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Cell layers and neuropil: contrast-enhanced
MRI of mouse brain in vivo

Takashi Watanabe®*, Jens Frahm® and Thomas Michaelis®

Contrast-enhanced T;- and T,-weighted MRI at 9.4 T and in-plane resolutions of 25 and 30 um has been demonstrated to
differentiate between neural tissues in mouse brain in vivo, including granule cell layers, principal cell layers, general
neuropil, specialized neuropil and white matter. In T,-weighted MRI of the olfactory bulb, hippocampus and cerebellum,
contrast obtained by the intracranial administration of gadopentetate dimeglumine (Gd-DTPA) reflects the extra- and
intracellular spaces of gray matter in agreement with histological data. General neuropil areas are highlighted, whereas
other tissues present with lower signal intensities. The induced contrast is similar to that in plain T,-weighted MRI, but
offers a 16-30-fold higher contrast-to-noise ratio. Systemic administration of manganese chloride increases the signal-
to-noise ratio in T;-weighted MRI to a significantly greater extent in principal cell layers and specialized neuropil than in
granule cell layers, whereas gadolinium-enhanced MRI indicates no larger intracellular spaces in these tissues. Granule
cell layers are enhanced no more than general neuropil by manganese, whereas gadolinium-enhanced MRI indicates
significantly larger intracellular spaces in the cell layers. These discrepancies suggest that the signal increase after
manganese administration reflects cellular activity which is disproportionate to the intracellular space. As a result,
principal cell layers and specialized neuropil become highlighted, whereas granule cell layers, general neuropil and
white matter present with lower signal intensities. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

MRI and MRS are expected to play a central role in translational
biomedical research (1-3), for example: (i) in morphological,
functional and biochemical phenotyping of the brain in vivo;
and (ii) in the evaluation of novel therapeutic interventions in
animal models of human diseases. Nonetheless, abnormal MR
findings may still need to be verified by other techniques
because of their microscopic size and/or subtle alteration of
MR properties. Therefore, additional means of contrast enhance-
ment by exogenous compounds are highly desirable, which
bridge the gap between in vivo MR data and post-mortem
analyses, e.g. histological staining.

In the central nervous system of vertebrates, cell bodies of
neurons are often assembled as cellular layers which play
specific roles as functional units. Packed tightly with cell bodies
and oriented parallel to the surface of the brain, a cellular layer
is often flanked by tissue with axonal and dendritic fibers (i.e.
neuropil) as primary components. In mammalian brain, the
lamination — or differentiation into specific layers — is most
characteristically seen in the olfactory bulb, hippocampus and
cerebellum (4). Based on the smaller T; and T, relaxation times
and the slower diffusion of water protons in intracellular spaces
compared with free water (5), a cellular layer was identified
by MRI first in the hippocampus ex vivo (6). In living mice,
cellular layers have been identified in T;-weighted (T1W) (7),
Tr-weighted (T2W) (8) and T,*-weighted (9) MRI. The contrast
in TIW MRI can be improved by delivering manganese (Mn?*) to
the brain (10), because this T;-shortening ion accumulates in cells
and thus predominantly in cellular layers. Alternatively, extracellu-
lar agents may be used for contrast enhancement, because they

are expected to predominantly diffuse into the neuropil rather
than the cellular layers.

The purpose of this study was to explore the potential of contrast
enhancement between cellular layers and neuropil in MRI. The effect
of the intracranial administration of gadopentetate dimeglumine
(Gd-DTPA), as well as the systemic administration of Mn*, on
TIW MRI of the olfactory bulb, hippocampus and cerebellum of
anesthetized mice was examined. The results were also compared
with T2W MRI before and after systemic administration of Mn?*,
as well as with histological data from the literature (11,12).

MATERIALS AND METHODS

Animals and contrast agents

Eight female mice (NMRI; age, 8-16 weeks; body weight, 30-48 g)
were studied in accordance with German animal protection laws
after approval by the responsible governmental authority. Four
mice received an intraventricular injection of Gd-DTPA solution
(5.0 pL, 100 mm, Magnevist™ dissolved in physiological saline,
Schering, Berlin, Germany) as well as injections (0.3 pL into each
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side) of 50 mm Gd-DTPA into the olfactory bulbs, as described
previously (13,14). The other four mice received manganese
chloride (0.5 mmol/kg body weight) subcutaneously. For in vivo
MRI, the animals were anesthetized, intubated and artificially
ventilated as described previously (15). A reproducible and
reliable immobilization of the mouse head and receiver coil in
the isocenter of the magnet was ensured by the Gottingen
animal bed (16).

MRI

MRI was performed at 9.4 T (Bruker Biospin MRI GmbH, Ettlingen,
Germany) before and after contrast media administration, i.e.
20-210 min after intracranial Gd-DTPA injection or 2-3 days after
systemic manganese administration. Radiofrequency excitation
and signal reception were accomplished with the use of a
birdcage resonator (inner diameter, 72 mm) and a four-channel
phased-array surface coil, respectively (both Bruker Biospin
MRI GmbH).

TIW MRI was performed with a three-dimensional gradi-
ent-echo MRI sequence (spoiled fast low-angle shot; TR/TE=
22 ms/7.6 ms; flip angle, 25°) at a resolution of 30 30X 300 or
25%25%250 pm>. Measuring times varied between 12 and
96 min. T2W MRI data were acquired with a three-dimensional fast
spin-echo MRI sequence (TR=4.2 s; eight differently phase-
encoded echoes; measuring time, 2 h 41 min) at a resolution of
30%30%300 pm>. TEs of 48 and 80 ms were found to best
delineate the Purkinje and pyramidal cell layers, respectively, in
pilot studies.

T, relaxation times were determined using a spin-echo satura-
tion recovery method with TE=10 ms, in-plane resolution of
117 %117 pm?, slice thickness of 234 pm and nine slices. Seven
TR values ranging from 200 to 10 000 ms led to a total measuring
time of 32 min.

Data evaluation

For the evaluation of signal intensities, anatomically defined cross-
sections were obtained from the original three-dimensional MRI
datasets by multiplanar reconstructions using software supplied
by the manufacturer (Paravision 5.0, Bruker Biospin MRl GmbH).
The plane crossing the anterior and posterior commissure served
as a reference for the selection of standardized sections to facilitate
comparisons with minimized intra- and inter-individual variability.
For the normalization of signal intensities, the caudate putamen
was used as an internal reference for each animal. The signal-to-
noise ratio (SNR), defined as the mean signal intensity divided by
the standard deviation of the noise, was obtained from images
with a resolution of 30x30x300 pm?> The contrast-to-noise
ratio (CNR) was obtained by taking the difference between
the SNR values. The analysis followed a strategy previously
developed for intra- and inter-individual comparisons of MR
images after manganese administration (7,15). Significant differ-
ences between regions of interest were determined by Student’s
paired two-sided t-test (two-sample comparison of means,
unequal variances assumed).

For T; values, a region of interest (six voxels) was selected in a
standardized manner relative to obvious structural landmarks
using a manual segmentation of a mid-sagittal image for the
cerebellar cortex, as well as lateral sections for the olfactory bulb
(1.0 mm), somatosensory cortex (1.5 mm) and hippocampal

formation (2.0 mm). The corresponding mean MRI signal intensi-
ties as a function of TR were fitted with a single exponential.
On the assumption that (i) Gd-DTPA equilibrates between
extracellular fluids of different regions (17), (ii) water protons of
pertinent tissue compartments are in fast exchange (18,19) and
(iii) the extracellular space of the somatosensory cortex of young
adult wild-type mice is 18% (20), the extracellular space in the
left hippocampal formation and cerebellar cortex was estimated
from the ratio of AR, (i.e. the increase in 1/T; caused by Gd-
DTPA) of each region to AR; in the somatosensory cortex,
following the method described previously (14), but with the
assumption of 18% for the extracellular space of the cortex.

RESULTS

As shown in Fig. 1A-C, both intracranial administration of Gd-
DTPA and systemic administration of Mn?* cause a general
signal increase in TIW MRI of the mouse brain. However, although
the induced contrast between white and gray matter is similar, the
contrast within gray matter, e.g. in the hippocampal formation, is
almost opposite. Compared with gadolinium-enhanced T1W MRI
(Fig. 1B), plain T2W MRI (Fig. 1D) provides a similar, but weaker,
contrast despite a much longer measuring time. The contrast
induced in TTW MRI of the hippocampal formation by Gd-DTPA
administration (Fig. 1E) is very similar to that in a Nissl stain of
nerve cell bodies (Fig. 1F). This close resemblance indicates that
the contrasts induced in gray matter by both techniques reflect
the relative distribution of extra- and intracellular spaces. More-
over, gadolinium-enhanced MRI presents white matter with lower
signal intensity increases than gray matter, and thus distinguishes
between the two tissues more clearly than does histological
staining. The gross resemblance of the brain in manganese-
enhanced MRI (Fig. 1G) to that in histology (Fig. 1H) is in line
with the assumption that Mn?* ions accumulate in the intracellular
fluid of nerve cell bodies, despite some differences seen in the
hippocampal formation.

Olfactory bulb

As shown in Fig. 2A, B, there is a close resemblance of the
contrast in gadolinium-enhanced MRI to that in Nissl stains of
cell bodies. Gd-DTPA highlights the inner and outer plexiform
layers in agreement with their sparse staining, whereas cellular
layers present with low signal intensity in agreement with their
dense staining. In particular, gadolinium-enhanced MRI yields
low signal intensity for the granule cell layer in agreement with
its dense staining. However, white matter presents with low
signal intensity, but it is not stained histologically. In the granule
cell, mitral cell, external plexiform and glomerular layer, Gd-DTPA
increases the SNR at 96 min after injection by 130%, 115%, 221%
and 153%, respectively (n=4). These values correspond to
normalized signal intensities of 0.74+£0.11, 0.75+0.11, 1.08 £0.11
and 0.73+0.16 at a resolution of 25x25x250 um? (white
matter 0.50 +0.06).

Figure 2C, D demonstrates that Mn>* ions highlight the mitral
cell as well as the glomerular layer in TTW MRI, whereas neuropil
and white matter present with low intensity in agreement with
Nissl staining. In contrast with histology, however, manganese-
enhanced MRI does not highlight the granule cell layer despite
its dense staining (black arrowheads). In the granule cell, mitral
cell, external plexiform and glomerular layers, Mn>* ions increase
the SNR 2 days after injection by 10%, 46%, 16% and 45%,
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Figure 1. Right forebrain in horizontal sections. (A) Plain T;-weighted (TTW) MRI (12 min, 30 x 30 x 300 pm3). T1W MRI 90-102 min after gadopentetate
dimeglumine (Gd-DTPA) injection (B) and 2 days after MnCl, injection (C). (D) T,-weighted (T2W) MRI (161 min, 30 x 30 x 300 um3). (E) TTW MRI (48 min,
25x25x 250 um3) 150-198 min after Gd-DTPA administration. (F) Nissl stain of cell bodies (slide number 39 in (11)). (G) TTW MRI (96 min, 25 X 25 x 250 ums)
3 days after MnCl, administration. (H) Nissl stain (contrast inverted). For details, see text.

respectively (n=4). In particular, the Mn®* enhancement is
significantly (p < 0.05) higher in the mitral than the granule cell
layer despite a non-significant (p=0.47) difference in Gd-DTPA
enhancement between these tissues. The Mn?* enhancement
is also significantly (p <0.05) higher for the glomerular than
the granule cell layer despite a non-significant (p=0.18) differ-
ence in Gd-DTPA enhancement. Further, the enhancement by
Mn?* is not significantly (p = 0.43) different between the granule
cell and the external plexiform layer, although the enhancement
by Gd-DTPA is significantly (p <0.05) higher for the external
plexiform layer. As a result, the corresponding normalized signal
intensities in the granule cell layer, mitral cell layer, external
plexiform layer, glomerular layer and white matter are 0.69+0.21,
1.16+0.37, 0.73+£0.20, 1.03£0.23 and 0.53+0.11 (n=3) at a
resolution of 25 x 25 x 250 um>,

Plain T2W MRI (Fig. 2E) provides a similar contrast to
gadolinium-enhanced T1W MRI (Fig. 2F), although T2W MRI only
partly distinguishes the mitral cell layers from the granule cell
layers at a much longer measuring time. Mn?* ions improve
the delineation of the mitral cell layers in T2W MRI (Fig. 2G), in
agreement with the finding in manganese-enhanced T1W MRI
(Fig. 2H). Mn?* ions decrease the SNR in T2W MRI 2 days after
injection by 32% in the mitral cell layer, but by only 6% in the
external plexiform layer, so that the respective CNR increases
by 53% (n=4).

Hippocampal formation

As shown in Fig. 3A, B, there is again similar cellular contrast in
MRl of Gd-DTPA-treated tissue and Nissl-stained histology.
Gd-DTPA highlights neuropil areas in agreement with their sparse

staining, whereas the densely packed cell layers present with low
signal intensity. The induced contrast persists for several hours.
Gadolinium-enhanced MRI exhibits the lowest signal intensity for
the most densely packed granule cell layer (black arrowhead)
and pyramidal cell layer in agreement with their dense staining.
The tissue areas with moderate staining, i.e. the stratum
multiforme, subiculum and presubiculum, present with corre-
spondingly low signal intensities. In addition, gadolinium-
enhanced MRI depicts white matter (black arrows in Fig. 3B) and
the stratum lucidum, although they are not stained histologically.
In the granule cell layer, pyramidal cell layer, stratum lacunosum-
moleculare, stratum multiforme and white matter, Gd-DTPA
increases the SNR at 96 min after injection by 86%, 77%, 227%,
160% and 117%, respectively (n=4), with normalized intensities
of 0.65+0.07, 0.62+0.05, 1.05+0.09, 0.94+0.05 and 0.62+0.07
at a resolution of 25 x 25 x 250 um? (stratum lucidum 0.83 + 0.08).

As stated earlier, manganese-enhanced T1W MRI (Fig. 1G)
exhibits different contrast relative to Nissl stains (Fig. TH) for cell
bodies. Here, manganese-enhanced MRI (Fig. 3C) is compared
with another histological technique (Fig. 3D), which highlights
the strata lucidum (white arrow) and multiforme (asterisk) because
of their high concentration of glutamic acid decarboxylase. The
comparison reveals that Mn?" ions most intensely enhance the
specialized neuropil. This is in disagreement with the assumption
that manganese enhancement correlates with the volume of the
intracellular spaces, which are largest in the pyramidal or granule
cell layers. In the granule cell layer, pyramidal cell layer, stratum
lacunosum-moleculare, stratum multiforme and white matter,
Mn?* ions increase the SNR 2 days after injection by 35%, 61%,
21%, 84% and 33%, respectively (n=4). The Mn** enhancement
is significantly (p <0.005) higher for the pyramidal than the
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Figure 2. Olfactory bulb in horizontal sections. (A) T;-weighted (TTW) MRI (72 min, 25 x 25 X 250 pm3) 15-87 min after gadopentetate dimeglumine
(Gd-DTPA) administration. (B) Nissl stain of cell bodies (slide number 36 in (11)). (C) TTW MRI (96 min, 25 x 25 x 250 um3) 3 days after MnCl, adminis-
tration. (D) Nissl stain (contrast inverted). (E) T,-weighted (T2W) MRI (161 min, 30 x 30 x 300 pm3). (F) TTW MRI (12 min, 30 x 30 x 300 pm3) 90-102 min
after Gd-DTPA administration. (G) T2W MRI 2 days after MnCl, injection. (H) TTW MRI (12 min, 30 x 30 x 300 pm3) 2 days after MnCl, injection. Black
arrows, white matter; white arrows, glomerular layers; black arrowheads, granule cell layers; white arrowheads, mitral cell layers. For details, see text.

granule cell layer despite a non-significant (p=0.51) difference in
Gd-DTPA enhancement. The enhancement by Mn?* is also
significantly (p < 0.005) higher for the stratum multiforme than
the granule cell layer despite a significantly (p <0.01) higher
Gd-DTPA enhancement in the stratum. Further, the enhance-
ment by Mn?* is not significantly (p=0.08) different between
the granule cell layer and the stratum lacunosum-moleculare,
although the enhancement by Gd-DTPA is significantly (p < 0.01)
higher in the stratum lacunosum-moleculare. As a result, in the
granule cell layer, pyramidal cell layer, stratum lacunosum-
moleculare, stratum lucidum, stratum multiforme and white
matter, the normalized intensities are 1.00+0.12, 1.38+0.19,
0.79+£0.07, 1.48+0.13, 1.59+0.20 and 0.69+0.15 (n=3), respec-
tively, at a resolution of 25 x 25 x 250 pm>.

Plain T2W MRI (Fig. 3E) provides a similar, but weaker, contrast
than gadolinium-enhanced T1W MRI (Fig. 3F) despite a much
longer measuring time. Mn®* ions improve the contrast in T2W
MRI (Fig. 3G) in agreement with the finding in TITW MRI (Fig. 3H).
Mn?* ions decrease the SNR in T2W MRI 2 days after injection by

37% in the pyramidal cell layer, but by only 14% in the stratum
lacunosum-moleculare, thereby increasing the respective CNR
by 22% (n=4).

Cerebellum

Gadolinium-enhanced T1W MRI (Fig. 4A) leads to different signal
intensities for the Purkinje cell layer, granule cell layer and
molecular layer in agreement with histological staining (Fig. 4B).
A difference from histology is seen for white matter, which
presents with the lowest signal. In the granule cell layer, Purkinje
cell layer, molecular layer and white matter, Gd-DTPA increases
the SNR at 96 min after injection by 109%, 48%, 231% and
44%, respectively (n=4). As a result, the corresponding normal-
ized intensities are 0.74+0.07, 0.52+0.04, 1.17+£0.10 and
0.36+0.06 (n=4) at a resolution of 30X 30 x 300 pm?>.
Manganese-enhanced T1W MRI highlights the Purkinje cell
layer in agreement with its dense staining (Fig. 4C), whereas
the molecular layer and white matter are much less enhanced
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Figure 3. Hippocampal formation in horizontal sections. (A) T;-weighted (T1W) MRI (48 min, 25 x 25 X 250 um3) 150-198 min after gadopentetate
dimeglumine (Gd-DTPA) administration. (B) Nissl stain (slide number 39 in (11)). (C) TIW MRI (96 min, 25 x 25 x 250 umB) 3 days after MnCl, adminis-
tration. (D) Glutamic acid decarboxylase stain of cell bodies and mossy fibers (12) (scale bar, 400 um). (E) T,-weighted (T2W) MRI (161 min, 30 x 30 x 300 um3).
(F) TIW MRI (12 min, 30 x 30 x 300 um3) 90-102 min after Gd-DTPA administration. (G) T2W MRI 2 days after MnCl; injection. (H) TIW MRI (12 min,
30x30%300 pm?) 3 days after MnCl, injection. Black arrow, white matter; white arrow, stratum lucidum; black arrowhead, granule cell layer; white
arrowhead, pyramidal cell layer; asterisk, stratum multiforme; |, stratum lacunosum-moleculare; m, stratum moleculare; ps, parasubiculum; r, stratum

radiatum; s, subiculum. For details, see text.

in agreement with their sparse staining (Fig. 4D). However,
manganese-enhanced TIW MRI does not clearly enhance the
granule cell layer despite its dense staining. In the granule cell
layer, Purkinje cell layer, molecular layer and white matter, Mn*
ions increase the SNR 2 days after injection by 18%, 38%, 13%
and 18% (n=4), respectively. In particular, the enhancement by
Mn?* is significantly (p < 0.05) higher for the Purkinje than for
the granule cell layer, although the enhancements by Gd-DTPA
are not significantly (p = 0.077) different. Further, the enhancement
by Mn?* is not significantly (p = 0.55) different between the granule
cell and the molecular layer, although the enhancement by

Gd-DTPA is significantly (p < 0.05) higher for the molecular layer.
As a result, in the granule cell layer, Purkinje cell layer, molecular
layer and white matter, the normalized intensities are 0.89 +0.07,
1.49+0.06, 0.98+0.06 and 0.48+0.08 (n=3), respectively, at a
resolution of 30x30%300 pum?> Plain T2W MRI (Fig. 4E) with
TE=80 ms readily distinguishes the molecular and granule cell
layer. Mn?* ions delineate the Purkinje cell layer from the granule
cell layer in T2W MRI (Fig. 4F) in agreement with the finding in
T1W MRI (Fig. 4G). Mn*" ions decrease the SNR in T2W MRI 2 days
after injection by 33% in the Purkinje cell layer, but by only 16% in
the stratum lacunosum-moleculare (n=4).
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Figure 4. Cerebellum in horizontal sections. (A) T;-weighted (T1W) MRI (12 min, 30 x 30 x 300 me) 90-102 min after gadopentetate dimeglumine
(Gd-DTPA) administration. (B) Giemsa stain of cell bodies (slide number 18 in (11)). (C) TIW MRI (96 min, 30 x 30 x 300 pm3) 3 days after MnCl,
administration. (D) Giemsa stain (contrast inverted). T,-weighted (T2W) MRI (161 min, 30 x 30 x 300 ums, TE=80 ms) before (E) and 2 days after
(F) MnCl, injection. (G) TTW MRI (12 min, 30x30x 300 pm3) 2 days after MnCl, injection. Bars, molecular layers; asterisks, granule cell layers;

between each asterisk and bar, Purkinje cell layer; between asterisks, white matter. For details, see text.

Figure 5 confirms the above findings in a different orientation
for TIW MR In plain T2W MRI with TE=48 ms (Fig. 5E), the
contrast between the Purkinje and granule cell layer is improved
relative to TE = 80 ms, whereas the signal reduction by Mn?* ions
in the Purkinje cell layer may be less clearly seen with the shorter
TE (Fig. 5F).

Neural tissues with different cellular composition

Regardless of the region, comparisons of contrast-enhanced MRI
with histological stains reveal that MRI signal enhancements
depend to a large degree on the cellular composition of the
tissue. In this respect, 20 tissue areas from three regions of the
brain can be classified into five groups: (i) granule cell layers;
(i) principal cell layers; (iii) general neuropil; (iv) specialized
neuropil; and (v) white matter. In gadolinium-enhanced MRI,
the granule cell layers, principal cell layers and specialized
neuropil present with low signal intensities, whereas general
neuropil areas exhibit high signal intensities. In manganese-
enhanced MR, the granule cell layers and general neuropil show
low signal intensities, whereas principal cell layers and specialized
neuropil yield high signal intensities. White matter always presents
with the lowest signal intensity, regardless of the region or contrast
agent. Table 1 summarizes the mean signal intensities averaged
across regions for each tissue composition. It is of note that the
internal plexiform layer of the olfactory bulb, as well as the strata
oriens, radiatum and moleculare of the hippocampal formation,
can also be classified as general neuropil.

Principal cell layers are most clearly distinguished from
general neuropil by gadolinium-enhanced TTW MRI. At a resolu-
tion of 30 X 30 x 300 um?, the mean CNRs between principal cell
layers and general neuropil in the olfactory bulb, hippocampal
formation and cerebellum are 8.6, 7.6 and 15 (n =4), respectively.

The corresponding values for manganese-enhanced T1W MRI
are 4.6, 6.0 and 4.8, whereas plain T2W MRI results in values of
3.9, 6.3 and 9.5, and manganese-enhanced T2W MRI in values
of 6.0, 7.6 and 9.6. When considering 1 min as a unit measuring
time, these values correspond to 0.72, 0.63 and 1.2 for
gadolinium-enhanced T1W MRI, 039, 0.50 and 0.40 for
manganese-enhanced T1W MRI, 0.024, 0.039 and 0.059 for plain
T2W MRI, and 0.037, 0.047 and 0.059 for manganese-enhanced
T2W MRI, respectively. Thus, compared with plain T2W MR,
gadolinium-enhanced T1W MRI provides a similar contrast, but
with a 16-30-fold higher CNR. This finding originates from a
drastic T; shortening of the tissue as a result of the extracellular
distribution of Gd-DTPA. In the olfactory bulb, hippocampal
formation, cerebellar cortex and somatosensory cortex, Gd-DTPA
administration shortens the T; relaxation times (n=3) from
1.48+0.12, 1.59+0.07, 144+ 0.08 and 1.54+0.04 s to 0.43+0.10,
0.42+0.20, 0.44£0.11 and 0.43 +£0.20 s, respectively. Accordingly,
the extracellular space in the left hippocampal formation and
cerebellar cortex can be estimated to be 18%.

DISCUSSION

The present work compares gadolinium-enhanced T1W MRI
(@about 1.0 pumol Gd-DTPA/g brain), manganese-enhanced
T1W MRI, plain T2W MRI and manganese-enhanced T2W MRI
of the mouse brain at 9.4 T. Previous MRI studies of Gd-DTPA
injections into the extracellular fluid of the brain reported no
significant histological abnormality in animals after the injec-
tion of 2.5-10 umol/g brain, as well as no specific complica-
tions in more than 100 human patients after the injection of
0.007-0.36 umol/g brain (21-28). In addition, intravenous admin-
istration of gadolinium-based contrast agents is widely used to as-
sess an impaired blood-brain barrier, where the agents reach the
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Figure 5. Cerebellum in sagittal sections. (A) T;-weighted (TTW) MRI (12
min, 30 x 30 x 300 uma) 105-117 min after gadopentetate dimeglumine
(Gd-DTPA) administration. (B) Giemsa stain of cell bodies (slide number
79 in (11)). (C) TTW MRI (96 min, 30 x 30 x 300 pm3) 3 days after MnCl,
administration. (D) Giemsa stain (contrast inverted). T,-weighted (T2W)
MRI (161 min, 30 x 30 x 300 me, TE=48 ms) before (E) and 2 days after
(F) MnCl; injection. (G) TTW MRI (12 min, 30x 30 x 300 pm3) 2 days after
MnCl, injection. White arrows, signal reduction caused by accumulated
manganese in parts of the Purkinje cell layer; bars, molecular layers;
asterisks, granule cell layers; W, white matter. For details, see text.

extracellular fluid. However, enhancement of the contrast between
cellular layers and neuropil has not been described to date.

This work shows that gadolinium-enhanced T1W MRI and
plain T2W MRI provide a similar contrast, which supports the
view that contrast in T2W MRI of the brain mainly reflects the
extracellular fluid content. Moreover, it has been demonstrated

that Mn?* ions enhance the contrast in the brain of behaving
animals not only in TTW MRI, as widely used so far, but also in
T2W MRI.

Contrast-enhanced T1W MRI provides substantially higher
CNR per measuring time than does T2W MRI, and therefore
allows acquisitions at voxel sizes of 25x25x250 um?>. Such
recordings reveal distinct signal patterns of five different tissue
types after Gd-DTPA injection or Mn** administration. The
contrast provided by Gd-enhanced MRI in gray matter is in
excellent agreement with histological stains of intracellular
substance. This finding suggests that the underlying contrast
mechanism mainly reflects water protons in intra- and extracellu-
lar spaces. However, the contrast provided by Mn?*-enhanced
MRI clearly differs from that seen in histology. This discrepancy
indicates that the signal increase after manganese administra-
tion reflects cellular activity which is disproportionate to the
intracellular space.

Granule cell layers

In all three brain regions studied, there are granule cells which
exhibit a characteristic smallness of their cell bodies. In the
olfactory bulb, hippocampal formation and cerebellum of mice,
the mean diameters of granule cell bodies have been reported
to be 6.5 um (29), 5-6 um (30,31) and 5.8 um (32), respectively.
Their axons are thin, short and barely myelinated. In the olfactory
bulb, they are even axonless. The present work shows that Mn%*
ions enhance the granule cell layer no more than general
neuropil and significantly less than principal cell layers, although
the low signal intensity of the granule cell layers in gadolinium-
enhanced MRI confirms the presence of large intracellular spaces
caused by tight packing. These findings suggest a limited activity
for the cells to take up Mn*" ions.

Principal cell layers

In each of the three regions studied, there is a cellular layer with
highly specialized neurons which are among the largest in the
body, i.e. the mitral cell layer in the olfactory bulb, the pyramidal
cell layer in the hippocampal formation and the Purkinje cell
layer in the cerebellum. The diameters of their cell bodies are
15-30 um (33), 15-20 pm (34) and 16 um (35), respectively.
Bodies of pyramidal cells in the CA3 area are even larger (36).
In addition, there are several common features known for these
cells: (i) they are tightly packed as a layer which is no thicker than
a few cell bodies; (ii) they receive glutamatergic excitatory inputs

gadopentetate dimeglumine (Gd-DTPA) and manganese

Table 1. Signal intensities of neural tissues with different cellular composition in contrast-enhanced T;-weighted MRI using

Tissue Region of interest Gd-DTPA (n=4)  MnCl, (n=3)
Cell layers Granule Granule cell layers (OB, HF, Ce) 0.72+0.06 0.86+0.09
Principal Mitral (OB), pyramidal (HF) and Purkinje (Ce) cell layers 0.64 +0.02 1.34+0.15
Neuropil General External plexiform layer (OB), stratum lacunosum-moleculare 1.12+0.06 0.83+0.05
(HF), molecular layer (Ce)
Specialized Glomerular layer (OB), strata lucidum and multiforme (HF) 0.85+0.03 1.36+£0.10
White matter White matter (OB, HF, Ce) 0.50+0.02 0.57 +£0.09

Signal intensities were normalized to those in the caudate putamen, averaged across regions of interest and given as the
mean + standard deviation across animals. Ce, cerebellum; HF, hippocampal formation; OB, olfactory bulb.
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from multiple sources (4,37,38); (iii) their excitatory inputs induce
Ca®* influx-dependent long-lasting modification of synaptic
efficacy which is involved in learning (39-43); and (iv) their long
myelinated axons form a large bundle leaving the region as its
main output. The low signal intensity of these cellular layers in
gadolinium-enhanced MRI of each region confirms the large
intracellular spaces caused by tight packing. Under these circum-
stances, Mn>* ions are probably taken up into the excited cells
(10,44) and therefore become concentrated in the thin layer.

General neuropil

Layers of neuropil are composed of axons, dendrites and a small
number of cell bodies, which are not tightly packed. They refer to
the internal and external plexiform layers in the olfactory bulb,
the strata oriens, radiatum, lacunosum-moleculare and moleculare
in the hippocampal formation, and the molecular layer in the
cerebellum. These neuropil areas have large extracellular and small
intracellular spaces, which can explain the high and low signal
intensities in gadolinium- and manganese-enhanced MR, respec-
tively. In particular, Gd-DTPA effectively highlights the thin internal
plexiform layer and thus distinguishes the mitral and granule cell
layer in the olfactory bulb. Even in histology, the internal plexiform
layer cannot clearly be identified as a separate layer in some places
(4). Indeed, the clear in vivo depiction of this layer in the present
study suggests a considerable shrinkage of the layer during
ex vivo histological processing.

Specialized neuropil receiving dense synaptic input

Specialized cells receive substantial excitatory synaptic input
onto their dendrites. In the olfactory bulb, each mitral cell has
a single primary dendrite entering a glomerulus, which is
assembled to form the glomerular layer receiving primary
synaptic inputs from the axons of the olfactory receptor cells.
Similarly, in the hippocampal formation, the pyramidal cells
receive massive synaptic input into the dendrites of the stratum
lucidum from the mossy fibers which arrive through the stratum
multiforme. These synapses commonly possess: (i) spherical
synaptic vesicles and asymmetric membrane specializations
(type | of Gray); (ii) dense glutamatergic excitatory inputs from
unmyelinated fibers; (iii) N-methyl-D-aspartate receptors as
postsynaptic ionotropic glutamate receptors, whose activation
causes a large Ca%* influx; (iv) long-term potentiation of
synaptic responses (39,40,42); and (v) recurrent and reciprocal
glutamatergic excitatory inputs (37,38). In the cerebellum, by
contrast, the Purkinje cells receive inputs rather diffusely in the
cortex encompassing the entire molecular and Purkinje layers.
Neither the N-methyl-D-aspartate receptor nor long-term
potentiation has been reported for these cells (45). Their main
recurrent inputs are rather inhibitory (46).

In gadolinium-enhanced MRI, the specialized neuropil areas in
the olfactory bulb and hippocampal formation present with
lower signal intensities than does general neuropil. In particular,
the stratum lucidum, not identified by Nissl staining, can be
delineated from the adjacent general neuropil, ie. stratum
radiatum, because of its larger intracellular spaces. Nevertheless,
these specialized neuropil areas are enhanced by Gd-DTPA no less
than cell layers of each region, which indicates that their
intracellular spaces are no larger than those of cell layers. However,
the enhancements in specialized neuropil by Mn* ions are signif-
icantly higher than those in granule cell layers and no lower than

those in principal cell layers. This shows that not only a cellular
layer, but also a neuropil area, provided that it receives a concen-
trated synaptic input, can be highlighted by Mn?* ions despite its
smaller intracellular space. In fact, it has been shown that a disrup-
tion of synaptic input results in a significantly reduced enhance-
ment of specialized neuropil areas, which are otherwise strongly
enhanced by the systemic administration of manganese (47).

White matter

White matter has substantially lower water content (about 70%)
than gray matter (>80%). This is mainly because of the smaller
extracellular spaces in white matter than in gray matter, as
shown previously (14). Thus, tissue packed with myelinated
nerve fibers generally presents with low signal intensity after
Gd-DTPA administration. The lower signal intensity of white
matter after Mn®* administration indicates limited fluid space
for the ions to diffuse. In other words, myelin sheaths hinder
the diffusion of Mn?* ions (48).

CONCLUSIONS

Contrast-enhanced MRI of the brain of living animals by Gd-DTPA
and manganese provides new insights into neurohistology. It
may also contribute to neuroradiology because the resulting high
CNR and access to high spatial resolution help to better under-
stand the mechanisms and structures determining the T; and T,
MRI contrast in general. For example, the similarities observed for
gadolinium-enhanced MRI and T2W MRI confirm that T, contrast
mainly reflects the extracellular fluid content in tissue. Thus, not
only in gadolinium-enhanced MRI, but also in T2W MRI, the granule
cell layer, principal cell layer, specialized neuropil and white matter
present with low signal intensity, whereas the general neuropil
areas exhibit high signal intensity. Further, the present results
for gadolinium-enhanced MRI may be relevant for the diagnosis
of an impaired blood-brain barrier, whereas the findings for
manganese-enhanced T2W MRI may be of importance in the
diagnosis of manganese poisoning.

For principal cell layers, general neuropil and white matter, the
interpretation of contrast-enhanced MRI is straightforward. The
pattern for both Gd-DTPA and manganese enhancement is in
excellent agreement with the relative distribution of intracellular
and extracellular spaces. However, for granule cells and special-
ized neuropil, there are obvious discrepancies between contrasts
in manganese-enhanced MRI and histology. Contrary to expecta-
tions, granule cells and principal cells react differently towards
Mn?* ions, as do general and specialized neuropil. However,
granule cells behave like myelinated fibers not only towards
Gd-DTPA, but also towards Mn?* ions, whereas specialized
neuropil behaves like principal cells.

The present study focuses on three regions which show
distinct layers of different cellular composition. These regions
are known to possess a relatively simple and primitive configura-
tion with a clear differentiation into layers. Indeed, MRI delineates
these regions with the highest CNR in the brain. Nevertheless,
the results are applicable to the entire central nervous system
because the cellular compositions of other brain regions, which
are less distinctly differentiated into zones, are in between those
of cell layers and neuropil as described here. It is foreseeable that
the present approach will contribute to further unveil the
cytoarchitecture of the brain of mammals in vivo, ranging from
transgenic mice to humans.

NMR Biomed. 2013; 26: 1870-1878
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