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Abstract

This magnetic resonance imaging (MRI) study describes mapping of the habenulo-interpeduncular pathway in living mice based on
manganese-induced contrast. Six hours after intracerebroventricular microinjection of MnCl,, T1-weighted 3D MRI (2.35 T) at 117 pm
isotropic resolution revealed a continuous pattern of anterograde labeling from the habenula via the fasciculus retroflexus to the
interpeduncular nucleus. Alternatively, the less invasive systemic administration of MnCl, allowed for monitoring of the dynamic uptake
pattern of respective neural components with even higher reproducibility across animals. Time courses covered the range from 42 min to 24 h
after injection. In conclusion, manganese-enhanced MRI may open new ways for functional assessments of the habenulo-interpeduncular

system in animal models with cognitive impairment.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The habenular complex is a crucial relay structure for the
caudally directed diencephalic conduction system. Several
neuroimaging studies in humans have indicated that it is
critically involved in cognition and behavior [1-3]. For
example, functional magnetic resonance imaging (MRI)
recently demonstrated that the habenula takes part in the
reward system [4]. These findings are based on preceding
animal studies that support a functional relationship between
the habenula and the dopaminergic system [5—7]. In fact,
various rodent models involving the habenula have been
developed which resemble behavioral alterations observed
in psychiatric disorders such as schizophrenia, depression
and drug addiction [8-12]. Accordingly, when considering
the noninvasiveness of MRI and its combination with
behavioral tests in genetically modified animals, a suitable
MRI technique for investigations of active habenular
neurons in behaving mice turns out to be highly desirable.

Recent advances in neuroimaging of animals offer
MnCl, as an MRI contrast agent for functional assessments
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of rodent brain [13—18]. Depending on the neuronal uptake
of paramagnetic Mn>" ions through calcium channels and
their subsequent axonal transport, T1-weighted MRI
allows for a mapping of active neural pathways at high
spatial resolution and without the susceptibility arti-
facts often encountered in deoxyhemoglobin-based func-
tional MRI.

The purpose of this work was to develop corresponding
approaches for mapping the habenular complex in living
mice by using Tl-weighted 3D MRI at isotropic spatial
resolution after either intracerebroventricular microinjection
or systemic administration of MnCl,.

2. Materials and methods
2.1. Intracerebroventricular Mn** microinjection

Seven male mice (animals 1-7: C57BL/6J, 9—12 weeks
old, 24-28 g) were obtained from Centre d’Elevage Janvier
(Le Genest St. Isle, France). The animals were individually
housed under conventional conditions in macrolon cages
according to the recommendations of the Society for
Laboratory Animal Science (Germany). Experiments were
performed in accordance with the European Council
Directive (86/609/EEC) and with permission of the animal
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protection law enforced by the District Government of
Braunschweig, State of Lower Saxony.

The bregma, the sagittal suture and the surface of the
skull were used as references for the anterior—posterior
(AP), lateral (L) and ventral (V) coordinates, respectively.
For the implantation of the cannula, avertin (1.2%) was
injected intraperitoneally (ip, 0.02 ml/g bw). A set of two
guide cannulae (26-gauge, C235, Plastics One, Roanoke,
VA) was placed into the lateral ventricles (AP=0 mm,
L=41.0 mm and V=3.0 mm) in accordance with stereo-
taxic plates [19]. The cannulae were fixed to the skull by
dental cement.

Intraventricular injections of MnCl, (0.25 pl) were
performed 4-5 days after the cannula surgery using only
the left-hemispheric cannula. MnCl, (Sigma, Taufkirchen,
Germany) was dissolved in sterile artificial cerebrospinal
fluid (CSF) on the day of injection and prepared in three
different concentrations (5 mM: animals 1-3; 20 mM:
animals 4—6; 50 mM: animal 7). The artificial CSF
contained NaCl (130 mM), NaHCO;5; (24 mM), MgSO,
(1.5 mM), CaCl, (2 mM), KCI (3.5 mM), NaH,PO, (1.25
mM) and glucose (10 mM) adjusted to pH 7.4 and 300
mOsm/kg H,O. The manganese concentrations were chosen
to be well below acute toxic levels and sufficiently high to
ensure proper MRI contrast. For example, in rats intrace-
rebral injections of 1 pl of 500 mM MnCl, were shown to
be without change, whereas a concentration of 1000 mM
MnCl, caused a significant reduction of neurochemical
markers such as GABA [20]. On the other hand, previous
MRI studies of the hippocampal system of mice were
successfully carried out using a dose as low as 0.25 ul of 5
mM MnCl, [21].

Animals were exposed to an isoflurane anesthesia
(Abbott, Wiesbaden, Germany) and placed in a prone
position. The MnCl, injection was performed with the use
of a 28-gauge cannula connected via plastic tubing to a
Hamilton microsyringe. The solution (0.25 pl) was admin-
istered into the left lateral ventricle by a microinjector
(CMA/Microdialysis) over a 15-s period. Afterwards,
avertin (ip, 1.2%, 0.02 ml/g bw) was injected to minimize
possible stress during transportation to the MRI facility.
Magnetic resonance imaging examinations were performed
at 2 h (animals 4 and 7), 6 h (animals 1-6) and 24 h (animals
4 and 5) after MnCl, administration. For the first MRI
measurement, the implanted cannulac were removed. The
incisions of the scalp were covered with lidocaine hydro-
chloride (2% xylocaine gel). After each anesthesia, the
animals were recovered and became normally active with
free access to food and water.

2.2. Systemic Mn”* administration

Six female mice (animals 8-13, NMRI, 7 weeks old,
28-34 g) received MnCl, dissolved in distilled water (120
mM, 5 ml/kg bw) via subcutaneous injections. The
solution was administered into the axillary adipose tissue
bilaterally. In general, it has been reported that about 0.4%

of the subcutaneously administered Mn>" enters the brain
[22]. In comparison to intraperitoneal and intravenous
injections, subcutaneous injections lead to a slower uptake
of Mn®" into the systemic circulation and therefore
minimize acute effects on the cardiovascular system such
as hypotension.

In a first group of animals (8-10) MRI examinations
were performed before as well as 2, 6 and 24 h after Mn*"
administration. More detailed uptake kinetics were studied
in a second group of animals (11-13) before as well as 42,
132, 222, 312 and 402 min after Mn>" administration. The
time points correspond to the midpoints of respective 3D
MRI acquisitions (see below). Whereas animals 8 to 10
were recovered from anesthesia between each measure-
ments, animals 11 to 13 were kept under anesthesia within
the magnet. All other procedures were as described above.

2.3. Magnetic resonance imaging

For MRI, anesthesia was induced by intraperitoneal
injection of xylazine (14 mg/kg bw) and ketamine (90 mg/
kg bw). The animals were intubated with a purpose-built
polyethylene endotracheal tube (0.58 mm inner diameter,
0.96 mm outer diameter) and artificially ventilated using a
respirator (TSE, Bad Homberg, Germany) with an inspira-
tory time of 0.18 s, a respiratory rate of 80 breaths per
minute and an estimated tidal volume of 0.15-0.25 ml.
Anesthesia was maintained using 0.2-0.6% halothane in a
7:3 mixture of N,O and O,. As demonstrated in Fig. 1, the
animals were placed in a prone position with their head
fixed on a purpose-built head holder. Heated water was used
to maintain rectal body temperature at 37+ 1°C.

MRI measurements were carried out at 2.35 T using a
MRBR 4.7/400-mm magnet (Magnex Scientific, Abing-

Fig. 1. Experimental setup for high-resolution 3D MRI of mouse brain in
vivo. Radiofrequency excitation and signal reception were accomplished
with the use of a Helmholtz coil (100 mm) and an elliptical surface coil (20
mm AP, 12 mm left-right), respectively. The arrow denotes the
endotracheal tube. The insert depicts the head holder comprising a nose
cone and bite bar.
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don, UK) equipped with B-GA20 gradients (200 mm
inner diameter, 100 mT/m maximum strength) and driven
by a DBX system (Bruker Biospin, Ettlingen, Germany).
Radiofrequency excitation and signal reception were
accomplished with the use of a Helmholtz coil (100
mm inner diameter) and an elliptical surface coil (20 mm
AP, 12 mm left-right), respectively. High-resolution 3D
MRI data sets were acquired using a TIl-weighted
gradient-echo MRI sequence (rf-spoiled 3D FLASH, TR/
TE=17/7.6 ms, flip angle 25°, 32 averages) optimized for
studies of mouse brain at 117 pm isotropic voxel
resolution [23]. The total measuring time for a 3D MRI
scan was 84 min.

In accordance with resolved anatomic structures, quan-
titative evaluations were based on cross sections obtained by
multiplanar reconstructions from the original 3D MRI data
sets using software supplied by the manufacturer (Para-
Vision, Bruker). Following a strategy outlined by Watanabe
et al. [24], the signal-to-noise ratio (SNR), here defined as
the mean MRI signal intensity divided by the standard
deviation of the noise, was determined in standardized
regions of interest within enhanced structures. To calculate
percent changes of the SNR after Mn”* enhancement for
selected regions within the habenulo-interpeduncular path-
way (animals 11-13), values were individually normalized
to the SNR obtained before injection.

Fig. 2. Mn*"-enhanced MRI of the brain of a mouse 6 h after injection of MnCl, (animal 1, 0.25 pl, 5 mM) into the left lateral ventricle. (Top) The left-
hemispheric injection site (white dots) is depicted in (left) a coronal and (right) a parasagittal section 0.8 mm lateral to the midline. Dashed arrows denote the
needle tract. Solid vertical lines refer to respective section orientations, while oblique lines indicate the positions of the coronal sections shown below. (Middle)
The anterior parts of the habenulae (Hb) are shown in (left) a coronal oblique section together with (right) the connection (arrowheads) between the left
habenula and interpeduncular nucleus (IP). As indicated by a vertical line, the parasagittal section is 0.35 mm lateral to the midline. (Bottom) The fasciculus
retroflexus of both sides (arrowheads) is shown in (left) a coronal oblique section, while (right) the right fasciculus retroflexus is delineated in a parasagittal

section 0.35 mm lateral to the midline.
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3. Results and discussion

. 2+ . .. .
3.1. Intracerebroventricular Mn”" microinjection

Fig. 2 demonstrates that the uptake of Mn”" from the
CSF into brain tissue results in a clear delineation of the

habenulae 6 h after a microinjection of MnCl, into the left
lateral ventricle. In terms of soft-tissue contrast, optimal
enhancement was achieved after intracerebroventricular
injection of 5 mM MnCl,. Magnetic resonance imaging
signal increases are seen in tissue adjacent to the ventricular

Fig. 3. Mn*"-enhanced MRI of the brain of a mouse before as well as 2, 6 and 24 h after subcutaneous injection of MnCl, (animal 8, 120 mM, 5 ml/kg bw).
(Left) A coronal and (right) right-hemispheric parasagittal section 0.4 mm lateral to the midline show enhanced structures along the habenulo-interpeduncular

pathway (arrowheads). Section orientations and anatomic labeling as in Fig. 2.
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Table 1

Signal-to-noise ratio of enhanced structures after subcutaneous MnCl,

Region Area/ Basal 2h 6h 24 h

mm?

Habenular 0.08 28.9+2.3 68.0x44 712+1.6 59.5£2.8
nuclei

Fasciculus 0.40  259+24 351%£35 41.5+£0.7 41.2+33
retroflexus

Interpeduncular  0.53 234429 432+7.1 523+1.6 47.1+3.5
nucleus

The data represent mean values+S.D. averaged across hemispheres and
animals (n =3, animals 8—10).

spaces including the lower brainstem and cerebellum. These
findings indicate that Mn>" ions become distributed by CSF
flow from the lateral ventricle to the third and fourth
ventricle. Accordingly, adjacent brain tissue must be
expected to be well exposed to Mn?". Among respective
neural components, the most pronounced enhancement was
seen in both the left and right habenula. From the habenulae,
enhanced fiber bundles (arrowheads in Fig. 2) can be
tracked bilaterally across the thalamus to the interpedun-
cular nucleus in the midbrain. In accordance with ante-
rograde tracing studies of habenular neurons using
intracellular tracers [25], this connection represents the
fasciculus retroflexus. Its enhancement unequivocally con-
firms the uptake and subsequent axonal transport of Mn>*
by habenular neurons. No differences were observed for the
connections ipsilateral or contralateral to the injection site.

Because the habenula is located beneath the lateral wall
of the third ventricle, CSF flow can be exploited to
efficiently deliver Mn>" to this neuronal assembly with the
use of a surgical intervention far away from the target
structure. In contrast, direct intraparenchymal injections [21]
seem inappropriate in view of the small size of the mouse
habenula (<0.8 mm in height and width) and the risk of
tissue damage due to needle insertion and subsequent
infusion. On the other hand, it should be noted that the
clear pattern of enhancement found for animal 1 (Fig. 2) was
not achieved in animals 2 and 3 studied with the same Mn**
concentration. In quantitative terms, the SNR of 38.44+12.8
(n=3) obtained for the enhanced habenulae reveals an
insufficient reproducibility as indicated by the large standard
deviation. The situation was not improved by using higher
MnCl, concentrations. For example, in animals 4 to 6 the
use of 20 mM MnCl, did not lead to a reproducible
enhancement of the habenula. On the other hand, although
the application of 50 mM MnCl, in animal 7 resulted in a
robust MRI signal increase in the habenula, the Mn**
contrast was compromised by strong unspecific effects in
tissues adjacent to ventricular spaces.

The observed interindividual variability most likely
results from differences in the Mn®" content within the
CSF rather than from functional response variances of
individual animals. A major reason may be due to the fact
that under in vivo conditions — and in contrast to what
might be assumed from histologic sections — the choroid

plexus occupies considerable space in the lateral ventricles.
Thus, despite the use of C57BL/6J mice which are known
for larger ventricular spaces than other strains [23,26], it
appeared beyond the investigator’s control to position the
tip of the injection needle exclusively within the narrow
CSF space without contact to the choroid plexus. The
uptake of Mn*" into the choroid plexus may therefore cause
variable concentrations in the CSF (and adjacent brain
tissue) of different animals and generally hamper the
applicability of the intracerebroventricular approach for
functional assessments of habenular neurons.

3.2. Systemic Mn®" administration

As shown in Fig. 3 for 3D MRI acquisitions at different
times after systemic Mn®" administration (animals 8-10),
the use of a high-dose subcutaneous injection of MnCl,
unraveled the entire neural pathway from the habenular
complex via the fasciculus retroflexus to the interpeduncular
nuclei bilaterally. The concurrent enhancement of the
habenula and fasciculus retroflexus further supports the
neuronal uptake of Mn?" after systemic administration and
extends preliminary observations using low-dose adminis-
trations of MnCl, [18].

Table 1 summarizes SNR values obtained for the
habenula, fasciculus retroflexus and interpeduncular nu-
cleus as a function of time after systemic administration.
Best results in terms of soft-tissue contrast of the entire
pathway were achieved 6 h after injection. At 24 h after
injection the soft-tissue contrast faded. However, in
agreement with previous studies [24], such long exposure
times lead to the enhancement of brain structures such as
hippocampal formation and cerebellum (bottom left and
right of Fig. 3, respectively).
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Fig. 4. Time courses of relative SNR (mean values+S.E.M. averaged across
animals 11-13) within the habenulo-interpeduncular pathway after systemic
MnCl, administration. The enhancement in the dorsal half of the fasciculus
retroflexus (dFR) close to the habenula (Hb) precedes the Mn**
accumulation in the ventral half of the fasciculus retroflexus (VFR) closer
to the IP.
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Fig. 4 shows time courses of the mean SNR within
selected regions of the habenulo-interpeduncular pathway
(animals 11-13). At 132 min after injection, the habenula
reveals an SNR increase as large as 30%, whereas in the
interpeduncular nucleus such a pronounced enhancement
was not seen until 312 min after injection. Most importantly,
the graph demonstrates the Mn?"-induced SNR increase in
the dorsal part of the fasciculus retroflexus (11% at 132 min
postinjection) to precede the enhancement in the ventral part
of the tract which reaches similar values not until 312 min
after the injection. Together with the marked Mn®"
accumulation observed in the habenula, the delayed
enhancement in the ventral part of the fasciculus retroflexus
clearly indicates that the anterograde axonal transport by
habenular neurons contributes to the Mn®" accumulation in
this tract. The graph also reveals conditions of unsaturated
Mn?" accumulation in this projection pathway for at least 6
h after administration. Accordingly, this period may be
exploited for functional assessments of specific neuronal
populations as demonstrated in the song system of living
canaries [27].

It has been suggested that the choroid plexus becomes
the predominant route for Mn>" uptake into the central
nervous system at increased plasma concentration [28].
Thus, together with the findings for intracerebroventricular
injections, significant amounts of Mn*" should be deliver-
able to the habenula via ventricular CSF flow after systemic
administration of a high dose of MnCl,. The procedure not
only avoids a surgical intervention, but also leads to a
considerably better interindividual reproducibility of en-
hancement patterns than intracerebroventricular microinjec-
tions. The observation of similar findings in all animals
studied is quantitatively supported by the small standard
deviation values reported in Table 1.

Hyperactivity of the habenulo-interpeduncular pathway
has been hypothesized to be involved in reduced dopamine
activity and thus reward-related behaviors [7]. So far, a
functional characterization of the habenula in a genetic
animal model with altered behavior has been accomplished
using postmortem methods such as cytochrome oxidase
histochemistry [11]. The method presented here combines
several advantages: (i) MRI is inherently noninvasive and
the exogenous contrast requires only a single subcutaneous
injection, (ii) the information is of a true 3D nature and
available for retrospective reconstructions of arbitrary
sections or surfaces and (iii) the approach may be applied
repeatedly during multiple follow-up studies and combined
with behavioral tests in individual animals. Together,
dynamic Mn?"-enhanced MRI is expected to become a
complementary neuroimaging technique for in vivo studies
of habenular neurons.

4. Conclusions

The results suggest that Mn?"-enhanced MRI may be used
for structural and functional assessments of mouse models

involving disturbances of the descending diencephalic
system. An intracerebroventricular route can be chosen to
highlight the entire habenulo-interpeduncular pathway using
a single dose of only 0.25 pl of 5 mM MnCl,. Systemic Mn**
administration offers a robust and even less invasive
alternative for a quantifiable evaluation of the habenulo-
interpeduncular system. This strategy is currently applied for
a characterization of synaptic activity in knockout mouse
models of schizophrenia-related genes.
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