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ABSTRACT. Nuclear magnetic resonance (NMR) microscopy is a magnetic resonance imaging method with enhanced spatial resolution due
to the use of a high static magnetic field and high magnetic field gradients.  It is considered to be a useful tool for non-invasive and
continuous investigation of tissue and organs at the histological level.  In this study, we applied NMR microscopy to assessment of mor-
phology in mouse embryos using a developmental disorder model induced by retinoic acid administration.  Pregnant mice were given
50 mg/kg all-trans retinoic acid at 8.5 dpc.  Embryos were collected at several time points after treatment and examined by NMR micro-
scopy after fixation.  Two-dimensional and three-dimensional spin echo sequences were used.  Tissue contrast on two-dimensional
images changed according to length of repetition time and echo time, and also to developmental stage of embryos.  Two-dimensional
and three-dimensional images nondestructively demonstrated defects in development of the skeleton and soft tissue, e.g. hypoplasia of
vertebrae in the lumbar and tail regions and dysplasia of the spinal cord, in embryos exposed to retinoic acid.  These morphological
abnormalities were confirmed by conventional assessment after imaging.  Although further improvements are required, NMR microscopy
will provide a new approach for multi-parameter assessment of embryonic development under physiological and pathological conditions.
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Magnetic resonance imaging (MRI) is useful for non-
invasive and continuous investigation of objects.  Conven-
tional proton (1H) MRI is widely used in the clinical field,
especially for detection of disorders in soft tissue that cannot
be detected by x-ray computed tomography.  Nuclear mag-
netic resonance (NMR) microscopy is an MRI method with
enhanced spatial resolution due to the use of a strong static
magnetic field and high magnetic field gradients.  In NMR
microscopy, spatial resolution is enhanced to sub-millimeter
orders [4, 12], while that in traditional MRI is of the order of
1 mm.  Using this technique, non-invasive and multi-dimen-
sional observation of small specimens can be performed at a
level similar to low power light microscopy.  This level of
resolution is necessary for investigation of embryo mor-
phology in small animals such as mice, as dimensions in
such objects are less than one tenth of those in the clinical
field.

In this study, we examined mouse embryos with normal
morphology and with malformations induced by retinoic
acid administration by NMR microscopy.  Retinoic acid is
an active metabolite of vitamin A.  Although vitamin A is an
essential nutrient for mammals including human and
domestic animals, excessive intake of vitamin A and retin-
oic acid in pregnant mammals induces widespread malfor-
mation in developing embryos [1�3, 5, 6, 13, 15�17, 21].
We reported previously that a single-shot maternal adminis-
tration of retinoic acid caused malformations in murine

embryos showing characteristic defects in the skeleton
depending on dose and developmental stage of embryos at
the time of treatment [14].  In embryos given retinoic acid at
8.5 days post coitum (dpc), malformations in the craniofa-
cial and trunk region were observed.  Disappearance or
severe hypoplasia of the tail occurred in a high proportion of
embryos.  Atrophy in the tail region by this treatment was
noted as early as 11.5 dpc.  Skeletal systems in mouse
embryos are conventionally analyzed in whole-body skele-
tal preparations.  Processing of conventional skeletal prepa-
rations is, however, rather laborious and time consuming.
Furthermore, soft tissue must be removed or damaged dur-
ing processing and cannot be assessed in situ.  NMR micro-
scopy will be a useful tool for assessment of skeletal defects
allowing the simultaneous examination of other structures.

MATERIALS AND METHODS

Animals: Male and female ICR mice were purchased
from a local supplier (Clea Japan, Inc., Tokyo, Japan).  They
were given a commercial diet and water ad libitum.  They
were kept in a temperature-controlled room (22�26°C)
under controlled light conditions: 14 hr light and 10 hr dark-
ness with the middle of light period at 12:00 hr.  All animal
experiments conformed to the Guide for the Care and Use of
Laboratory Animals (Kyoto University Animal Care Com-
mittee according to NIH #86�23; revised 1985). 

Induction of malformation by retinoic acid and collection
of embryos: Mature female ICR mice were mated with
males of the same strain overnight, and those with vaginal
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plugs on the next day were used for experiments.  Noon of
the day following mating was considered 0.5 dpc.  Induction
of malformations by administration of retinoic acid was per-
formed as described previously [14].  All-trans retinoic acid
(RA; Sigma, MO, U.S.A.) dissolved in dimethyl sulfoxide
(DMSO) was injected intraperitoneally into each pregnant
mouse (50 mg/kg body weight) at 8.5 dpc.  Control mice
were given DMSO without retinoic acid.  At 11.5, 13.5, 15.5
or 18.5 dpc, the pregnant mice were euthanized and
embryos were collected.  The embryos were fixed in 20%
neutral buffered formalin for a minimum of 1 week.  There-
after, embryos were transferred into 10% neutral buffered
formalin.

NMR microscopy: Fixed embryos were embedded in 3%
low-melting-point agarose (agarose type VII, Sigma, MO,
U.S.A.) [18] contained in sample tubes before examination
using an NMR microscope, a 400 MHz wide bore spectro-
meter equipped with a microimaging attachment (NM-AIM
imaging equipment, JEOL, Japan).  The sample tube with
embryo was set at the center of the detection coil (20 or 10
mm in diameter) in an imaging probe.  The imaging probe
was inserted in a magnet with a static magnetic field of 9.4
T equipped with coils producing magnetic field gradients
(11.75 G/cm in the 20 mm probe and 47 G/cm in the 10 mm
probe for X, Y and Z axes).  NMR microimages were
acquired using two-dimensional Fourier transformation spin
echo (2DFT-SE) and three-dimensional Fourier transforma-
tion spin echo (3DFT-SE) sequences.  Fields of view were
30, 20 or 10 mm for each axis.  Sizes of probes and fields of
view were selected depending on the size of the specimen.
Receiver gain was automatically adjusted before each obser-
vation.  In 2DFT-SE, three or five sagittal images were
acquired using a multislice spin echo sequence.  Slices were
1 mm in thickness with a gaussian profile (4,000 Hz in the
20 mm probe and 16,000 Hz in the 10 mm probe, gaussian).
Intervals between central observation frequencies of neigh-
boring slices were set to 5,000 Hz in the 20 mm probe and
20,000 Hz in the 10 mm probe to adjust the slice intervals to
1 mm.  The data matrix of each slice was 256 × 256.  Images
were acquired using different values of repetition time (TR),
substituted by pulse delay time because of system settings,

and echo time (TE).  Combinations of TR/TE in millisec-
onds were 200/5, 500/5, 1,000/5, 1,000/10, or 1,000/20.
Number of excitations was 16, 32 or 64.  Parameters for
3DFT-SE were as follows; TR/TE = 200/5, data matrix=128
× 128 × 128 or 256 × 256 × 32; number of excitations=4 or
8.  Image reconstruction and visualization were performed
by Fourier transformation on a UNIX workstation
(DEC3000, Digital Equipment, MA, U.S.A.) by Fourier
transformation using �iws� software (JEOL Ltd., Tokyo,
Japan), a customized version of NMR/IMAGE (New Meth-
ods Research, NY, U.S.A.), or �stork� software (JEOL Ltd.,
Tokyo, Japan).  NMR microimages were exported as Post-
script files and transferred to a Macintosh computer.  Pro-
cessing and three-dimensional reconstruction were
performed using Adobe PhotoShop software and the public
domain image analysis program NIH Image (developed at
U.S.  National Institute of Health and available on the Inter-
net at http://rsb.info.nih.gov/nih-image/).

Conventional assessments of embryos: Some embryos
were processed for skeletal analysis or for light microscopy
after NMR microscopy.  For skeletal analysis, whole-body
skeletal samples by double staining with alcian blue and
alizarin red were prepared and examined.  For light micro-
scopic examination, embryos were embedded in paraffin
and cut serially at a thickness of 5 µm to make sections cor-
responding to the NMR microimages.  Sections were
mounted on glass slides, stained with hematoxylin and
eosin, and then examined under a light microscope (BX50,
Olympus, Tokyo, Japan).

RESULTS

Typical images of a control 18.5-dpc embryo obtained by
2DFT-SE and the effects of TR and TE on tissue contrast are
shown in Fig. 1.  Major organs appearing in sagittal sections
of embryos could be recognized.  Acquisition of images
with short TR (500 or 200 msec) enhanced the skeletal sys-
tem.  Strong signals in the skeleton were seen in midsagittal
sections located in the snout, base of the skull and the spinal
column.  High intensity signal areas in the spinal column
appeared as regular bands across the longitudinal axis.  In

Fig. 1. Effects of TR and TE on 2DTF-SE images showing midsagittal sections of an 18.5 dpc control embryo; a; TR/TE = 1,000/5; b,
TR/TE = 500/5; c; TR/TE = 200/5, d; TR/TE = 1,000/10, e; TR/TE = 1,000/20.
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images with TE of 10 or 20 msec, connective tissue includ-
ing bones showed relatively low signal intensity.  The hearts
and liver also showed weak signals.  In 3DFT-SE images,
regions with strong signals on orthogonal sections, sliced
from three-dimensional data set, were also located mainly in
skeletal tissue (Fig. 2).  While no notable defects were
observed in control 18.5-dpc embryos (Fig. 3a-e), skeletal
defects were detected in 2DFT-SE images of 18.5-dpc
embryos given RA (Fig. 3f-j).  Serious malformations were
noted in vertebrae caudad to the lumbar vertebrae.  Protru-
sion of the spinal cord was observed in some cases with
defects in vertebrae.  Defects in the gastrointestinal tract
were also noted.  Differences between control embryos (Fig.
4a) and RA-treated embryos (Fig. 4c) were better demon-
strated on three-dimensional images reconstructed from
3DFT-SE data.  In addition to vertebrae, ilial and ischial
hypoplasia were also observed in RA-treated embryos.
These malformations in embryos exposed to RA were con-
firmed macroscopically in skeletal preparations after imag-
ing (Fig. 4b and Fig. 4d).

In 2DFT-SE images of 15.5-dpc embryos, effects of TR
and TE on tissue contrast were similar to those in 18.5-dpc
embryos (Fig. 5).  Regions with strong signals in skeletal tis-
sue on 2DFT-SE images with short TR were less as com-
pared to 18.5-dpc embryos.  In 3DFT-SE images, strong
signals were observed in regions corresponding to the heart,
liver, eyes, and primordial adrenal glands in addition to
skeletal tissue (Fig. 6).  Malformations in vertebrae and the

Fig. 2. Surface image and sagittal, frontal and horizontal sec-
tions reconstructed from 3DFT-SE data of an 18.5 dpc control
embryo. Number of data matrices was 128 for each axis.

Fig. 3. Multislice 2DFT-SE images of control (a-e) and RA-treated (f-j) embryos at 18.5 dpc. TR/TE=1,000/5. Slice intervals
between neighboring images are 1 mm. Images at the center of each row (c and h) are midsagittal sections. Left to right direction in
each row corresponds to the left-right axis of embryos. In the RA-treated embryos, the tail was truncated; serious malformations in
vertebrae caudad to the lumbar vertebrae, protrusion of the spinal cord, and defects in gastrointestinal tract were observed.
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spinal cord were also observed on 2DFT-SE images of 15.5-
dpc embryos exposed to RA.  These were also noted on his-
tological sections by light microscopy (Fig. 7).  Areas with
strong signals in images with short TR corresponded to the
basis cranii on midsaggital sections.  On histological sec-
tions, ossification and infiltrating erythrocytes were noted in
these regions.  Differences in the arrangement of the diges-
tive tract were also noted between embryos exposed to RA
and those given vehicle alone.  RA-treated embryos showed
loose distribution of the digestive tract with hypoplasia in
the lower part, although the typical pattern has not yet been
defined.  In 13.5-dpc (Fig. 8) and 11.5-dpc embryos (Fig. 9),
contrast among tissues was decreased compared with
embryos in advanced stages of development under the con-
ditions examined.  At these stages, atrophy of the tail and
precursors of vertebrae in the caudal region were noted in
embryos exposed to RA.

DISCUSSION

Many techniques have been developed for assessment of
embryo morphology.  However, processing for assessment
frequently gives rise to irreversible changes in the specimen,
decreasing available information.  For example, conven-
tional skeletal preparation and light microscopy are both
useful but usually mutually exclusive.  If a specimen can be
examined by multiple techniques, the efficiency of investi-
gation will be enhanced.  NMR microscopy used in the

Fig. 4. Rotating projection images reconstructed from 3DFT-SE data of control (a) and RA-treated (c) embryos at 18.5 dpc and lateral views
of skeletal preparations of the same embryos after imaging (b and d, respectively). In the RA-treated embryo, caudal vertebrae were lost
and only four lumbar vertebrae (arrows in c) were observed, while six (arrows in a) were observed in the control embryo. The ilia (arrow-
heads in c) and ischia in the RA-treated embryo were hypoplastic as compared with those (arrowheads in a) in the control embryo. Ischia in
the RA-treated embryo were positioned in the paramedian position.

Fig. 5. Effects of TR and TE on 2DTF-SE images showing
midsagittal sections of control (a-c) and RA-treated (d-f)
embryos at 15.5 dpc; a and d; TR/TE = 1,000/5; b and e, TR/
TE = 200/5; c and f; TR/TE = 1,000/20. Effects of TR and TE
on tissue contrast were similar to those in 18.5-dpc embryos
Malformations in vertebrae and the spinal cord were observed
in the RA-treated embryos. Developing vertebrae were
observed in the root of the tail in the control embryo (arrow-
head in c), however they were not clear in caudal lumber
region in the RA-treated embryo (arrowhead in f).
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present study could visualize internal structures of embryo
specimens without dissection.  Using this technique,
embryos can be subjected to other kinds of assessments
leaving anatomical information as image data.  This will be
especially useful for specimens with rare or complex traits. 

Besides obviation of dissection, NMR microscopic obser-
vation can be performed without staining.  Contrasts in MRI
are produced by differences in the properties of spins within

Fig. 6. Rotating projection images reconstructed from 3DFT-
SE data of control (a) and RA-treated (b) embryos at 15.5 dpc.
Strong signals were observed in regions corresponding to the
heart, the liver, eyes, and primordial adrenal glands in addition
to skeletal tissue. In the RA-treated embryo, the tail was trun-
cated and caudal vertebrae were aplastic.

Fig. 7. Midsagittal images of control (a) and RA-treated (c)
embryos at 15.5 dpc and corresponding histological sections
prepared after imaging (b and d, respectively). TR/TE=500/
5. Hypoplasia of lumbar and caudal vertebrae and dysplasia
of spinal cord in the RA-treated embryos were observed on
both NMR microimages and histological sections.

Fig. 8. Multislice 2DFT-SE images of control (a-c) and RA-
treated (d-f) embryos at 13.5 dpc. TR/TE=1,000/5. Slice
intervals between neighboring images were 1 mm. Images at
the center of each row (b and e) are midsagittal sections. Left
to right direction in each row corresponds to the left-right axis
of embryos. In the RA-treated embryo, structures caudad to
the lumbar vertebrae were severely disordered.

Fig. 9. Superimposed multislice images of control (a) and RA-
treated (b) embryos at 11.5 dpc. In the RA-treated embryos,
the distal part of the tail (arrowhead in c) was hypoplastic and
short compare to that in the control embryo (arrowhead in a).
Primitive vertebral structures were formed in the trunk region
(arrow in a), while they were also observed in the tail region
in the control embryos (arrow in b).
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imaged tissue, such as spin density, spin lattice relaxation
time (T1), and spin-spin relaxation time (T2).  Differences
in T1 and T2 affect changes in signal intensity according to
TR and TE, respectively.  In the present study, increases in
relative signal intensity with short TR were observed in
skeletal tissue.  Regions with strong signals in short-TR
2DFT-SE images corresponded to ossifying areas in skele-
ton similarly described by Smith et al. [19].  These areas
showed strong signals also in 3DFT-SE images acquired
with short TR.  On 2DFT-SE images with long TE, corre-
sponding areas demonstrated low signal intensity.  Mineral-
ized bone in adult animals typically shows weak signals in
both T1- and T2-weighted images.  However, it has been
reported that calcium particles can reduce T1 and T2 relax-
ation time by a surface relaxation mechanism.  Signal inten-
sification in T1-weighted images was observed in some
cases in brain calcification [8, 22].  In experimental models,
the signal intensity on standard T1-weighted images
increases with concentrations of calcium particulate of up to
30% by weight but subsequently decreases due to reduced
proton density and reduced T2 [8].  Increases in signal inten-
sity in ossifying skeletal tissue in short-TR images in the
present study might have been produced by a similar mech-
anism.  Signal decreases in the liver and heart noted on
2DFT-SE images with long TE would be due to paramag-
netic effects of iron derived from hemoglobin.  The fetal
liver has been reported to show strong signals in T1-
weighted images [19], however it was not prominent in our
results of 2DFT-SE imaging.  Paramagnetic iron particles
can decrease both T1 and T2 relaxation times.  Signal atten-
uation due to shortening of T2 in liver tissue was considered
to counteracted signal intensification by T1 shortening
under the conditions of 2DFT-SE in our system.

In the present study, 2DFT-SE and 3DFT-SE were used.
Three-dimensional imaging increases resolution in the
direction of slice thickness with the same magnetic field
gradient and provides information covering a massive field
of view.  In the present study, gaussian pulses were used for
slice excitation in 2DFT-SE.  This improved the blurring of
images due to overlapping within the slice thickness, which
gave resolution adequate to discern embryo anatomy taking
the size of vertebrae as separate structures.  However, mul-
tislice 2DFT-SE imaging used in this study was not as effec-
tive as 3DFT-SE imaging in observation of three-
dimensional structure, for example the pelvis.  It has been
reported that malformation of caudal structures was a typi-
cal morphology in embryos exposed to excess RA on 8.5 to
9.5 dpc [14, 16].  Using NMR microscopy, malformation of
lumbar and caudal vertebrae, the pelvis, and gastrointestinal
tracts were observed.  Although vertebral disorder was seen
on 2DFT-SE images, hypoplasia of pelvic bones was diffi-
cult to observe.  The ilia and ischia are oblique against the
vertebral column.  As multislice images involve gaps
between neighboring slices to avoid cross-talk artifacts,
structural details may fail to be detected. 

Although three-dimensional imaging is useful for assess-
ment of multidimensional structures, it requires a longer

time to acquire data of the same matrix number for each axis
compared with two-dimensional imaging.  Therefore, in
3DFT-SE imaging in the present study, matrix numbers for
each axis were reduced compared with those in 2DFT-SE
and short TR of 200 msec were used, although these would
decrease spatial resolution and signal intensity in most tis-
sue.  Consequent imaging time was approximately 15 to 140
min for 2DFT-SE imaging and 7.5 hr for 3DFT-SE imaging
with 1283 matrices.  To examine dynamic changes in vivo,
data acquisition should be performed within a short time
frame.  Rapid imaging techniques, for example FLASH [7],
echo planar imaging [11] and RARE [9], will be useful.
Several groups have reported the application of these tech-
niques in NMR microscopy, also in imaging of embryos in
utero [10, 20].  Introduction of fast imaging techniques will
also enable spectroscopic imaging and multinuclear imag-
ing for analysis of metabolic status in vivo and provide new
approaches for multi-parametric assessment of embryo
development under physiological and pathological condi-
tions.
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