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Abstract: The purpose of this paper is to present a morphological description of three different types
of acellular material lining hemal spaces in a shrimp, providing a background for addressing future
questions. The vasculature of the penaeid shrimp, Sicyonia ingentis, includes vessels leading from
the heart into arteries which branch and expand into sinuses before returning hemolymph back to
the heart. Early work showed that an endothelium was absent, and a basement membrane (BM)
separated tissues from the hemolymph. Therefore, it was suggested that hemocytes could identify
anything other than the BM as a “foreign” entity. This study demonstrates three major types of
acellular material lining the hemal spaces of S. ingentis. Cardiomyocytes, digestive gland tubules,
and abdominal muscle fibers are covered by BMs. Major arteries are lined by a fibrillin-like fibrous
material. Finally, sheaths of collagenous connective tissues cover the heart and digestive gland as
well as the outer surface of arteries, the gut, and gonad. Our understanding of hemocyte receptors
and extracellular matrices in general have greatly expanded but the biochemical composition of
the matrices lining crustacean hemal spaces, their role in regulating nutrient uptake, and the cells
responsible for their deposition deserve further attention.

Keywords: crustacean; vasculature; extracellular matrix; basement membrane; connective tissue
sheath; fibrillin

1. Introduction

Decapod crustaceans have a “semi-open” [1] or “incompletely closed” [2] circulatory
system, meaning that hemolymph is not completely contained within vessels as it travels
throughout the body. Although arteries extend from the heart and branch into smaller
tubes, the vessels eventually end and expand into sinuses before the hemolymph drains
back into the heart; veins are absent [1,3]. Shrimp hemal spaces lack an endothelium and
instead are lined by an extracellular matrix [4]. Circulating fluid is called hemolymph
because there is no separation of blood from lymph, and it bathes the surfaces of tissues
and organs directly [2].

In 1970, it was suggested that circulating hemocytes (blood cells) might identify
non-self materials as anything differing from the matrix lining hemal spaces, which was
called a basement membrane (BM) [5]. In 1984, the idea was expanded to suggest that
hemocytes moving past these surfaces receive signals regarding the presence of foreign
materials [6]. Our understanding of the repertoire of receptors on hemocytes has greatly
expanded with continued research on invertebrate innate immunity and now includes
toll-like receptors [7,8], integrins [9–11], lectins [12], and pattern-recognition motifs [13].

Our understanding of BMs and extracellular matrices has also greatly expanded
mostly in vertebrate systems, while knowledge on the extracellular matrices lining hemal
spaces in crustaceans has received little attention. Typically, the morphology of these
primarily acellular layers is only noted in passing in descriptions focusing on the cellular
components of particular tissues [14–17], only a single type of matrix has been described
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in each study, and a variety of terms have been used such as BMs, basal laminae, inter-
nal/external laminae, and tunica intimae.

This paper will demonstrate that three types of acellular materials line hemal spaces
in different regions of the penaeid shrimp Sicyonia ingentis: BMs, elastic fibrillin-like layers,
and connective tissue sheaths. The first type of acellular material, basement membranes,
has been well studied in vertebrates where they provide mechanical support to epithelial
cells [18–20] while influencing macromolecule exchange between blood and tissues [19].
There are considerable morphological variations seen in invertebrates [21] and the use of the
term basement membrane was encouraged “as a general descriptive and comprehensive
word to be used in light microscopy, biochemistry and electron microscopy”. At the
light microscope level, BMs appear as thin layers separating epithelia from underlying
connective tissue and stain positive with PAS. At the TEM level, three layers may be seen;
an electron-lucent lamina rara beneath the plasma membrane followed by the lamina densa
and a second electron-lucent zone called the lamina reticularis, which blends into the
underlying connective tissue when present [21]. The major component of BMs is collagen
type IV, localized within the lamina densa [18,21–24].

An important difference between BMs in vertebrate vessels and the ones lining crus-
tacean (as well as most other invertebrates) hemal spaces is that in the latter the BM faces
an epithelium on one side and a hemal space on the other. In vertebrate vessels, a BMs lies
between the basal surface of the endothelium and the underlying connective or muscular
tissues. In both vertebrates and invertebrates, BMs also surround specialized cells such as
adipose cells and striated and cardiac muscle cells [25–31].

A second type of matrix is restricted to the inner lining of large arteries extending
from the heart in shrimp [17], lobsters [32], and crab [33]. It has been called the tunica
interna (internal lamina) [4,17], it is thicker than a BM, and is composed of a weave of
microfibrils. In the shrimp, it stains with histological dyes for elastin [17], but not so in
the crab [33]. Work on lobsters has demonstrated it reacts with antibodies to mammalian
fibrillin [32,34,35], a glycoprotein involved with the deposition of tropoelastin during the
formation of elastic fibers [36–38]. The fibrils themselves have elastic properties in the
lobster artery and assist in propagation of blood following contraction of the heart [32].

The third acellular matrix lining hemal spaces is a connective tissue sheath which has
been described as “fundamentally an accumulation of collagen fibrils” [39]. In that study,
the term tunica externa was used, and it was noted that the layers of collagen are oriented
primarily longitudinally to blood flow with sparse, interspersed fibroblast-like cells. The
fibrils surround the outer surfaces of blood vessels and the gut (fore-, mid-, and hind-gut),
as well as forming sheaths surrounding the entire collection of digestive gland tubules [40],
and nerves [41–44].

The goal of this study is to make these linings the focus of a morphological description
presenting the diversity of these matrices past which hemocytes and hemolymph circulate
within a single crustacean, the penaeid shrimp Sicyonia ingentis. This will set the stage
for future work to characterize the biochemical nature of these layers and their roles in
nutrient exchange.

2. Materials and Methods
2.1. Collection and Maintenance of Shrimp

Adult, sexually mature ridgeback prawns, Sicyonia ingentis, were collected in 100 m
of water off the coast of Palos Verdes, California by otter trawls in April 2019. Shrimp
averaged 14.5 ± 3.3 g and were in molt stage D [45]. The shrimp were kept in aquaria with
salt-water at 15 ◦C and 33 ppt salinity.

2.2. Tissue Collection and Processing

The stomach, digestive gland (outer covering of entire organ as well as individual
tubules), midgut trunk, gonad, heart, dorsal abdominal artery, and muscle from the dorsal
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wall of the 4th abdominal segment were carefully removed from the body of the shrimp
and immersed in fixatives (see below).

For light microscopy (LM), tissues and organs were cut into pieces 1 cm3 and fixed for
a minimum of 3 h in half-strength Karnovsky’s fixative (2% formaldehyde, 2.5% glutaralde-
hyde in 0.1 M sodium cacodylate pH 7.4) and processed for standard paraffin embedding.
Thick sections (8 µm) were stained with hematoxylin and eosin, periodic acid-Schiff pro-
cedure (Sigma-Aldrich, St. Louis, MO, USA; kit 395B), and Masson’s trichrome stain
(Sigma-Aldrich St. Louis, MO, USA; kit HT15), using standard procedures [46].

For scanning electron microscopy (SEM), similar sized pieces of tissues and organs
were cut adjacent to those selected for LM and fixed in 3% glutaraldehyde in 0.1 M sodium
cacodylate pH 7.4 containing 12% glucose for 3 h. Samples were then dehydrated in a
graded series of ethanol, dried using hexamethyldisilane (Pella 18605), coated with gold in
a Technics Hummer 2, and examined in a Phenom SEM.

For transmission electron microscopy (TEM), tissues were fixed overnight in the same
fixative used for SEM, washed 10 min in buffer (0.1 M sodium cacodylate with 24% sucrose),
post-fixed 1 h in 1% OsO4 in 0.1 M sodium cacodylate buffer, stained en bloc for 1 h in
3% uranyl acetate in 0.1 M sodium acetate buffer pH 4.5, dehydrated through a series of
ethanol, and infiltrated and embedded in Spurr’s plastic [47]. Semi-thin sections (0.5 µm)
were stained with methylene blue and thin sections (70 nm) were stained with lead citrate
and viewed in a Zeiss Laborlux 12 light microscope and a Zeiss EM 109 transmission
electron microscope (TEM), respectively.

2.3. Measurements

Ten shrimp were examined in this study; five were processed for paraffin embedding
and examination by LM, five were processed for TEM and SEM. For LM and TEM, one
block from each sample was examined to produce ten images used for measurements.
For SEM, three measurements were made on a sample from each tissue. Measurements
reported in the text are presented as the range, and the mean ± one standard deviation.

3. Results
3.1. Distribution of Hemal Spaces

Blood is pumped from the heart into several large arteries that branch into narrower
vessels, which eventually end such that the hemolymph flows into spaces around and
directly bathes tissues and organs (Figure 1). The linings of the major vessels and the
external surfaces of the tissues and organs are described below.
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is composed of fibrils (22.2–29.8, x̄ = 26.4 ± 1.4 nm diameter) forming a meshwork (Figure 
2D). 

Figure 1. Schematic of shrimp anatomy displaying organs adjacent to hemal spaces. Blood also fills the heart and dorsal
abdominal artery and surrounds individual tubules within the digestive gland.
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3.2. Fibrillin-like Lining of Major Arteries

The wall of the dorsal abdominal artery measures between 50.2–65.5, (
−
x = 58.2 ± 0.8)

µm thick and is composed of the following layers (Figure 2A); an innermost fibrillin-like

layer, a thin layer of muscle (6.4–9.7, (
−
x = 7.3 ± 0.6 µm), two additional fibrillin layers

(4.0–10.4 ± 0.5 µm) separated by loose connective tissue (10.4–12.2, (
−
x = 11.6 ± 0.8 µm)

and an outer bounding connective tissue sheath (see Section 3.4). The inner fibrillin lining

(Figure 2A) is thin (1.0–1.5, (
−
x = 1.2 ± 0.3 µm) and stains with eosin and PAS but does not

stain with trichrome for collagen. When viewed by SEM (Figure 2B,C) the surface is smooth
with folds ranging in width between 16.6 µm and 23.2 µm, which may be due to shrinkage
or contraction during processing. At higher magnification (Figure 2C), the smooth surface
presents low profile ridges (0.4 µm in width) running primarily parallel to the long axis of
the vessel. The ridges have the same diameter as pseudopodal extensions from attached
hemocytes and may represent remnants of detached cells or exposed filaments that make
up the inner layer of the vessel wall. When examined using TEM, the inner fibrillin

layer is composed of fibrils (22.2–29.8,
−
x = 26.4 ± 1.4 nm diameter) forming a meshwork

(Figure 2D).
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tissue sheath (s) surrounds the entire vessel. (B) Low magnification view of inner vessel lining (il) showing folded surface. 
(C) Higher magnification view of inner fibrillin surface and attached hemocytes (h) with extended pseudopodia (ps) ta-
pering to diameters like small ridges (r) running parallel to long axis of vessel. (D) Transmission electron micrograph 
showing the weave of filaments in the fibrillin layer (f) covering a ridge on the surface. Scale bar (A) 50 µm, (B) 50 µm, (C) 
10 µm, (D) 0.25 µm. 
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seen bound to the surface either singularly or in clusters of two to four hemocytes (7.2–8.5 
µm diameter; Figure 3B). 

Although the entire digestive gland is surrounded by a connective tissue sheath (see 
Section 3.4), each cylindrical tubule of the digestive gland is encased within a BM (Figure 
3C). Approximately every 16.7 µm there is a band of contractile cells (1.1–1.4, x̄ = 1.2 ± 0.2 
µm wide) oriented around the circumference of each tubule. Additional contractile cells 
oriented longitudinally subdivide each cylinder into approximately 50–60 ovoid or trian-
gular bulges (14.3–16.7, x̄ = 15.0 ± 2.1 × 5.1–7.5, x̄ = 6.2 ± 1.1 µm). Between the constrictions, 
the BM is smooth and appears the same as that shown in Figure 3B. Small aggregations of 
two to five hemocytes are commonly seen attached to the surface especially in the depres-
sions between adjacent bulges and the contractile cells. 

Individual abdominal muscle cells appear in SEM as elongate cylinders approxi-
mately 50–90 µm in diameter with a wrinkled BM coating their surfaces (Figure 3D). Ran-
domly spaced pores measuring 5.3–10.4, (x̄ = 7.8 ± 1.4) µm diameter are common, as are 
individual and small clusters of attached hemocytes. 

When examined by TEM, the BMs of these three tissues are similar (Figure 3E–G). 
The lamina densa in the BM surrounding each cardiac myocyte is a single fuzzy, moder-
ately electron-dense layer composed of fibers ranging between 30–40, and averaging 33 ± 
2 nm in diameter (Figure 3E). The lamina densa in the BM around each digestive gland 

Figure 2. Inner lining of the dorsal abdominal artery. (A) Light micrograph of cross section through vessel wall showing
inner lining of fibrillin-like material (f) separating the hemocoel (hc) and a hemocyte (h) from three wall layers of connective
tissue (ct), separated by two additional layers of fibrillin (*), each outside of a muscle layer (m). An outer connective
tissue sheath (s) surrounds the entire vessel. (B) Low magnification view of inner vessel lining (il) showing folded surface.
(C) Higher magnification view of inner fibrillin surface and attached hemocytes (h) with extended pseudopodia (ps) tapering
to diameters like small ridges (r) running parallel to long axis of vessel. (D) Transmission electron micrograph showing
the weave of filaments in the fibrillin layer (f) covering a ridge on the surface. Scale bar (A) 50 µm, (B) 50 µm, (C) 10 µm,
(D) 0.25 µm.

3.3. Tissues Lined by BM

Individual heart myocytes, tubules of the digestive gland, and abdominal muscle
fibers are separated from hemal spaces by BMs too thin to be resolved clearly at the LM
level. All stain positive with PAS and faintly with eosin and trichrome. SEM of cardiac
myocytes shows a surface with longitudinal folds as well as periodic constrictions ev-
ery 4.5–9.0 µm, the latter possibly due to contraction during processing (Figure 3A). At
higher magnification, the BM seen between constrictions is smooth with widely spaced and
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randomly oriented filaments (0.3–0.7,
−
x = 0.5 ± 0.2 µm diameter). Hemocytes were com-

monly seen bound to the surface either singularly or in clusters of two to four hemocytes
(7.2–8.5 µm diameter; Figure 3B).
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electron micrograph (TEM) showing thin basement membrane (bm) covering a myocyte (m) and the edge of hemocyte (h) 
in adjacent hemocoel (hc). (F) TEM showing lamina densa layers of basement membrane (bm) covering the basal region 
of digestive gland cells with mitochondria (m) and vesicles. (G) TEM of basement membrane (bm) separating hemocoel 
(hc) and abdominal muscle cell (mc). Scale bar (A) 30 µm, (B) 15 µm, (C) 25 µm, (D) 100 µm, (E) 1 µm, (F) 0.5 µm, (G) 0.5 
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3.4. Tissues Lined by Connective Tissue Sheaths 
Although individual cardiac myocytes, tubules of the digestive gland, and skeletal 

muscle cells are encased within BMs, the collection of individual cells and tubules is sur-
rounded by a connective tissue sheath that encases each organ and separates it from a 
hemal space. The term sheath is used when multiple collagenous layers invest an organ. 
Similar sheaths were found covering the surface of the dorsal abdominal artery, the fore-
gut, the midgut trunk, and the gonad. All sheaths display a rough, irregular surface facing 
the hemolymph, clearly shown using SEM. Figure 4A shows the irregular surface of the 

Figure 3. Tissues encased within basement membranes. (A) Scanning electron micrograph (SEM) of individual contracted
cardiac myocytes (m). (B) Higher magnification SEM showing BM surrounding myocytes (which is the same as seen
covering individual digestive gland tubules and abdominal muscle fibers) with attached hemocytes (h) and fine ridges
(arrows). (C) Low magnification SEM of surface of individual tubule from digestive gland with basement membrane (bm)
constricted periodically by thicker circumferentially arranged contractile cells (arrows) and thin cells running longitudinally
causing the BM to form bulges. (D) SEM showing surface of adjacent fibers from abdominal muscle covered by a basement
membrane (bm). An occasional collagen fiber and small pores (arrows) are seen on the surface. (E) Transmission electron
micrograph (TEM) showing thin basement membrane (bm) covering a myocyte (m) and the edge of hemocyte (h) in adjacent
hemocoel (hc). (F) TEM showing lamina densa layers of basement membrane (bm) covering the basal region of digestive
gland cells with mitochondria (m) and vesicles. (G) TEM of basement membrane (bm) separating hemocoel (hc) and
abdominal muscle cell (mc). Scale bar (A) 30 µm, (B) 15 µm, (C) 25 µm, (D) 100 µm, (E) 1 µm, (F) 0.5 µm, (G) 0.5 µm.

Although the entire digestive gland is surrounded by a connective tissue sheath
(see Section 3.4), each cylindrical tubule of the digestive gland is encased within a BM
(Figure 3C). Approximately every 16.7 µm there is a band of contractile cells (1.1–1.4,
−
x = 1.2 ± 0.2 µm wide) oriented around the circumference of each tubule. Additional
contractile cells oriented longitudinally subdivide each cylinder into approximately 50–60

ovoid or triangular bulges (14.3–16.7,
−
x = 15.0 ± 2.1 × 5.1–7.5,

−
x = 6.2 ± 1.1 µm). Between

the constrictions, the BM is smooth and appears the same as that shown in Figure 3B. Small
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aggregations of two to five hemocytes are commonly seen attached to the surface especially
in the depressions between adjacent bulges and the contractile cells.

Individual abdominal muscle cells appear in SEM as elongate cylinders approximately
50–90 µm in diameter with a wrinkled BM coating their surfaces (Figure 3D). Randomly

spaced pores measuring 5.3–10.4, (
−
x = 7.8 ± 1.4) µm diameter are common, as are individual

and small clusters of attached hemocytes.
When examined by TEM, the BMs of these three tissues are similar (Figure 3E–G). The

lamina densa in the BM surrounding each cardiac myocyte is a single fuzzy, moderately
electron-dense layer composed of fibers ranging between 30–40, and averaging 33 ± 2 nm in
diameter (Figure 3E). The lamina densa in the BM around each digestive gland tubule forms
an incomplete layer of electron-dense bodies (Figure 3F). In the BM of abdominal muscles,

the lamina densa consists of two electron-dense layers, one thicker (20–40,
−
x = 33 ± 2 nm)

and one thinner layer (approximately 40 nm; Figure 3G). All BMs lie directly against the
plasma membrane.

3.4. Tissues Lined by Connective Tissue Sheaths

Although individual cardiac myocytes, tubules of the digestive gland, and skeletal
muscle cells are encased within BMs, the collection of individual cells and tubules is
surrounded by a connective tissue sheath that encases each organ and separates it from a
hemal space. The term sheath is used when multiple collagenous layers invest an organ.
Similar sheaths were found covering the surface of the dorsal abdominal artery, the foregut,
the midgut trunk, and the gonad. All sheaths display a rough, irregular surface facing
the hemolymph, clearly shown using SEM. Figure 4A shows the irregular surface of the
sheath enclosing the heart composed of strands of collagenous fibers (typically 4.4–7.5,
−
x = 5.2 ± 1.2 µm diameter) forming a meshwork weaving around pores and depressions
that both range in diameter between 4.5 µm and 22.7 µm. Pores appear as empty channels
leading deeper into the sheath whereas depressions may have a bottom shelf. Hemocytes
(averaging 6.7 ± 2.1 µm in diameter) are frequently observed on the surface of the outer
investing layer of the heart, occasionally in clusters up to 30 cells.

The surface of the sheath covering the collection of digestive gland tubules is wrinkled
with a relatively smooth surface between folds (Figure 4B). Pores were small (1.2–4.7,
−
x = 2.8 ± 0.5 µm diameter) and rare. Hemocytes were observed on the surface of the
sheath and bound to pores. A fortuitous tear in the sheath allows visualization of the
constricted BM coating an individual digestive gland tubule lying beneath the sheath
(Figure 4B).

The outer surface of the dorsal abdominal artery and midgut trunk are also covered
by connective tissue sheaths, which show the greatest degree of surface irregularities
(Figure 4C,D); the sheaths are highly folded. The surface of the dorsal abdominal artery
has ridges oriented primarily parallel to the long axis of the vessel (Figure 4C). A small
vessel is shown branching from the dorsal artery and has the same appearance. The folds
on the surface of the midgut trunk appear as overlapping flaps with a width and height
ranging between 4–8 and 5–9 µm, respectively, with a thickened ridge over the apex and
pores, larger than seen in other tissue, up to 35 µm in diameter are present (Figure 4D).
Fewer hemocytes are seen on the surface of the midgut trunk as compared to the dorsal
abdominal artery, but they are always present.

When observed by SEM, the sheath surrounding the gonad lacks the high-profile
ridges seen on the dorsal abdominal artery and midgut trunk; the surface shows multiple
folds running both along the longitudinal and circumferential axes (Figure 4E). Pores were
not observed and individual hemocytes were occasionally present. The sheath covering
the foregut (Figure 4F) is morphologically similar to the sheath over the gonad; it is flat
with a roughened surface penetrated by numerous small, randomly distributed pores
(7.9–23.6 µm in diameter). Hemocytes are common on this surface and are found within
many of the holes.
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Figure 4. Tissues covered by a connective tissue sheath. (A) SEM of sheath (s) overlying a collection of myocytes composing
the heart with tracts of collagen fibers (arrows) forming a weave often around ovoid depressions opening to lower layers of
the sheath. Hemocytes (h) are common either individually or in clusters. (B) SEM of connective tissue sheath (s) covering
the digestive gland with an artifactual tear providing a look through the sheath at the underlying basement membrane
(bm) covering an individual tubule. (C) SEM showing wrinkled surface of outer sheath of connective tissue covering
the dorsal abdominal artery (daa) with a smaller vessel (arrows) branching off to one side. (D) SEM showing wrinkled
surface of connective tissue sheath covering the midgut trunk with an ovoid pore (p) extending into deeper layers of the gut
wall. (E) SEM of acellular sheath of collagenous material covering the outer surface of the gonad with low profile ridges
(arrows) and a small cluster of hemocytes (h) in a fold. (F) SEM of surface of foregut covered by a sheath of collagenous
material perforated by numerous pores (arrows) opening to deeper layers of the sheath. Bound hemocytes (h) are common.
(G) TEM showing collagenous layers (s) separated by a fibroblast-like cell (fb). n, nucleus. (H) TEM showing folder layers
of collagenous sheath (s) separating the hemocoel (hc) from a fibroblast-like cell (fb) in the outer layer of the midgut trunk.
n, nucleus. (I) TEM showing layers of connective tissue sheaths (s) separating hemocoel (hc) from the nuclear (n) region
of fibroblast-like cell. Scale bar (A) 25 µm, (B) 40 µm, (C) 60 µm, (D) 15 µm, (E) 25 µm, (F) 30 um, (G) 20 µm, (H) 25 um,
(I) 0.5 µm.
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Using TEM, the thickness of the investing sheaths is difficult to measure because
collagenous layers lining the hemal spaces appear identical to those that merge with the
connective tissue of the walls (Figure 4G–I). An intervening, incomplete layer of fibroblast-
like cells may or may not be present. Measuring only the collagenous layers between
the cells and the hemal spaces suggests the sheath around the gonad was the thinnest
(1.5 ± 1.2 µm) and that investing the foregut the thickest (3.1 ± 1.4 µm). All sheaths
examined by TEM showed the same morphology; bundles of collagen fibers separated
by electron-lucent spaces with a small number of elongate fibroblast-like cells forming
incomplete layers. The extensions of these cells may be extremely thin (0.16 µm) and
often appear empty. The collagen fibers form a weave over the surface of each organ. The

diameter of individual fibers ranges from 15.9–21.8,
−
x = 20.2 ± 1.1 nm in diameter and

display a periodicity of approximately 62 ± 2.4 nm. The nucleus of the fibroblast-like cells
has patches of heterochromatin along the inner border of the nuclear membrane, sparse
RER is present, and Golgi bodies are rare.

4. Discussion

In this study, we describe three distinct types of acellular matrices lining the hemal
spaces of the shrimp Sicyonia ingentis. First, the dorsal abdominal artery is lined with
a fibrillin-like interna. Second, tissues where an epithelium (such as digestive gland
tubules) and individually hemal-bathed cells (such as cardiac myocytes and muscle cells)
are separated from the hemal spaces by a thin BM. Third, collections of muscle cells and
digestive gland tubules are separated from the hemolymph by sheaths of connective tissue
which are also present on the outer surfaces of the arteries, gonad, and gut.

Major crustacean arteries are lined with a fibrillar, non-collagenous material as ob-
served in the ophthalmic artery [17], the dorsal abdominal artery of the shrimp (present
study), and in the aorta of the lobster Homarus americanus [34]. The lobster system has
been further studied biochemically to characterize the fibrils as the glycoprotein fibrillin
previously known from skin and connective tissues in vertebrates [32]. Its elasticity was
demonstrated using stress-strain models [32]. Its presence in the arteries may augment
hemolymph propulsion initiated by contractions of the heart.

Once hemolymph flows beyond the large arteries into smaller vessels, there is a
transition from a lining of fibrillin to a BM [39]. BMs were also found separating individual
cardiac myocytes and abdominal muscle fibers from hemal spaces. In the heart, individual
cardiac myocytes are encased within BMs and the entire collection of contractile cardiac
cells is surrounded by a connective tissue sheath. Likewise, tubules within that digestive
gland of the shrimp rest on a BM that is directly bathed by hemolymph, in agreement with
a report on the digestive gland in the lobster [40]. In that study, the sheet of connective
tissue encasing the collection of tubules was also described as a “typical, fibrous, connective
tissue, containing hemal sinuses and a variety of cell types embedded in a collagenous
matrix” [40] as we have described the connective tissue sheath in this paper. The gonad
in the shrimp and lobster is also composed of epithelial cells separated from the hemal
space by an acellular layer, which was originally referred to as a thick BM [48]. However,
we found a thicker layer in the shrimp composed of multiple layers of banded collagen
fibers and prefer to characterize it as a connective tissue sheath much like the sheath
surrounding the dorsal abdominal artery and midgut trunk. Other organs utilizing an
investing layer of BM but not examined in this study include the vessels of the Oka
organ [14,17], hematopoietic tissues in shrimp [15], and vessels within the compound eyes
of a variety of crustaceans [49]. A fourth organ using BMs is the gill where a study on
the shrimp Caridina japonica described the gill lamellae being bounded apically by the
exoskeleton and basally by a basal lamina lining the vascular lumen [50]. The BMs are the
thinnest acellular layers lining hemal spaces, which may allow for the most rapid exchange
of nutrients. For example, work on the vertebrate kidney has suggested that negative
charges in the BM may or may not be responsible for the passage of proteins entering into
the urine [51].



J. Mar. Sci. Eng. 2021, 9, 862 9 of 12

The outer surface of several tissues and organs, such as the arteries, the gonad, the
gut, and abdominal muscle, as well as the outer covering of the digestive gland and heart,
is covered by sheaths bathed in hemolymph. These are composed of multiple layers of
collagen fibers containing a few, widely separated fibroblast-like cells. Given the tensile
strength of collagen, the sheaths may provide the greatest stability to the enclosed organs,
but at what cost to nutrient exchange?

In this study, the distinction between BMs and connective tissue sheaths in shrimp
is solely based on morphology, including the positive staining with PAS and the ultra-
structural demonstration of an electron-dense lamina densa. The use of these terms and a
definitive distinction between BMs and connective tissue sheaths is based on the presumed
nature of the contained collagen; type IV is the definitive component of lamina densa and
hence BMs and the sheaths are composed of type I [21,44]. The biochemical nature of
collagens in arthropods is best known for insects [52]; in crustacea the interest in collagen
studies has been primarily on the abdominal muscle in relation to food quality [53]. Type I,
IV, and other types of collagen have been identified from both taxa [52–55] but immuno-
localization of these proteins seems limited to work in insects [56]. Although collagens,
such as type I and type IV, are highly conserved throughout animal evolution [31,57],
commercially available, non-crustacean antibodies may not prove effective in verifying
different types of collagen lining different tissues in the shrimp.

The demonstration of fibrillin and two types of collagens lining the hemal spaces
complicates our understanding of the physiology of blood flow in crustaceans and presum-
ably other invertebrates with an open circulatory system. In vertebrates, blood is confined
within vessels lined by an endothelium. Contact of circulating hemocytes with collagen,
such as the BM beneath the endothelium, indicates damage to the endothelium and is a
trigger for blood clotting [58]. Clearly, neither collagen nor fibrillin are a trigger for blood
coagulation in crustaceans [59]. In addition, the irregular surfaces of the connective tissue
sheaths must produce a non-laminar flow, which in vertebrates also encourages blood
coagulation [60,61].

It is hoped that this morphological study will encourage future studies to address
three topics. First, the types of collagen in the layers need to be established. Second, the
effect of the different layers on nutrient exchanges should be addressed. Third, what cells
are producing these layers? Embedded cells, such as fibroblast-like cells and muscle, may
be the source but seem too few and widely dispersed to cover the large surface area of the
entire hemal space. It has been suggested, at least in insects [62–67], that these matrices are
deposited by the circulating hemocytes, which could also be the evolutionary source of the
endothelia seen in closed circulatory systems [4,68,69]. If this can be shown for crustaceans,
then the role of the hemocytes will be greatly expanded from their primary research focus
on innate immune responses and wound healing [7,10,70].
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