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Abstract

This report describes magnetic resonance imaging (MRI) methods we have developed at 9.4 T for observing internal organs and the nervous
system of an invertebrate organism, the crayfish,Cherax destructor. We have compared results acquired using two different pulse sequences,
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nd have tested manganese (Mn2+) as an agent to enhance contrast of neural tissues in this organism. These techniques serve as a
or further development of functional MRI and neural tract-tracing methods in non-vertebrate systems.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Classical anatomical methods have been used for centuries
o resolve the structural and functional relationships between
nd within organs and tissues of animals. These methods re-
uire sacrifice of the subject and preservation of the tissues
y fixation, often followed by sectioning and treatment with
istological stains in order to provide resolving power and
ontrast between tissue types. These techniques are laborious
nd depend on the reconstruction of serial sections in order

o visualize the three-dimensional architecture of a structure.
n contrast, magnetic resonance imaging (MRI) provides a
indow through which to view a living, functioning organ-

sm at the organ and tissue levels, without killing the subject
r performing arduous reconstructions. MRI thereby allows
elatively rapid imaging of specimens and the opportunity to
epeatedly examine the same individual in longitudinal stud-
es. The goal of the present study was to develop MR imag-
ng and contrast-enhancement methods in a non-vertebrate

odel system, in order to lay a foundation for development

∗

of tract-tracing and functional imaging techniques that
be used for basic research in these organisms.

While MRI has become a relatively commonplace clin
approach for examining soft tissues, it has only recently
exploited in non-vertebrate animal research (Brinkley et al.,
2004; Herberholz et al., 2004; Michaelis et al., 2005). Inverte-
brate animals present significant advantages over verte
for MR imaging because they do not require anesthetics
be easily immobilized, and can stay in the magnet for m
hours. This allows multiple studies, either to follow dyna
processes or to use a variety of pulse sequences, so
long duration, to elucidate different features of the anim
anatomy. Furthermore, use of a small bore, high field m
net with strong magnetic field gradients provides exce
sensitivity and resolution of anatomical structures.

We have used the Australian crayfish,Cherax destructo,
as our model because it is a hardy creature adapted to t
trial environments, where water may be scarce and can
vive periods out of the water, unlike many crustacean sp
(e.g., lobsters and crabs) that are also popular neurobiolo
models. This is key to the animal’s suitability for MRI stu
where the animal is out of the water for many hours du
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MRI studies because it will remain motionless in small, dark
spaces, such as the MRI probe, for several hours and has no
respiratory movements.

Introduction of the paramagnetic contrast agent Mn2+ into
the blood system of the crayfish can enhance visualization of
neural tissues. Mn2+ has a long history of use in MRI for
enhancement of contrast in brain and other tissues in verte-
brate organisms (Aoki et al., 2002; Burnett et al., 1984; Cory
et al., 1987; Fornasiero et al., 1987; Geraldes et al., 1986;
Leergaard et al., 2003; Lin and Koretsky, 1997; London et
al., 1989; Newland et al., 1987; Pautler and Koretsky, 2002;
Pautler et al., 1998; Tjälve et al., 1995, 1996; Watanabe et
al., 2001; Van der Linden et al., 2002), but its use is just
emerging in invertebrate organisms (Brinkley et al., 2004;
Herberholz et al., 2004; Michaelis et al., 2005). Mn2+ is es-
pecially useful as a contrast agent in living tissues because
it has an ionic radius and charge similar to calcium (Ca2+),
and can therefore substitute for Ca2+ in many biological sys-
tems (Hunter et al., 1980). It is known that Mn2+ is taken up
by neural tissue of the related crustaceanNephrops norvegi-
cusat six times the exposure concentration, in hemolymph
at three times the exposure concentration, and in muscle tis-
sue at only half the exposure concentration (Baden and Neil,
1998). Therefore, as neural tissue sequesters disproportion-
ately more Mn2+ relative to other tissues, Mn2+ can be used as
a contrast agent in MRI applications where neural tissue is the
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Mn2+ was injected into the pericardium of crayfish
in the form of an aqueous solution of MnCl2 (Sigma,
St. Louis, MO), which dissociates into ions at neutral
pH. The MnCl2 solution was diluted with crayfish phys-
iological saline (205 mmol l−1 NaCl, 5.4 mmol l−1 KCl,
10.2 mmol l−1 CaCl2, 1.2 mmol l−1 MgCl2, 2.4 mmol l−1

NaHCO3, pH 7.4) to the desired concentration. Injections
(40�l/cm carapace length) of several concentrations of
MnCl2 (1, 10, 120 mM and 1 M) were tested; 120 mM re-
sulted in images with good contrast; injection of the 1 M
solution was lethal. After MnCl2 injection, the animal’s phys-
ical activity decreased, as evidenced by reduced tail flipping.
However, there were no obvious long-term detrimental ef-
fects as individual crayfish survived as many as three se-
quential injections over a period of months, and survived up
to 1 year after the initial injection.

2.2. MRI

Crayfish were imaged within 15 min of MnCl2 administra-
tion using a Bruker Avance DRX 400 MHz NMR spectrom-
eter with a 9.4 T vertical wide bore magnet, actively shielded
gradients of 2.4 G/(cm A) with a maximum field of 96 G/cm
(Bruker Biospin, Ettlingen, Germany), and were kept in the

F -
weighted (RARE) image of the crayfish in one of three orthogonal planes
showing orientation of slice selection for brain imaging over the area that
contains the brain, eyestalks and esophageal connectives (ventral (V), dorsal
(D)). A claw can be seen near the top of the image. Slices were aligned with
the exoskeleton lying beneath the brain. This image was produced using
RARE BIO (FOV 4 cm, MTX 256, SLTH 1.0 mm,Navg 1, TR 3112.5 ms,
TE 60.8 ms, TA 1.39 min).
rimary focus. BecauseC. destructordoes not require ane
hetics, there are no non-specific regions of activity as
n studies that use light anesthesia, and there is no redu
f activity as seen in studies with heavy anesthesia (Aoki et
l., 2002). Additional bonuses for contrast agent studie

he nervous system inC. destructorare that there is no bloo
rain barrier (Abbott, 1971, 1972) and the arterial vascul

ure is closed (Sandeman, 1967), ensuring delivery of contra
gents directly to the brain and neural tissues without arti
isruption.

In this report, we compare images of various tissue t
cquired using two different pulse sequences and test M2+-
nhancement methods for visualizing neural tissues. T
tudies serve as a foundation for the development of
ethods for use in neural tract-tracing and functional M
pplications.

. Materials and methods

.1. Crayfish preparation

C. destructor(4–5 cm carapace length) were used in th
tudies. The large claws were removed at their bases s
arger animals would fit into the 30 mm inner diameter M
robe, and also to reduce artifacts due to movement. For
emoval, the claw was squeezed until the animal autotom
he limb, so that the valve in the blood vessel to the limb clo
eflexively (McVean, 1982). Claws were regenerated by
nimals over the next molt period.
t ig. 1. Lateral view of the cephalothorax ofC. destructorfrom a scout T2
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magnet at 20◦C for up to 12 h without adverse effects. Ani-
mals were wrapped in Parafilm (Pechniney Plastic Packaging,
Chicago, IL) to reduce movement and placed in a Corning®

plastic tube. The tube was then placed into the 30 mm bird-
cage volume coil (Bruker Instruments, Billerica, MA) of the
MRI probe. The probe was inserted into the vertical bore
magnet and MR images were acquired at 20◦C. Several pulse
sequences were tested, with and without prior Mn2+ injection
(see Section3).

Scout images were produced using the Bruker ParaVi-
sion tripilot pulse sequence, a RARE (fast spin echo) se-
quence that creates three perpendicular images [field of view
(FOV) 4 cm, matrix (MTX) 256, slice thickness (SLTH)
1.0 mm, number of repetitions (Navg) 1, repetition time (TR)
3112.5 ms, echo time (TE) 60.8 ms, acquisition time (TA)
1.39 min]. Using the scout images, MRI slices of ensuing
images were aligned in the plane of the ventral surface of the
head (Fig. 1). In order to align the plane of the MRI scans
symmetrically through the small brain (∼14 mm3 in crayfish
of 4–5 cm carapace length), the imaging plane was adjusted
until the esophageal connectives appeared to be the same
length.

Multi-slice spin echo and rapid acquisition relaxation-
enhanced (fast spin echo) pulse sequences were used for
the production of T1- and T2-weighted images, respec-
tively. Depending on the size of the animal, in-plane res-
o .
S -

tions were produced using the Bruker ParaVision RAREBIO
T2-weighted sequence [MTX 256, TE 46.0 or 67.5 ms;
FOV, SLTH, Navg, TA and TR varied for different ani-
mals, with TR (∼3000–5000 ms) dependent on the num-
ber of slices] and the MSMEBIO T1-weighted sequence
[MTX 256, TE 10.2 ms; FOV, SLTH,Navg, TA and TR
(300–1543 ms) varied for different animals] without Mn2+

injection. After injection of MnCl2, T1- and T2-weighted
images were compared and further analyses were done using
the T1-weighted protocol. TA ranged from minutes to 1 or
2 h. To determine the clearance time of the Mn2+, animals
were imaged on sequential days for between 1 and 9 days
post-MnCl2 administration. Mn2+ contrast enhancement was
no longer evident on the fourth day following MnCl2
administration.

2.3. Gross anatomy

In order to verify structures seen with MRI, a crayfish
with a carapace length of 3 cm was fixed for 2 weeks in
Bouin’s fixative (75 ml saturated aqueous picric acid, 25 ml
concentrated formalin, 5 ml glacial acetic acid;Humason,
1979). Sections (1–2 mm thickness) were cut with a ra-
zor in the same plane as the MR images (e.g.,Fig. 4b)
and examined. Slices were photographed with a Spot Di-
agnostic camera (Spot Diagnostic Instruments Inc., Ster-
l o-
s

F SME; top) and T2-weighted (RARE; bottom) images of alternate sections 500�m apart
t
4
g

lution ranged from 102 to 113�m in each dimension
lice thickness ranged from 300 to 500�m. Sagittal sec

ig. 2. Comparison of anatomical features revealed in T1-weighted (M

hrough the animal in the horizontal plane, slices 500�m thick with in-plane reso
, TR 1543 ms, TE 10.2 ms, TA 26.2 min; RARE parameters: FOV 3.2 cm, M
astric mill; D, blood sinus; E, hepatopancreas; F, eye; G, muscle. Scale bar
ing Heights, MI) attached to a Nikon SMZ-10A micr
cope.
lution 125�m× 125�m. MSME parameters: FOV 3.2 cm, MTX 256,Navg

TX 256,Navg 4, TR 7580 ms, TE 67.5 ms, TA 16.1 min. A, brain; B, stomach; C,
in (Aiii) = 2 mm.
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3. Results

Slices through the cephalothorax of an individual cray-
fish (Fig. 2) illustrate that in the absence of Mn2+ the two
pulse protocols enhance different tissue types. For instance,
in the images produced with the T2-weighted pulse sequence
(Fig. 2Bi–Bv, lower row of images), the neural tissue and
stomach appear dark while the gastric mill is brighter than
the neural tissue and its tissue organization is readily dis-

tinguishable. The T1-weighted images (Fig. 2Ai–Av, upper
row of images) show no contrast between the neural tissue
and the stomach, but both tissues are brighter than in the T2-
weighted images. Hepatopancreas is clearly visualized in the
T1-weighted slices, but is barely visible in the T2-weighted
images. On the other hand, the T2-weighted sequence pro-
duces better contrast in the eyestalk than the T1-weighted
sequence. Details of the stomach and pylorus are clearly vi-
sualized using the T1-weighted sequence, but appear as dark

F
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a
t
t
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6

ig. 3. Effect of Mn2+ on visualization of the central nervous system in 300�m s
s more effective in enhancing the contrast of neural structures in T1-weigh
djacent tissues, although both MSME and RARE images are enhanced. Th

he T1-weighted than in the T2-weighted Mn2+-enhanced images. Note that (A)
he same section, taken at a more ventral level than (A) and (B), but with Mn2+-enh
eld inhomogeneities at air–fluid interfaces. (A) (Pre-Mn2+): MSME, FOV 3.2 cm,
SME, FOV 2.9 cm, MTX 256,Navg 3, TR 1010 ms, TE 10.2 ms, TA 12.6 mi
7.5 ms, TA 23.1 min; (Bi) (post-Mn2+): RARE, FOV 2.9 cm, MTX 256,Navg 3, T
ections acquired with the MSME and RARE protocols. Addition of Mn2+

ted (MSME; A and Ai) than T2-weighted (RARE; B and Bi) images relative to
e lateral protocerebrum (eyestalk ganglia) and brain are more readily resolvable in
and (B) show the same section without Mn2+-enhancement; (Ai) and (Bi) are
ancement. Arrowheads in (A) indicate some of the artifacts due to magnetic
MTX 256,Navg 8, TR 1310 ms, TE 10.2 ms, TA 26.2 min; (Ai) (post-Mn2+):
n; (B) (pre-Mn2+): RARE, FOV 3.2 cm, MTX 256,Navg 8, TR 5513 ms, TE
R 3651 ms, TE 46 ms, TA 5.5 min. Scale bar in (B) = 2.5mm.
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Fig. 4. Visualization of the brain and optic neuropils in serial 300�m sections using MEMRI and the MSME protocol. (A) Schematic drawing of the brain,
including the lateral protocerebrum (eyestalks), and illustrating the major neuropil regions of the deutocerebrum. (B) Fixed neural tissue fromC. destructor,
dissected to reveal the gross anatomy of the brain, eyestalks and nerve roots. (Ci–iv) Serial MRI sections through the brain in the dorsal-ventral plane, illustrating
the esophageal connectives, nerve roots and substructures of the brain and eyestalks. Most of these structures are obscured by traditional anatomical preparations
(B), unless they are sectioned and stained. Arrow in (Ci) points to the dorsal cerebral artery. MSME, FOV 2.8 cm, MTX 256,Navg 8, TR 1543 ms, TE 10.2 ms,
TA 52.4 min. Scale bar in (Ciii) = 1 mm.

Fig. 5. Individual neuropil regions in the lateral protocerebrum are revealed in this high-resolution 300�m Mn2+-enhanced image of the eyestalks ofC.
destructorusing the T1-weighted MSME protocol. MSME, FOV 2.9 cm, MTX 256,Navg 3, TR 1010 ms, TE 10.2 ms, TA 12.5 min. Scale bar = 1 mm.
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areas without detail using the T2-weighted sequence. The
brain and neural connectives are evident, although the con-
trast is low with both protocols.

At a magnetic field strength of 9.4 T, magnetic field inho-
mogeneities at air–fluid interfaces can cause image artifacts
to appear. Such inhomogeneities are apparent, for example,
in all frames ofFig. 3 (see white arrowheads,Fig. 3A, for
example) as bright narrow lines. Changing the direction of
the magnetic field readout gradient changes the direction of
these artifacts (images not shown).

After injection of Mn2+, however, contrast levels in sev-
eral tissues are altered, and neural tissues are significantly
enhanced relative to other tissues, in images acquired us-
ing both pulse sequences (compareFig. 3A and Ai; B and
Bi). Slices taken in the same subject and in the same plane
using both sequences (Fig. 3Ai and Bi) illustrate that the
T1-weighted pulse sequence provides superior contrast for
the brain, with TR values ranging from 1000 to 1300 ms.
The esophageal connectives, brain, eyestalks and nerves
emerging from the brain are apparent in both types of
images. In addition, it is possible in T1-weighted images
to resolve the dorsal artery in the brain (arrow,Fig. 4Ci,
TR = 1543 ms), the lens, retina and individual neuropils in
the lateral protocerebrum (lamina, external medulla, in-
ternal medulla, terminal medulla and hemiellipsoid body)
(Fig. 5, TR = 1010 ms), and neuronal structures within the
brain, such as the olfactory and accessory lobes, cell somata
and axon tracts in the deutocerebral commissure (Fig. 6B,
TR = 300 ms). This level of resolution suggests that it will be
feasible to use MRI methods for tract-tracing in the nervous
system.

4. Discussion
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Two MRI pulse sequences were found to be useful fo
rayfish studies: (1) a multi-slice rapid acquisition relaxat
nhanced (fast spin echo) pulse sequence (Bruker Pa
ion RAREBIO) used to produce T2-weighted images
2) a multi-slice spin echo sequence (Bruker ParaVi
SME BIO) used to produce T1-weighted images. The
lication of different pulse sequences may be used to

talize on the different relaxation times of water proton

ig. 6. Mn2+-enhancement of fiber tracts and neuropils in the brain. In
reparation, Mn2+ enhances the fibers in the deutocerebral commissure
nd the bilateral neuropils to which these project (AL; accessory lobe
iagram of the neuropils and tracts in the crayfish brain. The DC (re

ow) is highlighted in blue, the ALs in green, and the olfactory lobes (O
n yellow. The ALs consist of separate areas (medulla and cortex;Sullivan
nd Beltz, 2005) shown here in two shades of green. The DC fibers pr
nteriorly into the median protocerebrum to their cell somata, laterally
Ls, and posteriorly to the antenna II neuropils (AN) in the tritocereb

B) Mn2+-enhanced MR image of the crayfish brain (500�m slice thickness
aken in the plane of the DC (red arrow), which is clearly observed exte
etween the ALs on either side of the brain. The medulla of the AL also

ectively labeled, as are parts of the OLs, located anterior to the ALs. La
reas in the region of the cluster 10 cell somata are also evident. M
OV 2 cm, MTX 256,Navg 8, TR 336.7 ms, TE 10.2 ms, TA 11.5 min. (
ilver-impregnated histological section (fromSandeman and Luff, 1973) in

he plane of the deutocerebral commissure showing the DC (red arrow
ts projections to the protocerebrum, tritocerebrum and ALs.Abbreviations:
L, accessory lobe; AMPN, anterior median protocerebral neuropil;
ntenna II neuropil; CB, central body; LAN, lateral antennular neur
GT, olfactory globular tract; OES, esophageal connective; OL, olfa

obe; PCB, protocerebral bridge; PCT, protocerebral tract; PMPN, pos
edian protocerebral neuropils; TEG, tegumentary nerve; numbers r

ell clusters (Sandeman et al., 1992). Scale bar in C = 100�m.
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specific tissue types, which affect the contrast of a given slice
of a sample. In addition, contrast agents that change the re-
laxation time of the magnetic moments are used to further
enhance differences in contrast among different tissue types.
In this study, Mn2+ ions have been found to be effective for
contrast enhancement.

All images shown were acquired in less than an hour with
in-plane resolution of∼100�m× 100�m and slice thick-
nesses ranging from 300 to 500�m. These high resolution,
thin slices revealed fine details of the crayfish anatomy pre-
viously visible only in histological sections of fixed and
stained tissues. Although imaging awake humans or anes-
thetized animals necessitates the use of much faster imaging
sequences, the ability to immobilize the crayfish for many
hours at a time with no apparent deleterious effects allows
the use of multiple, longer imaging sequences providing
the necessary signal-to-noise ratio for these high resolution
studies.

MR images reveal features of the anatomy of the cray-
fish even without Mn2+ injection (Fig. 2). The use of T1-
and T2-weighted sequences allowed observation of different
anatomical features. The stomach, pylorus, blood sinuses,
musculature and hepatopancreas are readily identifiable in
both T1- and T2-weighted images, although the appearance
of these structures varies depending upon the pulse sequence.
MR images also show variability in structure and contrast
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Manganese’s mimicry of Ca2+ in uptake by active neurons
and its movement along axons also has provided an approach
for neural tract-tracing and the potential for a brain activity
assay. Once Mn2+ has been taken up by active neurons, it is
transported along those neurons, which can then be imaged
using MRI over a period of time during the transport process.
Such a study was conducted byPautler et al. (1998), where
the projections of olfactory and optic nerves of live mice
were traced to their respective regions of the brain.Tjälve
et al. (1995)also demonstrated that Mn2+ could be used in
neural tract-tracing of the olfactory tracts of northern pike
fish, revealing the path from the naris to the olfactory bulbs.
Likewise, injection of Mn2+ into the high vocal center in star-
lings labeled associated song-control nuclei and allowed an
assessment of the volumes of these areas using MRI (Van der
Linden et al., 2002). Such Mn2+-based MRI methods pro-
vide an alternative to traditional neural tract-tracing methods
which make use of dyes or fluorophores. Mn2+ travels as fast
as the fastest dyes (Leergaard et al., 2003; Pautler et al., 1998;
Saleem et al., 2002; Van der Linden et al., 2002; Watanabe
et al., 2001), and unlike traditional methods, does not require
sacrificing the subject.

Mn2+ also has potential as a contrast agent for map-
ping neural activity related to behavioral patterns. In verte-
brate organisms, blood oxygenation level-dependent (BOLD)
functional MRI (fMRI) measures changes in hemodynamics
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or studies of neural activity.

Mn2+ is useful as a contrast agent in living neural
ues because it is paramagnetic and is taken up pre
ially in neural tissue (Baden and Neil, 1998) because
imics Ca2+. For instance,Narita et al. (1990)have shown

hat Mn2+ enters nerve terminals during action potent
hrough voltage-gated Ca2+ channels. Furthermore, Mn2+

ow through presynaptic Ca2+ channels evokes transm
er release from depolarized nerve endings (Drapeau an
achshen, 1984). Neural activity therefore continues in
ions of the brain containing trace amounts of Mn2+, ap-
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Kita et al., 1981; Pautler et al., 1998). However, Mn2+ out-
ompetes Ca2+ for binding sites, such that high concen
ions of Mn2+ can completely inhibit Ca2+ uptake. Such pre
rential uptake of Mn2+ is the basis of Mn2+ toxicity, resulting

n a lack of Ca2+ transport to regions of the body where i
eeded for metabolism, thereby causing impairment of C2+-
ependent processes (Aschner and Gannon, 1991). There-

ore, for Mn2+-contrast imaging, titration of Mn2+ and use o
he lowest possible dose are critical. Consistent with stu
n mice (Pautler et al., 1998), Mn2+ diffuses out of tissues
rayfish over a period of days and is then excreted via
reen gland.
Ogawa et al., 1998). These studies depend on the assu
ion that areas of the brain with increased activity will ex
ience an increase in oxygenated blood flow. This less d
ethod of measuring neural activity cannot be used with c
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s paramagnetic. Instead, T1-weighted Mn2+-enhanced MR
MEMRI) allows visualization of active regions of the bra
n a hemodynamic-independent manner wherein neura
ivity visualized with Mn2+contrast depends directly on a
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nflux. A successful application of this method in a st
f rats byLin and Koretsky (1997)showed that brain a
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ll caused MRI enhancement in the presence of Mn2+. The
dvantage of MEMRI over traditional fMRI is that one c
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Although many anatomical features are observed in c
sh without Mn2+, the nervous system is particularly diffic
o resolve. Using the T1-weighted pulse sequence, the
nd stomach, which is adjacent to the brain, have sim

mage intensities; the brain and nervous system are t
ore difficult to resolve from surrounding tissues. Images
uired with the T2-weighted sequence have a much gr
ontrast range; the stomach, hemolymph and pylorus ar
icularly noticeable, and the brain is distinguishable. H
ver, when MnCl2 is administered and the T1-weighted pu
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sequence is used, the nervous system can be imaged with a
level of resolution that allows visualization of the protocere-
bral tract, esophageal connectives and other nerves emanat-
ing from the brain, the dorsal artery in the brain, the lay-
ered neuropils of the lateral protocerebrum and eyestalk, and
neuropil regions and tracts within the midbrain, or deuto-
cerebrum (Figs. 4–6). This is expected, as Mn2+ accumulates
preferentially in neural tissues and shortens the T1 values of
their water protons. Mn2+ therefore provides a degree of con-
trast enhancement that allows the use of MRI for visualizing
neural structures in this non-vertebrate organism, and lays the
foundation for further development of Mn2+-enhanced MRI
methods.

The ability to resolve fiber tracts in the brain and lay-
ers within specific neuropil regions in the brain and lateral
protocerebrum (Fig. 5) suggests that the use of these non-
vertebrate organisms for neural tract-tracing is an achievable
goal. Further, the labeling we observe in the deutocerebrum
is highly specific. The accessory lobe, an area that processes
higher-order sensory information, has important functional
subdivisions (the cortex and medulla) that receive different
inputs; the medulla receives primarily visual and tactile inputs
(Sandeman et al., 1995), whereas the cortex receives olfac-
tory input (Sullivan and Beltz, 2005). Our MR images resolve
these functionally distinct regions and show the AL medulla
highlighted relative to the surrounding AL cortex (Fig. 6B).
T of in-
t hese
f obe
i ess-
i tively
e is for
t es in
d ive
t g in
t t this
p e-
c t we
c c
s

f dif-
f and
t for
t ping
b that
u ients
a ges
i acti-
v se of
M

A

MR
i is-
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