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Abstract This study provides a new perspective on the
long-standing problem of the nature of the decapod crustacean blood-brain interface. Previous studies of crustacean
blood-brain interface permeability have relied on invasive
histological, immunohistochemical and electrophysiological
techniques, indicating a leaky non-selective blood-brain
barrier. The present investigation involves the use of magnetic resonance imaging (MRI), a method for non-invasive
longitudinal tracking of tracers in real-time. Differential
uptake rates of two molecularly distinct MRI contrast
agents, namely manganese (Mn(II)) and Magnevist® (GdDTPA), were observed and quantified in the crayfish,
Cherax destructor. Contrast agents were injected into the
pericardium and uptake was observed with longitudinal
MRI for approximately 14.5 h. Mn(II) was taken up quickly
into neural tissue (within 6.5 min), whereas Gd-DTPA was
not taken up into neural tissue and was instead restricted to
the intracerebral vasculature or excreted into nearby sinuses.
Our results provide evidence for a charge-selective intracerebral blood-brain interface in the crustacean nervous system, a structural characteristic once considered too complex
for a lower-order arthropod.
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Introduction
The blood-brain barrier (BBB) homeostatically regulates
chemical flow between the bloodstream and neural tissue,
playing an integral role in maintaining the necessary ionic
environment for coordinated neural activity (Abbott et al.
1986; Abbott 2002). In vertebrate organisms, endothelial
cells enclose intracerebral vasculature, forming tight junctions that restrict paracellular diffusion of polar molecules
across this interface. Polar molecules must pass this barrier
transcellularly, via specific membrane transporters (Bradbury
1993; Abbott 2002).
The presence of a BBB was confirmed in mammals by
injecting trypan blue, a toluene derivative, into the rodent
bloodstream (Goldmann 1909); all tissues except the brain
and spinal cord were stained. On the other hand, when
injected directly into the cerebrospinal fluid, trypan blue
stained adjacent neural tissue relatively easily. This experiment suggested the presence of a structural barrier between
the blood and brain in vertebrate organisms. Since Goldmann’s seminal study, the BBB has been intensely investigated, with particular interest in its function, pathology and
permeability as relevant to drug delivery.
Researchers have criticized the inefficiency and expense
of rodent models for drug-delivery research, suggesting that
lower-order model organisms might be more suitable in the
early phases of drug development (Nielsen et al. 2011).
Blood-brain interfaces have been identified in insects, crustaceans, some arachnids and cephalopod molluscs (Abbott
and Pichon 1987). Thus, these invertebrates might serve as
relatively inexpensive alternative model organisms in drug
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discovery. For example, the grasshopper Locusta migratoria
has been proposed as an alternative model for drug discovery, as its blood-brain interface appears to function similarly
to the vertebrate BBB (Nielsen et al. 2011).
The blood-brain interface of the fruit fly, Drosophila
melanogaster, has been particularly well characterized.
Two glial layers with an outer collagenous neural lamella
ensheath the Drosophila brain and restrict chemical flow
between haemolymph and neural tissue (DeSalvo et al.
2011). Septate junctions between cells in the innermost glial
layer of this interface allow the formation of a continuous
sheet of glial cells. Permeability studies with ionic lanthanum (Juang and Carlson 1994) and differently sized dextran
molecules (Stork et al. 2008) suggest that this interface is
charge- and size-selective, respectively.
However, the Drosophila blood-brain interface is much
simpler than the vertebrate BBB. The insect has an open
circulatory system; haemolymph flows freely throughout
body cavities, with the exception of a major dorsal vessel
running the length of the organism. Oxygen is delivered to
neural tissue via a network of air-filled tubes called tracheae
(Pereanu et al. 2007), rather than via a complex network of
intracerebral capillaries as observed in vertebrates. Drosophila has become the predominant invertebrate model
for BBB study, despite this major anatomical difference,
perhaps because of the abundance of molecular and genetic
tools available for this organism (Pinsonneault et al. 2012;
Daneman and Barres 2005).
The crustacean circulatory system and blood-brain interface is of a more controversial nature, a “case that is neither
open nor closed” (McGaw 2005). Blood is pumped from the
heart through a well-developed vasculature that services the
major organs, including the nervous system. Blood then
percolates from these organs into open sinuses that bathe
tissues and from which the heart siphons newly oxygenated
blood (Fig. 1). Most relevant to the present study, the dorsal
artery carries blood from the heart into the cerebral ganglion, or brain, branching bilaterally and ultimately forming a
complicated vascular network within the brain. Fine capillary networks terminate in “lacunae” in synaptic neuropils,
from which the blood then flows out of the neural tissues
(Figs. 1, 2) (Lane and Abbott 1975; Sandeman 1967;
McGaw 2005). Whereas the respiratory tracheoles deliver
oxygen within neural tissues in the insect, within crustacean
ganglia a direct interface exists between the vasculature and
the nervous system. Thus, although the crustacean bloodbrain interface has been thought to closely resemble that of
the insect, major differences are apparent.
A series of studies in the 1970s investigated the separation of blood and nerve tissue in the peripheral ganglia and
central oesophageal connectives of decapod crustaceans
(Kristensson et al. 1972; Abbott et al. 1975; Lane and
Abbott 1977). These studies suggest two blood-brain

interfaces at which resistance to chemical flow might occur
(Fig. 1): (1) an interface between peripheral nerve tissue and
the outer haemocoel and (2) the perineurium between central neural tissue and the outer haemocoel. Based on these
studies, minimal resistance to chemical flow appears to
occur at the peripheral interface. The second interface, separating the outer haemocoel from both the central oesophageal connectives and superficial neural tissue of the cerebral
ganglion, is composed of a glial cell layer, the perineurium,
enclosed by a collagenous sheath. Numerous tight junctions
and few extracellular spaces can be found in the perineurium. Nevertheless, neither the collagenous extracellular material nor the minimal space between the perineurial cells
results in an absolute barrier to ion flow at this interface
(Abbott et al. 1975).
Few studies have probed the nature of the third bloodbrain interface in crustaceans, i.e. that lying between the
intracerebral capillaries and neural tissue (Fig. 1). Abbott
(1970, 1971) has described a vast network of arterioles
of mesodermal origin throughout the cerebral ganglion.
Surrounding these vessels is a thick glial basement
membrane with junctions between perivascular and interstitial neural glial and extracellular spaces no greater
than 200 Å. These extracellular spaces are filled with
polymeric material (Abbott 1970, 1971). However, other
than restricting the flow of large colloidal molecules (larger
than 160 Å) and increasing the diffusion path length,
studies have suggested that this layer is an ineffective
structural barrier. Thus, no crustacean intracerebral
blood-brain barrier reminiscent of the ion-selective vertebrate blood-brain barrier seemed to exist. In this study,
we have used contemporary technology to reconsider the
possibility of an ion-selective intracerebral blood-brain interface in crustaceans.
The present study involves the use of magnetic resonance
imaging (MRI) to demonstrate the presence of an ionselective intracerebral blood-brain interface in the brain
of the decapod crustacean (Cherax destructor). MRI
offers the distinct advantage of being non-invasive and
therefore amenable to longitudinal studies on a single
animal over times ranging from minutes to weeks. By
using MRI systems with powerful gradients, in-plane
image resolution of 100 μm×100 μm or less can be
obtained. Whereas the MR-image contrast caused by the
different environments of water molecules in different
tissues can be exploited to create useful images, the addition of exogenous molecules known as contrast agents
can enhance the images in ways that reveal the properties of the system under study. Previous studies have
employed cationic manganese (II) [Mn(II)] in investigations of crayfish anatomy and neural activity (Brinkley
et al. 2005; Herberholz et al. 2004, 2011). Figure 2b, c
shows MR images of the cerebral ganglion (brain) and
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Fig. 1 Representation of the vascular circulation through the central
nervous system in decapod crustaceans. Blood flow is unidirectional
along arteries from the heart to the brain and optic neuropils (thick
arrows). Within the neural tissue (light grey), the blood flows through
intracerebral blood vessels. The blood exits through the cushion of glial
cells and extracellular space (white) between the neural tissue of the brain

and perineurium (heavy line), into the haemocoel (thin arrows) from
which it passes through the gills and back to the heart. Previous studies
suggest unrestricted flow from the intracerebral vasculature into neural
tissue (light grey) in the brain and oesophageal connectives (open broad
arrows) but restricted flow across the perineurium surrounding the brain
and connectives (filled broad arrows)

optic ganglia of C. destructor after injection of Mn(II).
The high resolution of these images reveals the detailed
anatomy of the optic ganglia (Fig. 2c) and structures
within the proto-, deutero- and tritocerebrum (see also
Brinkley et al. 2005).
By using two molecularly distinct magnetic resonance
contrast agents, namely Mn(II) and anionic Magnevist®,
the latter being a gadolinium (Gd)-diethylenetriaminepentacetate (DTPA) complex (Fig. 3), qualitative and quantitative
information about the differential uptake of agents with
different sizes and charges can be obtained. Both Mn(II)
and Magnevist® are paramagnetic contrast agents and enhance the MRI signal of (brighten) adjacent tissue in T1weighted MR images. Mn(II) is an ionic probe with a weight
of 54.9 amu, a double positive charge and an ionic diameter
of 2.54 Å. Magnevist® is a molecular probe (Fig. 3) with a
double negative charge, molecular weight of 938 amu and a
molecular diameter of 8.2 Å (W.F. Coleman, personal communication). The differential uptake of these two probes
confirms the presence of an ion-selective intracerebral
blood-brain interface in the crayfish. The presence of this
blood-brain interface suggests that the crayfish is a suitable
model organism for examining the BBB. To our knowledge,
this study is also the first in which the nature of an

invertebrate blood-brain interface has been probed with a
non-invasive technique.

Materials and methods
Animals Adult crayfish, C. destructor, were obtained commercially (Yabby Growers and Traders; Bulahdelah, NSW,
Australia). The carapace length of the experimental animals
was between 2.5 cm and 3.5 cm [n03, Mn(II) experiments;
n05, Magnevist® experiments]. Animals were declawed at
least 24 h prior to injection.
Dye injection into brain vasculature The dorsal artery supplying the crayfish brain was exposed, cannulated and perfused with chilled crayfish saline (CFS; 1 tsp/20 l NaHCO3
and 1/8 tsp/20 l Equilibrium [Seachem Laboratories, Covington, Ga., USA], 19.5% K, 8.06% Ca, 2.41% Mg, 0.11%
Fe, 0.06% Mn; pH 7.4) in a semi-intact brain preparation, as
described by Sullivan et al. (2007) and Sandeman et al.
(1995). The brain was initially perfused with CFS for several minutes to flush the haemolymph from the brain and to
prevent the blockage of fine brain capillaries through clotting. Subsequently, the input to the cannula was switched to
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Fig. 2 a Representation of the cerebral ganglion (brain), including the
lateral protocerebrum (eyestalks) and illustrating the major neuropil
regions of the deutocerebrum. b Magnetic resonance (MR) image of a
section through the brain in the dorsal-ventral plane, illustrating the
oesophageal connectives, nerve roots and substructures of the brain
and eyestalks (arrow insertion of the dorsal cerebral artery, which

brings blood from the heart into the brain). c Individual neuropil
regions in the lateral protocerebrum are revealed in this highresolution manganese [Mn(II)]-enhanced image of the eyestalks of
Cherax destructor. MR images acquired by using a T1-weighted
multi-slice spin echo (MSME) protocol. Bars 1 mm (b, c). Figure
adapted from Brinkley et al. (2005)

a sidearm containing a concentrated solution of dextran
tetramethylrhodamine of 3,000 MW (Micro-Ruby; Molecular Probes), which was perfused into the brain over several
minutes. The brain was then fixed overnight at 4°C in 4%

paraformaldehyde. Following fixation, the brain was sectioned with a Vibratome (at a thickness of 100 μm), rinsed
for 2 h in PBTx and mounted in Gel/mount™ (Biomeda,
Foster City, Calif., USA). Sections were imaged with a Leica
TCS SP5 confocal microscope equipped with 488-nm argon
and 561- and 633-nm diode lasers.

Fig. 3 Structure of Magnevist®, a gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA) complex. Figure adapted from Caravan et al. (1999)

Contrast agents Prior to imaging, a solution containing
either MnCl2 or gadopentate dimeglumine (Magnevist®)
was injected ventrally into the pericardium (Fig. 4a,
inset). For the Mn(II) contrast agent, 12 μl/g (crayfish
weight) MnCl2 solution [160 mM Mn(II) saline solution
(2.4 g NaCl, 0.08 g KCl, 0.04 g NaHCO 3 , 6.33 g
MnCl2•4H2O; Sigma)] in 200 ml CFS was injected (concentrations adapted from Silva et al. 2004). For Magnevist® (Berlex Laboratories, Wayne, N.J., USA;
469.01 mg/ml gadopentate dimeglumine, 0.99 mg/ml
meglumine, 0.40 mg/ml diethylenetriamine pentaacetic acid),
0.2 μl/g (crayfish weight) was injected.
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Fig. 4 T1-weighted MR images of C. destructor, illustrating the
distinctive intensities of structures in the crayfish thorax when
injected with different contrast agents. a Crayfish injected in the
pericardium (arrow, inset). MR image obtained at the orientation
indicated (inset, diagonal grey bar), such that the optic ganglia

and cerebral ganglion (brain) could be imaged in the same slice.
Image acquired 6.5 h post-injection of Mn(II). b Crayfish injected
and imaged as in a. Image acquired 6.5 h post-injection of
Magnevist®. Regions of interest: cerebral ganglion (delineated in
yellow), optic ganglion (delineated in red). Bar 5 mm (a, b)

MR imaging MR images were acquired by using a
Bruker Avance DRX 400 MHz NMR spectrometer with
a 9.4 T vertical wide-bore magnet, actively shielded
gradients of 2.4 G/(cm A) and a micro-imaging accessory. Following injection of either of the contrast
agents, animals were wrapped in an ACE™ bandage
and damp paper towel to reduce movement and placed
in a 50-ml Corning® plastic tube. The tube was then
positioned in the 30-mm birdcage volume coil (Bruker
Instruments, Billerica, Mass., USA) of the MRI probe. The
probe was inserted into the vertical bore magnet and MR
images were acquired at 20°C.
Scout images were produced by using the Bruker ParaVision 4.0.2 tripilot pulse sequence, RARE (fast spin echo)
(Field of view [FOV]04 cm, Matrix [MTX]0256, slice
thickness00.50 mm, number of averages [Navg]01, Repetition Time/Time to Echo [TR/TE]03112.5 ms/60.8 ms, Acquisition Time [TA]01.39 min). By using the scout images,
MRI slices of ensuing images were aligned in the plane of
the ventral surface of the head (Fig. 4a, inset), in order to
align the plane of the MRI scans symmetrically and consistently (Brinkley et al. 2005).
T1-weighted images were obtained by using Bruker ParaVision 4.0.2. Employment of a macromanager tool allowed

for computer-monitored sequential scans post-injection.
Nine T1-weighted scans were acquired during the first hour
post-injection (msme_bio, FOV02 cm, MTX0256, slice
thickness00.5 mm, Navg 04, TR/TE 0305.1 ms/10.2 ms,
TA06.5 min). Following the first hour, 16 additional higherresolution T1-weighted scans were acquired each hour, with
Navg 024 and a TA of 31 min 14 s.
Data analysis Analyze 10.0 (AnalyzeDirect, Mayo Clinic,
Overland Park, Kansas, USA) 3D voxel registration was used
to align and normalize the thresholds of all scans to the first
scan in a sequence. The region of interest tool was used to
obtain mean regional intensities of the cerebral ganglion and
optic nerve across sequential scans. Differences in values were
considered statistically significant at p ≤ 0.05.

Results
Injection of either contrast agent, Mn(II) or Magnevist®,
revealed neural architecture in T1-weighted MR images
(Fig. 4a, b, respectively). Longitudinal MR images also
indicated the differential uptake rates of the two agents
(Fig. 5).
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Fig. 5 Series of T1-weighted
MR images illustrating the
uptake of Mn(II) and Magnevist®
(Mag) in the cerebral ganglion
(a-e) and optic ganglia (f-j).
Images were acquired
pre-injection (a, f) and at
6.5 min (b, g), 13 min (c, h),
2.5 h (d, i) and 16.5 h (e, j)
post-injection (arrows in d right
point to the collection of
Magnevist® at caudal boundaries of accessory lobe and
antennal neuropils). Bars
2.5 mm (a-e), 5 mm (f-j)

Differential uptake of Mn(II) and Magnevist® into neural
tissue
Mn(II) was taken up preferentially into neural tissue, as
indicated by the brightening of the cerebral and optic ganglia relative to other tissue types (Fig. 4a). Contrast attributable to Mn(II) was notable in the brain by 6.5 min
following injection (Fig. 5b, left) and then became increasingly intense up to 16.5 h (Fig. 5e, left). The increase in
intensity of brain tissues over time and the delineation of
specific synaptic and cell body regions suggested that the
Mn(II) moved from the capillaries in the brain and optic
ganglia into the neuropils in which the synapses are located.
T1-weighted images indicated that Magnevist®, unlike Mn
(II), remained in fluid-filled body cavities (e.g. surrounding
the optic ganglia) or was taken up and excreted via the green
glands (Fig. 4b), which were more intense compared with
most other tissues. Visualization of the cerebral ganglion in
MR images also suggested resistance to Magnevist® movement across the interface between the intracerebral capillaries
and neural tissue (Fig. 4b). Magnevist® collected in spaces at
the caudal boundaries of the accessory lobe and antennal
neuropils (Figs. 4b; 5d and e, right; 6a). However, rather than

diffusing into the synaptic neuropils of the cerebral ganglion,
Magnevist® remained in the intracerebral vasculature and
presumably was eventually excreted from such intercellular
spaces into the open circulatory sinus.
Magnevist®-enhanced MR images of the cerebral ganglion (Fig. 6a) showed contrast in regions similar to those
observed in micrographs of a dextran (3,000 MW)-labelled
cerebral ganglion (Fig. 6b). Like Magnevist®, dextran of
this size did not enter neural tissue.
In the optic ganglia, increased contrast attributable to Mn
(II) uptake in the retina and lamina was clearly visible at
2.5 h (Fig. 5i, left), illustrating features similar to the images in
Fig. 2b and c but at a lower magnification and resolution.
Magnevist® injection, however, appeared to increase the contrast at the margins of the optic nerve and did not penetrate the
eye or enhance contrast in the optic neuropils (e.g. Fig. 5i, right).

Quantification of the different uptake rates in MR images
In addition to qualitative differences in the uptake of Mn(II)
and Magnevist® illustrated in one-time-point MR images
(Figs. 3, 4), quantitative differences in the rate of uptake across
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after 2.5 h. These images illustrate the differential uptake of
the two agents over time, with Mn(II) diffusing quickly across
the blood-brain interface and into neurons and with Magnevist®
remaining outside the neural tissue.
Uptake rates for the two agents were quantified by calculating the changes in the mean intensity over time in both
the cerebral ganglion and optic ganglia in sequential MR
images. Following injection of Mn(II), the cerebral ganglion
intensity increased rapidly, peaked at approximately 3 h and
then plateaued (Fig. 7a). Following injection of Magnevist®,
however, the cerebral ganglion intensity remained low and
relatively constant, suggesting minimal movement of Magnevist® across the blood-brain interface. Three days after
injection, both contrast agents had been fully excreted from
the animal (data not shown), as MR-image intensity of the
brain had returned to baseline for both agents. Slopes of the
change in mean regional MRI intensity with time, both
initial (across 3 h following injection) and long-term (across
~14.5 h following injection), indicated a significant difference in the initial uptake of the contrast agents; following
injection of Mn(II), the intensity of the signal in the cerebral
ganglion increased at a rate four times that following injection of Magnevist® (Fig. 7b).
A similar uptake trend was observed for the optic ganglia
(Fig. 8). A significantly higher initial mean intensity slope
was seen in Mn(II)-enhanced images compared with those
enhanced with Magnevist® (Fig. 8b). However, Mn(II)
appeared to leave the optic ganglia relatively quickly, as
suggested by the decay in intensity approximately 3 h following injection (Fig. 8a).
Fig. 6 Intracerebral vasculature in cerebral ganglion of C. destructor.
a T1-weighted MR image following injection of Magnevist® (curved
lines delineate brightened intensity of perimeters of the olfactory lobe
and accessory lobe, which can be seen bilaterally. b Confocal micrograph of a right hemisphere labelled with dextran tetramethylrhodamine (white) showing intracerebral vasculature at higher
magnification and the insertion point of the dorsal (cerebral) artery
(arrow), which branches and forms a fine capillary network that is
labelled in the optic tract (OT) and cell cluster 10 (Cl 10) containing
olfactory projection neurons. Dextran-filled vasculature can also be
seen encircling the olfactory lobe (OL) and accessory lobe (AL) and
penetrating these synaptic regions in some areas. This is a dorsal
section through the cerebral ganglion and therefore does not include
the more ventral tritocerebral antennal lobes, which are located posterior to the accessory lobes. Bars 5000 μm (a), 200 μm (b)

the blood-brain interface were also observed in longitudinal
imaging studies. Uptake of the two agents in neural tissue (the
cerebral ganglion and optic ganglia) over time is shown in
Fig. 5. A distinct increase in intensity occurred in the cerebral
ganglion and optic ganglia after only 6.5 min following injection of Mn(II). Magnevist®, however, did not diffuse into
neural tissue following injection and remained in the nearby
vasculature or in fluid-filled cavities, as indicated by the slight
increases in intensity in regions surrounding neural tissues

Discussion

Mn(II) easily crosses the intracerebral blood-brain
interface
The present study demonstrates that Mn(II) experiences
minimal resistance to crossing the blood-brain interface.
This is consistent with previous findings. Manganese is an
MRI contrast agent used for the study of brain anatomy,
integration and function of neural circuits in vertebrates
(Silva and Bock 2008). Earlier work comparing the flux of
Ca(II) and Mn(II) ions suggests that, because of their similar
ionic radii and charges, Mn(II) might act as a substitute for
Ca(II) in vivo (Hunter et al. 1980), passing through calcium
channels to enter neuronal terminals. Thus, unsurprisingly,
Mn(II) is taken up preferentially by neural tissue, which
requires a large amount of Ca(II) for its function. This phenomenon has also been employed by Herberholz et al. (2004)
and Brinkley et al. (2005) in their use of Mn(II) to study neural
anatomy in the crayfish brain.
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Fig. 7 MR-image intensity changes in the cerebral ganglion following
injection of either Mn(II) or Magnevist®. a Example of the intensity
change in the cerebral ganglion between 6.5 and 868.5 min post-injection
of either Mn(II) or Magnevist® (n01 for each contrast agent). b Mean slope
of graphs of initial (up to 148.5 min) and long-term (between 148.5 and

868.5 min) intensity vs. time following injection of either Mn(II) (n03) or
Magnevist® (n04) in the cerebral ganglion (asterisk indicates statistically
different initial intensity slopes; t-test, df02, 3, P00.002). Initial slope was
calculated as the change in mean intensity over the first eleven time points
(dashed vertical line in a). Error bars denote standard error

The intensity decay in the optic ganglia at 3 h following
Mn(II) injection is consistent with the anatomy of the animal. Afferent haemolymph circulation in the dorsal aorta
branches three ways into the optic neuropils and cerebral
ganglion (Sandeman 1967). Because the optic neuropils are
relatively smaller than those in the brain, contrast agents
might drain from the optic neuropil regions more rapidly.
This results in faster intensity decay in MR images of optic
ganglia relative to the cerebral ganglion.

Magnevist® does not flow across the intracerebral
blood-brain interface

Fig. 8 Intensity changes in the optic nerve following injection of
either Mn(II) or Magnevist®. a Example of the intensity change in
the optic nerve between 6.5 min and 868.5 min post-injection of either
Mn(II) or Magnevist® (n01 for each contrast agent). b Mean initial
(148.5 mins) and long-term (868.5 mins) intensity slopes following

injection of either Mn(II) (n03) or Magnevist® (n04) in the optic nerve
(asterisk denotes statistically different initial intensity slopes over the
first 148.5 min; t-test, df02, 3, P00.02). Initial slope was calculated as
change in mean intensity over the first eleven time points (dashed
vertical line in a). Error bars denote standard error

On the other hand, we have shown that Magnevist® is restricted from entering neural tissue, flowing only from intracerebral capillaries into external sinuses. Furthermore, the
contrast shown in MR images following Magnevist® injection is consistent with that shown in micrographs following
dextran injection. Dextran, paired with fluorescent markers,
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has long been used as a tracer in the study of circulation and
vascular permeability in both vertebrates and invertebrates
(Olsson et al. 1975; Thorball 1981; Wahl et al. 1985;
Sullivan 2007). Like dextran-enhanced micrographs,
Magnevist®-enhanced MR images show increased intensity
in the intracerebral vasculature. Specifically, Magnevist®
increases the intensity of the vasculature on the ventral side
and capillary beds on the caudal boundary of the accessory
and antennal lobes. A comparison of the images obtained from
both Magnevist®-enhanced MRI and dextran-enhanced
microscopy suggests no movement of Magnevist® across this
intracerebral blood-brain interface.

Confirmation of earlier findings: anions restricted
from neural tissue
Table 1 summarizes the previous and current findings regarding blood-brain permeability in decapod crustaceans.
Several studies have characterized the perineurial barrier
across central oesophageal connectives (Abbott et al. 1975;
Lane and Abbott 1977), suggesting a size-selective barrier
preventing the flow of larger ions (La3+). However, these
studies have not investigated the interface between the intracerebral vasculature and central neural tissue.
Other earlier studies have suggested the presence of an
effective intracerebral structural barrier between crustacean
blood and brain. Whereas the macromolecule ferritin
crosses this interface with little resistance (Abbott 1972),
the interface is relatively impermeable to cationic horseradish peroxidase (HRP; type VI; Kristensson et al. 1972).
Likewise, Abbott (1970) has demonstrated the restriction
of anionic serum albumin, dextran and trypan blue to the
blood vasculature, implying the possibility of a chargeselective barrier restricting anionic molecules as small as
72 Å in diameter. Later work completed by Sullivan et al.
(2007) using a much smaller isoform of dextran (14 Å) has
demonstrated the restriction of an even smaller anionic
molecule from crossing this intracerebral interface.
The present study with non-invasive technology to visualize the differential uptake of Mn(II) and Magnevist® in
vivo and in real time complements the earlier findings by
confirming the presence of a charge-selective intracerebral
BBB. Cationic Mn(II), with its relatively small diameter and
ionic weight, easily crosses this interface, whereas anionic
Magnevist®, despite its relatively low molecular weight, is
restricted from entering neural tissue. Our results clearly
demonstrate the presence of a functional intracerebral BBB
in the decapod crustacean C. destructor, a structural characteristic once considered too complex for a lower-order
arthropod. Further, these features suggest that the crayfish
blood-brain interface has similarities with the mammalian
BBB but not with that of insects. For this reason, crustacean

systems may provide a model superior to insects for drugdiscovery testing.
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