). Another

basement membrane provides an interface between the

pia and glia limitans, which is formed by a monolayer of

astrocytes (Fig. F22B; Table 2). Therefore, this basement

membrane serves as a boundary between the paren-

chyma (neurons and glia) and extraparenchyma (connec-

tive tissue) of the brain (Table 1). Similarly, another base-

ment membrane separates neurons and glia from the

vascular and perivascular cells (Fig. 2A). Additional base-

ment membranes interface the vascular cells and perivas-

cular cells with each other (Fig. 2A). Significantly, there is

no basement membrane between neurons and glial cells

(Fig. 2A; Table 2). The fact that a basement membrane

exists at the interface between the connective tissues

and the parenchyma of all organs (Kefalides et al., 1979;

Laurie et al., 1982, 1983; Timpl, 1989; Yurchenco, 1990)

implies that in addition to ultrastructural criteria and cell

specific markers, a meningeal organization can be dis-

cerned in the location of the connective tissue cells

beyond the basement membrane that borders the glia

limitans (Fig. 2; and Mercier and Hatton, 2004).

A nonunique criterion is the existence of gap junctions

between meningeal fibroblasts and between meningeal

macrophages (Spray et al., 1991; Mercier and Hatton,

2001; Mercier et al., 2006). This suggests that fibroblasts

Figure 1. Ultrastructure of electron-lucent and electron-dense fibroblasts in the meninges of the adult rat for use as a reference for other

systems. A: Schematic representation of the organization of the CNS connective tissue (meninges) and the PNS connective tissue at the

brain surface. The pia-arachnoid (CNS) and endoneurium-perineurium (PNS, here shown as a cranial nerve) are equivalent and consist of

electron-lucent fibroblasts (red) and macrophages. The dura mater (CNS) and epineurium (nerve’s envelope) are also equivalent and con-

sist of electron-dense cells (gray). Note the concentric organization of the perineurial cells in the nerve (red). All meningeal and equivalent

PNS connective tissue cells form a single electrically coupled network through the nervous systems. B: TEM micrograph of a typical pia-

arachnoid fibroblast (electron-lucent fibroblast) showing an ovoid cell body, thin electron-lucent cytoplasm, a nucleus with pale chromatin,

and elongated processes appearing to have variable widths as sectioned (arrows). Arrowheads: processes of other fibroblasts. C: Fibro-

blast processes coursing at the arachnoid-dural interface. Both electron-lucent (L) and electron-dense (D) fibroblast processes display

numerous lacunae (arrows) and wavy morphology (arrowheads). D: Flat ‘‘ribbon-like’’ process of a fibroblast (white arrow) visualized by

scanning electron microscopy. Note frequent blebs (small arrowheads) and lacunae (black arrow). Note the abrupt morphological change

from flat (small arrowhead) to cylindrical (large arrowhead). E: Dural fibroblast showing electron-dense nucleus (D) and electron-dense

cytoplasm with lacunae (black arrow). The cell processes present a variable width (white arrowhead) or flat (white arrow) appearance in

section. For ultramicrographs B,C,E, 13 mm adult rat brain tissues associated with the ventral meninges (beneath the hypothalamus) were

processed for TEM as previously described (Mercier et al., 2000). Scale bars ¼ 1 lm in B–D; 500 nm in E.

TABLE 2.

Arachnoid Barrier Cell Layer Separates Two Functional

Compartments and Acts as a Selective Barrier; Tight

Junctions Are the Principal Components of This Barrier

Neurons
Glia
Basement membrane (interface; does not act as a barrier)

(Nabeshima et al., 1975)
Pia-arachnoid (macrophages þ electron-lucent fibroblasts)
Arachnoid barrier cell layer: cells connected by tight junctions;

acts as a barrier (Nabeshima et al., 1975)
Basement membrane (interface between dura and arachnoid)
Dura mater (macrophages þelectron-dense fibroblasts)

Mercier et al.
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and macrophages potentially form an intercellular gap

junctional communication network throughout the

meninges and associated connective tissue in the PNS

(Mercier and Hatton, 2001). The most numerous cells of

the pia-arachnoid are fibroblasts (�70% in the adult rat),

macrophages, and other immune cells (mast cells, T lym-

phocytes, and dendritic cells). Similarly, the perineurium

and endoneurium resemble each other in cell

C
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R

Figure 2. (Legend on page 766).
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composition and organization and are distinguished by

their location at the surface of large and small bundles of

axons, respectively. Emphasis in this diagram is given to

the continuum between the dura and epineurium on the

one hand and to that between the pia-arachnoid and the

perineurium-epineurium on the other. Similarly, the cellu-

lar composition of the connective tissues, which include

fibroblasts, macrophages, and other immune cells, does

not differ between the nervous organs and tissues and

peripheral organs.

Another hallmark of a meningeal organization relates

to the ECM. Like peripheral organs, the CNS and PNS

connective tissues are associated with an abundant ECM

material, which is, in part, directly visible by TEM. Colla-

gen fibers, basement membranes (Fig. 2A,B) and glycoca-

lyx, all being primarily lattices of large proteoglycans, do

not require immunostaining for their visualization.

RESULTS

Characterization of nonneuronal cells in
copepod PNS and CNS

We have examined ultrastructural characteristics of all

cells that are not neurons in the brain, ventral cord, and

antennules of adult copepods of B. similis, C. finmarchi-

cus, G. princeps, L. madurae, and E. rimana (Figs.F3-F18 3–18).

Neurons were recognized either by ultrastructural criteria

(organization of microtubules, elongated morphology of

axons, synapses, electron-lucency), location in the nerv-

ous structures, and by their myelinated sheaths in the

myelinate species B. similis, C. finmarchicus, and E.

rimana. Examples of myelinated neurons can be seen in

Figure 7A (longitudinally sectioned axons) and in Figures

9A and 10A (cross-sectioned axons). Examples of non-

myelinated neurons (axons) are shown in Figures 4D,E

and 17E.

Characterization of electron-lucent (L) cells and
electron-dense (D) cells resembling meningeal
cells in the five copepod species

Two categories of nonneuronal cells resembling fibro-

blasts were observed in the nervous systems of the cope-

pods examined. These two cell types differed significantly

in the level of electron-density throughout the cytoplasm

in the cell body as well as in the cell processes. Electron-

lucent cells (Figs. 3A–D, 5B–D, 10A, 11B, 13A) and elec-

tron-dense cells (Figs. 4A,B, 5A,C, 10A, 11B, 12A–D, 13A)

were respectively termed ‘‘L’’ and ‘‘D’’ cells. That two cat-

egories of cells, resembling each other but differing pri-

marily in electron lucency, is reminiscent of the situation

in vertebrate nervous systems, with electron-lucent fibro-

blasts in the pia-arachnoid and electron-dense fibroblasts

in the dura mater, and their respective equivalent in the

PNS. To determine whether the D and L cells in copepods

have additional meningeal characters, we further ana-

lyzed their ultrastructure looking for typical fibroblast ul-

trastructural features: long flat processes having an

appearance of a variable width in section, presence of

lacunae, and mitochondria bulging from the flat

processes.

Figure 3A–D shows L cells in the antennule of C. fin-

marchicus. The processes of these cells were sheet-like:

highly elongated (commonly 5–15 lm in length) and

highly flattened (commonly 1 lm in width but 100 nm in

thickness) (Fig. 3A) with a variable orientation in space,

which in TEM section results in an appearance of a vary-

ing width (Fig. 3D). L cells also displayed numerous lacu-

nae (Fig. 3B–D) directly opening on the general cavity

(extracellular space) (Figs. 3D, triple arrow, 18B arrow-

heads) and large mitochondria that bulge from the proc-

esses (Fig. 5B,D). The nucleus of L cells was usually pale,

but less so than the processes (Fig. 3B). Cytoplasm sur-

rounding the nucleus was very narrow, a characteristic

also shared by copepod L cells and vertebrate fibroblasts.

Figure 2. Adult rat as a comparative model: position of basement membranes between connective tissue and glia and absence of base-

ment membranes between glia and neurons. A: Arrangement of cells and basement membranes from the vascular wall (left) to the neuro-

pil (right). Endothelial cells (End) and smooth muscle cells (SMC) form the vascular wall; fibroblasts (Fib) and macrophages (Mac) form the

connective tissue layer (adventitia, also named perivasculature); astrocytes (Ast) and neurons form the neuropil (parenchyma). The connec-

tive tissue and vascular cells form the extraparenchyma. A basement membrane always separates neuropil and extraparenchyma (green

arrows). Astrocytes tightly surround bundles of axons (Ax) and dendrites (Den) without basement membrane intervening (pink arrows). The

schematic representation at the right of the ultramicrograph shows the brain cytoarchitecture and the location of basement membranes,

systematically associated with vascular and connective tissue cells. Insets show the magnified basement membrane between the connec-

tive tissue and the neuropil and the absence of basement membrane between neurons and astrocytes. B: Brain surface and the glia limi-

tans / pia mater interface. Astrocyte processes of the glia limitans interpenetrate (arrowheads). A basement membrane (black arrows)

separates the astrocytes from the underlying pial tissue. The pia consists of electron-lucent fibroblasts (Fib) and macrophages (Mac), the

latter being identified by their lysosomes (white arrows). The schematic representation illustrates the location of the basement membranes

and their absence between neurons and glial cells. For ultramicrographs A,B, 13 mm adult rat hypothalamic tissues were processed for

TEM as previously described (Mercier et al., 2000). Scale bars ¼ 250 nm.
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For comparison, meningeal fibroblasts of the adult rat are

displayed in Figure 3E–G. Electron-lucent cells with long

sheet-like processes, of varying apparent width in section,

presence of labyrinthine lacunae, and presence of numer-

ous (albeit small) mitochondria are in most respects very

similar. L cells with similar morphology were identified in

E. rimana (Fig. 10, arrows), L. madurae (Fig. 5B,D), G.

princeps (Fig. 14B), and B. similis as well (not shown).

D cells identified in the five species of copepods are

shown in Figures 4 (C. finmarchicus), 5 (B. similis,

Figure 3. Identification of electron-lucent (L) cells in the antennule of the copepod C. finmarchicus. A: Electron-lucent (L) cells displaying

very thin processes (arrow) are found in the nervous systems of C. finmarchicus. Compare with the electron-lucent fibroblasts of the rat pia-

arachnoid (arrow in E). B: Nucleus (N) and cytoplasm of an L cell at the periphery showing numerous lacunae (arrow) and a prominent mito-

chondrion (mit). The arrowhead indicates an exit of the lacunar system into the general fluid space. Compare with the lacunar system of the

rat meningeal fibroblasts (arrow in G). C: L cell coursing near myelinated (my) axons. BM, basement membrane. D: L cell displaying the char-

acteristic variable-width morphology of fibroblasts (arrowhead). Compare with the meningeal fibroblasts (arrowheads in E–G). Note the loca-

tion of the basement membrane (double arrow) and of the lacunar system that exits into general extracellular space of the antennule (triple

arrow). E–G: Fibroblasts of the adult rat meninges. The double arrow indicates an electron-dense fibroblast. Scale bars ¼ 1 lm.
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Figure 4. Characterization of electron-dense (D) cells at the surface and within the brain of C. finmarchicus. A: Electron-dense (D) cell

near the brain surface with characteristic dark heterochromatin. The cytoplasm surrounding the D cell nucleus is almost nonexistent

except an area concentrating mitochondria (arrowhead) and is replaced by a labyrinthine network of electron-dense processes (arrow).

Mitochondria (mit) protrude from the processes. An L cell is juxtaposed to the D cell. B: D cell network near the brain surface with elon-

gated processes (arrows). C: D cell of the brain surface (arrow) enclosing an L cell, which displays a typical mitochondrion (double arrow).

Collagen fibers surround the brain (double arrowhead). D: Network of D cells (arrow) inserted between axons (Ax) in a neuroendocrine

zone. The neurosecretory material is shown by an arrowhead. E: D-cell process coursing between two neurons (arrows) in the depths of

the brain. Scales bars ¼ 500 nm in A–D; 250 nm in E.
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Figure 5. Meningeal organization of electron-dense (D) and electron-lucent cells (L) cells in the brain and antennule of B. similis (cryofixed

specimen) and the ventral nerve cord (VNC) of L. madurae (chemically fixed specimen). A: B. similis antennule showing subcuticle D cell

network (D) beyond the cuticle (Cu). B: L. madurae outer surface of the VNC showing a typical meningeal-like organization, with L cells (L)

in the arachnoid location covered by D cells (D) in the dural location. Similar to the vertebrate organization between dura and arachnoid,

a thick basement membrane is located in between D and L cells (arrow). Mit, mitochondrion. C: L. madurae L and D cell processes form-

ing network at the VNC surface. The arrow indicates ECM material that is connected to the L cell. D: L. madurae arachnoid-like network

of L cells at the surface of the VNC. The arrow indicates an L cell to L cell junction. E: Schematic representation of the ventral cord show-

ing the location of images B–D, the developed arachnoid-like organization of L cells, and the location of D cells primarily at the border of

the nervous structure. F: Rat meninges (arachnoid) ventral to the brain. Note the wavy morphology of fibroblast processes and fibroblast-

to-fibroblast junctions (arrow). 13 mm adult rat brain tissues associated with the ventral meninges (beneath the hypothalamus) were proc-

essed for TEM as previously described (Mercier et al., 2000). Scale bars ¼ 200 nm in A; 500 nm in B; 1 lm in C,D,F.
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Figure 6. Identification of macrophages in C. finmarchicus and G. princeps. A: Phagocyte in the brain of C. finmarchicus showing typical

large lysosomes (lys), Golgi apparatus (between arrowheads), and dark heterochromatin in the nucleus (black arrow). Electron-dense cell

processes surround the phagocyte (white arrows). B: Phagocyte showing numerous lysosomes in the labrum of G. princeps. Characteristic

of phagocytes/macrophages, the cytoplasm contains numerous organelles (arrowhead). This phagocyte is surrounded by a network of

electron-dense cells (D cells) (arrow). C,D: Phagocytes at the periphery of nerve bundles in the antennule of G. princeps. Lysosomes

(arrowhead in C), well-developed Golgi apparatus (arrow in C) and long ER (arrowhead in D) are characteristics of macrophages. E: Adult

rat brain macrophage displaying typical lysosomes. Note the density of organelles in the cell body cytoplasm (arrow) and the large hetero-

chromatin (arrowhead). Scale bars ¼ 500 nm.
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Figure 7. General organization of nonneuronal cells in the antennule of C. finmarchicus. A: Electron-lucent (L) cell process (arrow) between

two neurons surrounded by myelin (my) (longitudinal section of the antennule). Although not fully visible at this low magnification, a basement

membrane can be seen, separating the L cell from neurons (arrowhead). B: Diagrammatic representation of the antennule cytoarchtectonics

showing how L and D cells intermingle with neurons. A basement membrane (green line) always separates neurons from L cells and D cells.

C: Electron-dense (D) cell processes showing mitochondria (mit) between two myelinated neurons. Scales bars ¼ 250 nm.
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Figure 8. Identification of L cells in the antennule (A–F) and brain (G) of C. finmarchicus. A: Processes of electron-lucent (L) cells (arrow)

coursing between neurons bordered by myelin (my). B,C: Magnified fields showing the narrow width and the appearance in section of a

variable width of the L-cell process (arrows). D: Double-layer (arrowheads) of L-cell processes with ECM material in between (double

arrow). The arrow shows a typical lacuna within an L-cell process. E: One peripheral L cell, which contains numerous lacunae (arrows) cov-

ers a bundle of myelinated neurons. Another L cell also covers a bundle of neurons but penetrates in between individual neurons (arrow-

head). F: Higher magnification field showing basement membranes (arrowheads) between L cells and neurons. G: Process of an L cell with

typical lacunae (arrows) coursing in the brain between two neurons. The arrowhead indicates ECM material between L cells and neurons.

The heavy lines on either side of the L cell are compact outer layers of myelin belonging to the axons on either side. Note the basement

membranes between the L cell and the axons. Scale bars ¼ 500 nm.
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L. madurae), 10 (E. rimana), and 14 (G. princeps). Figure

4A,B shows the D cell body and the extremely tortuous

processes at the surface of the brain of C. finmarchicus.

The heterochromatin and euchromatin were highly elec-

tron-dense and the cytoplasm surrounding the nucleus

very narrow, like dural cells in the adult rat (Fig. 1E). Like

Figure 9. Relationships between L cells and neurons. A: L cell (arrow) encircling a myelinated neuron. The myelin is indicated by an

arrowhead; the axon by a double arrowhead. The area indicated by a double arrow is magnified in image B. B: Magnified field showing a

basement membrane (arrow) between the myelinated neuron and the L cell. C: Association of small axons (arrows) with L cells (arrow-

heads). A basement membrane covers the outer surface of L cells (double arrows). D: Magnified field showing a second basement mem-

brane (arrow) between the axon and the L cell. Scale bars ¼ 500 nm.
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Figure 10. L- and D-cell networks and associated ECM in E. rimana. Cryofixed specimen. A: Overview of the antennule cytoarchitectonics

(cross-section). The processes of electron-dense (D) cells and electron-lucent (L) cells can be easily distinguished from each other. The

cell body of a D cell is shown by a D*. The L cells form a lattice that enclose myelinated (my) axons (Ax). The double arrows indicate the

myelin. Mit, mitochondria. B: Magnification of the zone indicated by frame in A. The arrow indicates the glycocalyx-type ECM facing the

major fluid cavity. The ECM (arrowhead) covering the L cells (double arrows) is granulated. Note that the L cell shows the ‘‘flat twisted

ribbon’’ pattern typical of a fibroblast (double arrowheads). White double arrowhead, mitochondrion cristi. Scale bars ¼ 500 nm in A;

250 nm in B.
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Figure 11. Evidence for gap junctions between nonneuronal cells in C. finmarchicus antennule. A: Junction between an electron-lucent (L)

cell and an electron-dense (D) cell (arrow) in the subcuticular region of the antennule. B: 4� magnified field showing the length of the

junction (between arrows). C: 8� magnified field showing the typical organization of a gap junction. D: Gap junction connecting two D

cells in the subcuticle region of the antennule. E: Gap junctions between L cells (arrows) in the antennular nerve. A myelinated neuron

(my) is closely apposed to an L cell. F: At gap junctions, the intercellular space is 4 nm (between arrows) while the total gap junction

thickness (as indicated by apposed plasma membranes) is �15 nm (between arrowheads). G: Gap junction (arrow) connecting two L cells

beneath the cuticle (Cu). The arrowhead indicates a basement membrane. H: ‘‘Button’’ junction between the processes of two phagocytes

(arrows). A lower-power image is shown in Fig. 15D. Note the trajectory of the D cell (arrowhead). Scale bars ¼ 500 nm in A,H; 100 nm

in B,D,E,G; 25 nm in C,F.
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Figure 12. Identification of a network of D cells in the C. finmarchicus antennule. Relationship to the cuticle. A: Subcuticular D cell (D)

lying against the cuticle (Cu). Ultrastructural characteristics include narrow electron-dense cytoplasm (arrowhead), dense irregularly shaped

heterochromatin (arrow), and electron-dense processes (double arrowhead). Some processes are apposed to the cuticle (arrowhead),

whereas other processes project inwards in the direction of other cell types (double arrow). Note the contacts with an L cell (L). B: Same

D cell (arrow) in a sister section showing a process extension (arrowheads) that encircles a bundle of myelinated axons (double arrows).

C: Network organization of subcuticular D cells with attachment on the cuticle (arrow) and development of processes (arrowhead) towards

myelinated axons (double arrow). D: Magnified field of image C showing the organization of parallel D cell processes. Note the basement

membrane (arrow). E: Schematic representation of cytoarchitectonics in the peripheral portion of the antennule. The location of image B is

indicated by a yellow rectangle. The subcuticular D cells (black) lie on the cuticle but extend their networked processes through inner

structures (arrow). L cells are represented in red, neurons in blue-green, and basement membranes in green, F: Schematic representation

of the whole cross-sectioned antennule with image C location. Scale bars ¼ 1 lm in A–C; 100 nm in D.
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Figure 13. Anatomical relationships between the D-cell network and the L-cell network in the C. finmarchicus antennule. A: Cytoarchitec-

ture of the electron-dense and electron-lucent networks. Several D cells (D) directly contact the cuticle (Cu), whereas others contact L

cells (L) with their thin processes (arrows). A close contact is shown by an arrowhead. B: Relative positions of the electron-dense, elec-

tron-lucent networks, and neurons. D cells are often located at the outer surface of bundles of neurons (arrow). L cells are located more

interiorly (arrowhead) in proximity to myelinated neurons. The area indicated by a double arrow is magnified in image D. C: Location of A

reported in a schematic representation of the subcuticular zone. D cells are represented in black, L cells in red, and basement membranes

in green. D: L cells (arrow) contact both D cells (double arrow) and closely approach the outer layer of myelin. Note the presence of ECM

material (triple arrow). E: Location of B and D. Neurons are represented in blue-green. Scales bars ¼ 500 nm.
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Figure 14. Electron-dense (D) cell network occurs throughout the body of G. princeps. A: Processes of D cells (arrows) in between axons

(Ax) at the surface of the brain. Note the presence of electron-lucent cells (L). A glycocalyx covers the brain (arrowhead). B: D cell net-

work (arrows) and D cell body (D) within the brain. C: Multiple layers of D cells (arrows) in the brain. Basement membranes separate D

cells and Ax as well as D cells from each other (arrowheads). D: D cells with a spongy appearance (arrow) at the surface of the labral

organ. The cell below the D cell is a phagocyte as indicated by the presence of large lysosomes (lys). The arrowhead shows the glycocalyx

that faces a large fluid cavity. E: D cell with spongy appearance within the labrum (arrow). Scale bars ¼ 500 nm in A,B; 200 nm in C; 1

lm in D,E.
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L cells, D cells displayed a labyrinthine system of lacunae

(Fig. 18B, arrowheads) that can be so expanded that it

gives the ‘‘spongy’’ aspect shown in Figure 4A, i.e., with a

ratio of fluid cavity/cell processes >1. Sections through

the processes of D cells also presented the appearance

of a variable width, although less than L-cells, suggesting

the flatness of the process structure (Figs. 4B, 10A,

arrowheads, 18B, arrowheads). As with L cells, bulging

dense mitochondria were also a typical feature of D cells

(Fig. 7C). In comparison, L-cells displayed more spongy

mitochondria (Figs. 4C, 5B,D). A network of D-cell proc-

esses was found throughout the copepod nervous sys-

tems, more developed at the surface of the CNS (Fig.

14A–C) and PNS (Fig. 5A), than within these nervous
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Figure 15. Subcuticular network. Relationships with macrophages in C. finmarchicus antennule (cross-section). A: The electron-dense

processes of the subcuticular cells form a network with macrophages. The arrow indicates a contact point between a D-cell process and a

macrophage, identified by multistacked membranes of the Golgi apparatus (arrowhead), densely packed organelles, vacuoles, lysosomes

(double arrow), and the large size of the cell. Note the course of the subcuticular D cells that encircle a large bundle of myelinated axons

(myelin indicated by a triple arrow) and L cells (triple arrowhead). B: Schematic diagram showing the location of images A and D. Axons

are represented in blue-green; macrophages in orange, L cells in red, subcuticular D cells in black, and basement membranes in green.

Cu, cuticle. C: Macrophage in direct contact with subcuticular cells just beneath the cuticle (arrow). The typical dense organelles, including

prominent Golgi apparatus (arrowheads) and long ER (double arrow) identify macrophages. D: Processes of macrophages (arrowheads)

that contact the processes of subcuticular D cells (arrow). Scale bars ¼ 1 lm.
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structures, where the cell processes often coursed in

between tightly apposed neurons (Figs. 4E, arrow and

7C, arrows). As was the case with L-cells, we did not

observe fundamental D-cell ultrastructural differences

among the copepod species. The ultrastructural charac-

teristics of D-cells were also similar in the peripheral

nerves (Figs. 5A, 12, 17E), within the ventral nerve

cord (not shown) and at the surface of ventral nerve

Figure 16. ECM material in C. finmarchicus: identification of collagen fibers. A: Fibers of collagen (white arrow) at the surface of the brain

of C. finmarchicus. The arrow indicates the typical lacunae of L cells (L). A schematic diagram shows that the location of collagen fibers in

C. finmarchicus is similar to that of collagen-1 fibers in the mammalian meninges (see B). B: Collagen-1 fibers (arrow) in the pia-arachnoid

of the adult rat. An alternating pattern of electron-dense and electron-lucent striations is characteristic of collagen fibers. A basement

membrane (arrowhead) separates the glia limitans from the pia. Ast, astrocytes. A schematic diagram shows the location and organization

of collagen fibers in the pia-arachnoid, and their route, often parallel to the surface of the brain. Scales bars ¼ 500 nm.
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Figure 17. Extracellular matrix (ECM) at the surface of D cells. A: A basement membrane (arrows) is located at the interface between D

cells and myelinated (my) axons (Ax) in the C. finmarchicus antennule. Note how thin the D-cell process is (double arrow). Ax, axon; Cu,

cuticle. B: Thin process of a D cell (double arrow) coursing along the surface of a myelinated neuron. A basement membrane intercalates

between the neurons and D cell (arrow). A second basement membrane (arrowhead) covers the outer surface of the D cell, facing the

antennular fluid cavity. C. finmarchicus. C: Magnified field showing a basement membrane (arrowhead) covering a D cell (double arrow). D:

The double arrows show the course of L cells in between neurons. Thin basement membrane material (arrow) always separates the L cells

(trilple arrow) from neurons. E: Organization of a D cell network forming a lattice at the surface of the nerve and between axons (double

arrows) in a nerve exiting near the posterior extremity of the brain in G. princeps. Note that a D cell is presented on its flat surface (D),

whereas the others are viewed cross-sectioned (double arrows). The inset shows the glycocalyx (arrow) and D cell (double arrow). F: Multi-

layered processes of G. princeps’s brain L cells (double arrows) at the surface of an axon (Ax). Basement membranes separate both the L

cells from each other and from the axons (arrows). Scale bars ¼ 250 nm in A,B,D; 100 nm in C,F; 1 lm in E (75 nm in inset).
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cord (Fig. 5B,C) and brain, suggesting that only a single

type of D cell exists throughout the copepod nervous

systems.

Macrophages (phagocytes)
In addition to neurons, L cells, and D cells, we observed

numerous cells that displayed the characteristics of

Figure 18. ECM material associated with D and L cells. Basement membranes and glycocalyx. A: Glycocalyx-type of ECM (arrow) at the sur-

face of an L cell. Note that it is thicker and less well defined than basement membranes. A basement membrane covers the cell body of a

subcuticular cell (arrowhead). Cu, cuticle. B: Glycocalyx in a recess formed by subcuticular cells (arrow). The arrowheads indicate labyrinthine

extensions of the external fluid cavities into the cells. C: Basement membrane covering the process of a subcuticular cell (arrows). The upper

arrow indicates a zone in which the cell process is absent (i.e., it does not run in the plane of section). D: Magnified field showing a subcuticu-

lar cell covered by a basement membrane (arrow). E: Magnified field of Figure 10D showing a basement membrane (black arrow) following the

processes of electron-dense subcapsule cells (white arrow) en route to the inner regions of the antennule. Scale bars ¼ 1 lm.
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macrophages (phagocytes) in the nervous systems of the

five copepod species. The most evident ultrastructural

criterion identifying a macrophage is its large and often

numerous lysosomes shown in the brain of G. princeps in

Figure 6B and in the antennules of C. finmarchicus in Fig-

ure 6A,C,D. Another characteristic of macrophages is the

dense concentration of organelles, including highly devel-

oped Golgi apparatus (Fig. 6A,C) and ER (Fig. 6D). More-

over, macrophages were often tightly associated with D

cells (Figs. 6A, arrows; 15A, arrow and 15D, arrow).

Cytoarchitectonics of L and D cells in the
CNS and PNS
D cell network is more developed at the
surface of the PNS and CNS, whereas the
L cell network is more developed within
the nervous structures

Although D-cell processes have been observed inserted

between individual neurons (Figs. 7C, 14B,C), most D cells

and their processes were observed at the periphery of large

bundles of neurons (Figs. 12B, 13B) near the cuticle (Fig.

12C,D) and just beneath the cuticle (Figs. 12B,C, 13A,

15A–D). D cell processes were present (Fig. 7C) but not

widespread in the depth of the neural structures. In con-

trast, L cell processes (but not their cell bodies) were more

common between neurons (Figs. 8, 10) and to some extent

at the surface of nerve bundles (Figs. 9, 13D, arrow). They

were less common near (Fig. 13A) and beneath the cuticle

(Fig. 11G). The D and L cell networks were in contact with

each other at multiple locations (Figs. 5B,C, 11A, 13A,D).

The network organization of D cells was particularly well

developed in the brain of G. princeps (Fig. 14A,B), anten-

nules (Fig. 14C), and nerves exiting the CNS of G. princeps

(Fig. 17E). The D cell processes there could engulf individ-

ual axons (Fig. 17E) or bundles of axons (Fig. 12B). The net-

work organization of L cells was also highly developed at

the surface of the brain and ventral nerve cord of L.

madurae (Fig. 5B–D) and of C. finmarchicus (not shown) at

the location of vertebrate arachnoid (compare Fig. 5D,F).

As in vertebrates meninges, the D cells located at the sur-

face of the neural connective tissue sheaths (therefore at a

location equivalent to superficial dura in the brain and spi-

nal cord surface) were often separated from L cells by a

thick basement membrane (Fig. 5B). In vertebrates, this

dura–arachnoid interface forms a brain barrier (Peters

et al., 1991; Vandenabeelee et al., 1996).

D cell network is present in peripheral organs
(observed in C. finmarchicus, not investigated
in other species)

Cells with D-cell ultrastructural characteristics (elec-

tron-dense, displaying flat elongated processes with lacu-

nae) were encountered in peripheral organs at the

expected location of connective tissue cells, i.e., at the

surface of organs (Fig. 14). The labyrinthine structure of

lacunae there was organized as a highly developed net-

work (Fig. 14B) and one that penetrated within the organs

(Fig. 14E) forming large lattices into which the specific

cell types of each organ were inserted (Fig. 14D,E, from

muscle and labrum, respectively). We did not investigate

whether D cells exist in peripheral organs of the four

other copepod species.

L and D cells intercalate between neurons
(observed in all species)

Figure 7 shows that both L and D cells are present in

the depths of neural structures in C. finmarchicus. Sheet-

like processes of L and D cells coursed in between neu-

rons (Figs. 7, 8A,G) but were also present at the surface

of neural structures, such as the surface of bundles of

neurons (Figs. 9C, 12B, 13D). A similar organization was

present in both the antennules (Figs. 7 and 8A–F) and the

brain of C. finmarchicus (Fig. 8G), and G. princeps

(Fig. 14), and antennules of E. rimana (Fig. 10), as well as

L. madurae and B. similis (not shown). Often, individual

neurons were entirely wrapped by L cells (Fig. 9). In con-

trast, D cells usually enveloped large bundles of neurons

(Fig. 12B), rarely individual neurons in C. finmarchicus.

However, a large D cell network was observed within the

brain and nerves in G. princeps (Figs. 14B,C, 17E). In this

nonmyelinate species, multiple layers of D cell processes,

covered by basement membranes, separated neurons

within the brain (Fig. 14C) and ventral cord. The cell

bodies of these D cells were most often located at the

surface of the organ and the number of D cell processes

covering neurons was usually decreasing from the sur-

face to the depth of the organ (not shown).

L cells form a lattice in between neurons
(observed in C. finmarchicus and E. rimana,
not investigated in other species)

We further investigated the distribution of L and D cells

throughout the nervous structures to determine their

overall arrangement and relationship with neurons. Figure

10 shows the lattice organization of L cells in the anten-

nule of E. rimana. The presence of fluid spaces through-

out the A1 nerve of E. rimana allowed us to visualize the

organization at low magnification (Fig. 10A). The lattice

organization of L cells was similar in the brain and nerves

of the other copepod species investigated as well. How-

ever, the greater compaction of nervous structures in C.

finmarchicus and G. princeps is associated with a less visi-

ble L-cell lattice. The elongated processes of L cells of

these latter species are very flattened and course in nar-

row spaces between neurons (Fig. 8A). Therefore, the
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ultrastructural visualization of the L-cell lattice in these

species required higher magnification (Fig. 8B,C,G).

L and D cells form a gap junctional network at
the surface and within the nervous systems
(observed in C. finmarchicus, not investigated
in other species)

The lattice organization of L cells in the copepod PNS

and CNS suggests that these cells might communicate

with one another to form a network. To investigate this

possibility, we searched for cell junctions at contact sites

between processes. We frequently found gap junctions at

the contacts of L to D cells (Fig. 11A–C), L to L cells (Fig.

11G), and D to D cells (Fig. 11D). At these junctions the

intercellular space narrowed to �4 nm (Fig. 11F), while

the overall thickness across the apposed membranes

was �15 nm. In some cases a basement membrane was

seen to separate the two cells forming the junction, right

up to the contact point itself (e.g., Fig. 11G). We did not

observe tight junctions, nor did we note junctions

between L cells and neurons, as reported by Wilson and

Hartline (2011) in B. similis, albeit an exhaustive search

was not made.

Macrophages (phagocytes) are inserted into
the D cell network (observed in C. finmarchicus,
not investigated in other species)

Phagocytes were observed in multiple locations within

the copepod nervous structures. In general, macrophages

were associated with the D cell network in the depth of

the nervous structures (Fig. 6B, arrow), as well as near

(but not at) their surface (Fig. 6A, arrow). In peripheral

organs, macrophages were usually associated with D

cells near the surface (Fig. 14D) and in the depth of the

peripheral structures (not shown). In all cases, the D

cells, but not macrophages, directly faced the primary

fluid cavities (Fig. 14A, arrowhead). Cell contacts were

observed between macrophages, forming a network, but

these were not examined at high enough magnification to

determine their type. A peculiar ‘‘ball-and-socket’’ contact

is shown in Figure 11H (between arrows), remarkably

similar to one shown in figure 2 of Schachenmayr and

Freide (1978) from human meninges.

Characterization of extracellular matrix
material in copepod CNS and PNS

The principal characteristic of connective tissues is

their high content of ECM material. Connective tissue

cells secrete dispersed ECM (interstitial matrix, not visi-

ble by TEM) and more compact ECM material (basement

membranes, glycocalyx, collagen fibers, directly visible by

TEM) into their microenvironment. To further investigate

the possibility that the copepod D and L cell networks

possess this feature of connective tissue, we examined

the ultrastructure of the brain and nerves in C. finmarchi-

cus, G. princeps, and E. rimana at high magnification. We

used the CNS ultrastructure in the adult rat as a refer-

ence for identifying ECM in copepods (see Materials and

Methods).

Collagen fibers occur at the brain surface of
C. finmarchicus but not G. princeps
(not investigated in other species)

We observed ECM material resembling collagen fibers

at the surface of the brain in C. finmarchicus (Fig. 16A).

For comparison, collagen-1 fibers, showing the typical

alternate electron-dense/electron lucent linear bands,

are shown in Figure 16B from the pia-arachnoid at the

brain surface of the adult rat. In both C. finmarchicus and

rat, the individual fibers were 60–80 nm in diameter and

the repeat pattern between electron-dense bands was

between 500 nm and 1 lm (Fig. 16A,B, distance between

arrowheads). This characteristic, together with the linear

organization of individual collagen molecules, the assem-

blage into fibers, and the localization at the surface of the

brain strongly supports the identification of the fibers in

C. finmarchicus as collagen. Moreover, these fibers were

associated with L cells at the brain surface of C. finmarch-

icus (see location in the schematic representation in Fig.

16B). Most collagen fibers in the rat are found in the pia-

arachnoid at the brain surface, associated with electron-

lucent fibroblasts (Fig. 16B). This further supports the

analogy between L cells and fibroblasts. However, such

clear cases of banded collagen were not found in the

other copepod species examined.

Glycocalyx occurs at the surface of D cells,
facing large fluid cavities (observed in three
copepod species)

The glycocalyx is a thick coat of glycoproteins and gly-

colipids that cover epithelia and connective tissue cells

where they face cavities (Weinbaum et al., 2007). Since

glycoproteins and glycolipids are large molecules with

branched glycosylated motifs, the glycocalyx appears as

a fluffy coat, visualized as a semidense coat in TEM. We

identified glycocalyx at the surface of D cells facing fluid

cavities at the surface of the brain (Fig. 14A, arrowhead),

nerve (Fig. 17E, inset), and peripheral organs (Fig. 14D,

arrowhead) of G. princeps and the surface of nervous

structures in E. rimana (Fig. 10B, arrow).

Basement membranes occur between L/D cells
and neurons (observed in C. finmarchicus and
G. princeps, not investigated in other species)

Basement membranes are a specialized type of dense

ECM primarily composed of glycoproteins (e.g., Ryerse
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1998). Glycocalyx faces only cavities, but basement

membranes, in addition to facing cavities, are also found

within the connective tissues and at the interface of the

connective tissue with the parenchyma (neurons and

glia in the brain). There appears to be no exception to

this characterization, at least in vertebrates (Mercier

and Hatton, 2004). Consequently, no basement mem-

branes are found between glia and neurons in verte-

brates. In addition, the basement membrane glycopro-

teins are arranged as a flat (almost two-dimensional)

C
O
L
O
R

Figure 19. (Legend on page 786).
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lattice (Peters et al., 1991) and therefore in TEM they

appear as thin structures (typically 60–100 nm thick)

when between two adjacent cells. This characteristic,

and the fact that the glycocalyx is molecularly attached

to the plasma membrane by glycolipids, whereas the

basement membrane is not necessarily associated with

the plasma membrane (it can float in a fluid cavity)

allowed us to clearly distinguish basement membrane

and glycocalyx. Rat basement membranes are shown in

Figure 2 for comparison.

In copepods, we found basement membrane facing

fluid cavities (Figs. 11G, 12D, 13D, triple arrow, 17B,C,

18A,C,D,E) as well as between L cells and neurons (Figs.

9A,B,D, 10B, 17D,F) and D cells and neurons (Figs.

17A,B). Basement membranes were easy to identify when

facing cavities (Fig. 17B, arrows). Basement membranes

inserted between tightly apposing cells were often

obscured by the adjacent plasma membranes (Figs. 8F,

arrowhead, 9B). Therefore, higher magnification is usually

required to identify them (Fig. 17F, arrows). To illustrate

this difficulty, the triple arrow in Figure 9A shows a base-

ment membrane free-floating in a cavity. However, the

same basement membrane is difficult to distinguish

between the L cell (L) and myelinated axon (my). Simi-

larly, the basement membrane facing the cavity is easily

distinguished in Figure 17B (arrowhead), whereas the

basement membranes located between the D cell and

myelinated neuron is difficult to distinguish (Fig. 17B,

arrow). After examining the ultrastructure of the copepod

nervous systems at high magnification, we found that a

basement membrane always interfaces L cells with neu-

rons and D cells with neurons.

Basement membranes and glycocalyx near the
surface of nervous structures and the cuticle
(observed in three copepod species).

The basement membranes facing cavities in C. fin-

marchicus were frequently found at the surface of D

cells (Figs. 17B,C, 18C–E). These basement membranes

bordered large cavities usually not occupied by cells. In

contrast, the cavities of G. princeps (Figs. 14A, 17E,

inset) and E. rimana (Fig. 10) were bordered by

glycocalyx.

DISCUSSION

In this study we describe the organization of the sup-

porting tissues in the nervous systems of five calanoid

copepods. We found that the cells surrounding the neu-

rons possess ultrastructural characteristics similar to

those of vertebrate (rodent) meningeal cells, the fibro-

blasts and macrophages. Two populations of fibroblast-

like cells were found: electron-dense cells (D cells) and

electron-lucent cells (L cells). Although these were dis-

tributed both at the surface and within the nervous struc-

tures of both the CNS and PNS, the D cell cytoplasm was

more abundant at the periphery than within the nervous

structures, while L cells were more common in the inte-

rior (except for G. princeps, which shows a well-developed

network of D cells within the PNS and CNS). A key finding

Figure 19. Meningeal-like organization of nonneural cells in the nervous systems of copepods. PNS and CNS rat/copepod comparison. A:

Schematic representation of the connective tissue organization in the rat nerve structure and its connections with the meninges of the

CNS. The epineurium is located at the nerve surface, whereas the perineurium and endoneurium form the internal connective tissue. The

epineurium is continuous with the dura and consists primarily of electron-dense cells (D cells) recognizable as fibroblasts. The perineurium

and endoneurium are continuous with the pia-arachnoid and consist primarily of electron-lucent cells (L cells) recognizable as fibroblasts.

Macrophages are also present through these connective tissues. B,C: Schematic representation of comparative cytoarchitecture in cope-

pod (B) and rat (C) nervous systems. In both copepods and rodents, D cells form a network underneath the cuticle or skull and project

long processes that surround bundles of the neural tissue. L cells, which contact D cells, form a secondary network organized as a lattice

in which bundles of the neural tissue are inserted. In rodents, pia-arachnoid cells (L cells) invest the nervous structure via diverse exten-

sions, including the adventitia (perivasculature) of blood vessels (C), therefore forming a lattice throughout the nervous structures, analo-

gous in many respects to the copepod lattice (B). Dural cells analogous to copepod D cells enter the nervous structures, for example, in

the falx cerebri separating the two hemispheres (C). Copepod D cells penetrate the neural tissues, surrounding large bundles of neural

structures (B). D: Immunofluorescence immunolabeling for laminin (green, marker for basement membranes) and for the gap junction

marker connexin 26 (Cx26) (red) in the trigeminal nerve. Cx26 was revealed with the mouse monoclonal antibody 33-5800 (1:1,000 dilu-

tion; Zymed, San Francisco, CA). Laminin was revealed with the rabbit polyclonal antibody L9393 (1/1,000 dilution, Sigma, St. Louis, MO).

The immunohistochemistry procedure is described in Mercier and Hatton (2001). In the trigeminal nerve, Cx26 immunolabeling reflects

the trajectory of interconnected fibroblasts in the perineurium (lines of Cx26 dots, arrow), the endoneurium (arrowhead), and the epineu-

rium (not shown). Characteristic of the nerve structure, a high density of basement membranes (green) surrounds axon bundles (white

square). E: Interpreting the structural organization of the nervous systems of copepods and rodents. Schematic representation of compara-

tive cytoarchitectonics: principle of organization. Both taxa are similarly organized: copepod D cells are found at the location of rodent D

fibroblasts; copepod L cells are found at the location of rodents L fibroblasts; basement membranes separate D and L cells from each

other and from neural cells. Scale bar ¼ 50 lm in D.
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was that both L and D cells of brain and antennular nerve

alike were separated from neurons by a basement mem-

brane. L cells were associated with collagen fibers at the

surface of the brain of one species of copepod (C. fin-

marchicus). Finally, L and D cells were arranged as net-

works with gap junctions at cell-to-cell contacts. A third

population of cells, with macrophage-like cytomorphol-

ogy, was found to associate with D cells. These cells, too,

formed a network, which connected in places with that of

the D and L cells. Other than neurons, L and D cells, and

macrophages, no other cell types were observed in the

copepod nervous structures that we examined (we did

not examine peripheral innervations, however).

Meningeal model
The supporting cells of the nervous systems of the five

copepod species examined fitted remarkably well into a

‘‘meningeal model,’’ patterned after the vertebrate organi-

zation of nervous-system-associated connective tissue,

as set down in Materials and Methods. The correspond-

ences can be noted both according to the participating

cell types and in their relative arrangement with respect

to each other and to the associated extracellular matrix.

FigureF19 19 shows schematic representations that summa-

rize our results on the cytoarchitecture of copepod spe-

cies in comparison with rodents.

Copepod nonneuronal cells are of
meningeal cell types

The L and D cells of the copepod that we have

described share many of the characteristics of vertebrate

meningeal fibroblasts. The occurrence of lucent and

dense varieties of these copepod cells is reminiscent of

the mammalian meninges, which also comprise two pri-

mary cell populations besides macrophages and other

immune cells: electron-dense dural fibroblasts, and elec-

tron-lucent pial and arachnoid fibroblasts (Peters et al.,

1991; Vandenabeele et al., 1996). The flattened twisting

processes of copepods L and D cells, with a lacy struc-

ture (Fig. 3B), and a network of lacunae communicating

with the outside correspond to the appearance of verte-

brate fibroblasts (Peters et al., 1991) and is particularly

well illustrated in humans (Vandenabeele et al., 1996;

Pasquinelli, 2007).

The lacunae present in copepod both L (Figs. 3B–D)

and D types, and their expansion in certain regions of the

nervous systems (Figs. 4A,B, 18B) and peripheral organs

are similar to the ‘‘trans-glial’’ channels and tubular sys-

tem described in decapods (Holtzman et al., 1970;

Shivers and Brightman, 1976; Govind, 1992). Similarly,

vacuolated cells underlying the neural lamella and their

expansion as the ‘‘gliolacunar’’ system has been

described by Wigglesworth (1960) in insects (see also

Ashhurst, 1987), and visual glia of insects contain lacunar

structures (Carlson and St. Marie, 1990). In vertebrates,

the presence of lacunae is a characteristic of (mesoderm-

derived) connective tissue cells (Pasquinelli, 2007), but

not of glial cells (Peters et al., 1991). Moreover, support-

ing the view that lacunae identify fibroblast-like cells in

copepods, we found similar lacunae in the D cells associ-

ated with glycocalyx in peripheral organs of G. princeps

(Fig. 14D,E) and with ECM material in C. finmarchicus

(Fig. 18B). Thus, cells with key fibroblast characters are

present in the neural tissue of copepods as well as that of

several other arthropods.

In copepods, L and D cells typically were associated

with ECM material just as in vertebrates; it is the fibro-

blasts that are the primary producers of that material.

Fibroblasts are known to express collagens (Gay et al.,

1976; Linsenmayer, 1991), laminins (Elkhal et al., 2004),

and other proteoglycans, the presumed ECM materials

observed in our ultrastructural examination of copepods,

albeit this character is not unique to the cell type (e.g.,

Carey et al., 1983; Bunge et al., 1990). These ultrastruc-

tural characteristics further support the similarity

between L cells and D cells of copepods and vertebrate

fibroblasts.

The nonneuronal cells of the nervous systems of a vari-

ety of arthropods are also involved in production of ECM

material (Ashurst and Costin, 1976; François, 1998).

These include most notably the perineurial sheath cells

secreting the neural lamella surrounding the CNS of crus-

taceans and insects (e.g., Lane and Abbott, 1975;

Edwards and Tolbert, 1998). Also, decapod axons are of-

ten surrounded by thick layers of often fibrous ECM mate-

rial, described as ‘‘connective tissue,’’ interlaminated with

flattened sheath cells (e.g., Geren and Schmitt, 1954; de

Lorenzo et al., 1968; Lane and Abbott, 1975; Shivers and

Brightman, 1976; Williamson and Baerwald, 1990;

Govind, 1992). Nuclei of the perineurial cells are elongate

with clumped chromatin at the periphery, ultrastructural

features observed in macrophages and fibroblasts of the

meninges (Vandenabeele et al., 1996; Mercier et al.,

2002, 2006; Mercier and Hatton, 2004). Included among

the meningeal inclusions of the perineurial cells are rough

ER, Golgi, and lysosomes. Inside the sheath, Cuadras and

Marti-Subirana (1987) reported perineurial cells to be

large ramified cells with long, often thin processes, which

separated sheath from nervous tissue. Both electron-

lucent (‘‘subperineurial’’; ‘‘periaxonal’’) and electron-

dense (‘‘perineurial’’) nonneuronal cells occur in arthro-

pod nervous systems, including those of crustaceans

(Abbott, 1971a,b; Cuadras and Marti-Subirana, 1987;

Edwards and Tolbert, 1998; Allodi and Taffarel, 1999;

Allodi et al., 1999; Hartenstein, 2011), the latter more pe-

ripherally located than the former. Not all authors apply

Copepod meninges

The Journal of Comparative Neurology |Research in Systems Neuroscience 787

J_ID: Z3O Customer A_ID: 11-0372.R3 Cadmus Art: Z3O-23173 Date: 14-December-12 Stage: Page: 787

ID: srinivasanv I Black Lining: [ON] I Time: 13:34 I Path: N:/3b2/CNE#/Vol52104/120160/APPFile/JW-CNE#120160



the term ‘‘fibroblast’’ to such arthropod cells despite simi-

larities in morphological features (Lane, 1981; Cuadras

and Marti-Subirana 1987). Others apply the term to

encompass those cells that form the adult neural lamella

in insects (Ashhurst, 1968; François, 1998), those having

similar morphology in insect cell cultures (Okai, 1985;

Simcox et al., 2008), and cells in decapod ventral nerve

cord (VNC: Cuadras and Marti-Subirana, 1987). The des-

ignation is based on vertebrate-like features including the

occurrence of putative collagen or ECM inclusions in the

cytoplasm of perineurial sheath cells. Ashhurst and Cos-

tin (1976) concluded that ‘‘glial cells’’ in arthropods are

specialized to secrete extracellular material, a sweeping

statement that associates them with a key fibroblast

character.

Remaining nonneuronal cells are of a
macrophage cell type

Macrophages comprise the second most abundant

component of vertebrate meningeal connective tissue.

Those we observed in copepod nervous systems

appeared to be integrated into the fibroblast network, as

are macrophages in vertebrate meninges (McMenamin,

1999; McMenamin et al., 2003; Mercier et al., 2002,

2006). Vertebrate macrophages are known to secrete

several ECM proteoglycans and express a battery of

enzymes (sulfatases, sulfo-transferases, heparanases,

elongases) (Trottein et al., 2009) that produce a variety of

glycosylated motifs, forming heparan sulfate and chon-

droitin sulfate proteoglycans (Miller et al., 1997), the pri-

mary glycoconjugates present in basement membranes

and glycocalyx. Due to a similar high density of organ-

elles, Golgi apparati and ER, we presume the same is true

in copepod macrophages.

Cytoarchitectonics conforms to a
meningeal model

One of the more striking findings of our study is the rela-

tive location of D cells and L cells in copepod nervous sys-

tems. The former were concentrated more peripherally

around nervous structures, forming what might be charac-

terized as a connective tissue sheath (see also Wilson and

Hartline, 2011). The latter were more common in the inte-

rior. In insects, too, the electron-dense cells (perineurial)

tend to be peripheral to the electron-lucent ones (subperi-

neurial: Edwards and Tolbert, 1998; Hartenstein, 2011).

This arrangement is reminiscent of the mammalian

meninges (Fig. 19), with D-cells at the more peripheral

location of the (electron-dense) vertebrate dural cells and

L-cells at the more internal location of the (electron-lucent)

pia-arachnoid cells (Peters et al., 1991; Vandenabeele

et al., 1996). This organization suggests that a double con-

nective tissue exists in copepods as it does in vertebrates.

L and D cells were arranged as networks with gap junc-

tions at cell-to-cell contacts, a characteristic analogous

to meningeal cell networks (Spray et al., 1991; Mercier

and Hatton, 2001). Such connectivity of nonneuronal sat-

ellite cells (many classified as ‘‘glial’’ cells) has been

reported and extensively investigated in the nervous sys-

tems of other arthropods as well (reviewed by Lane,

1981; see also Allodi and Taffarel, 1999). L and D cells in

copepods were associated with macrophages (phago-

cytes) both at the surface and within the nervous struc-

tures, a characteristic also observed in vertebrates

(McMenamin, 1999; McMenamin et al., 2003; Mercier

et al., 2002, 2003, 2006; Mercier and Hatton, 2004).

CONCLUSION

The fibroblast-like ultrastructural features of copepod

D and L cells, and their association with abundant ECM

material (basement membrane, glycocalyx, and, in pla-

ces, fibrils of collagen) support the view that L and D cells

are closely similar to vertebrate fibroblasts. Together with

macrophages, these form the connective tissue of the

nervous system of calanoid copepods, equivalent to

meninges in the vertebrate brain, and epineurium, peri-

neurium, and endoneurium in the nerves. This is the first

time, to our knowledge, that a meningeal-like organization

has been discerned in any invertebrate species. The pri-

mary deviation from the vertebrate ultrastructural organi-

zation was the often tight investment of axons by the

fibroblast-like cells, with an intercalated basement mem-

brane. Knowing that meninges, a tissue the function of

which has been neglected to date even in vertebrates,

has a high potential to intervene in the process of neuro-

genesis, neural functional plasticity, and immune

defense, it is important to establish whether a similar tis-

sue organization exists in invertebrates.
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