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Early development of human ganglionic
eminences assessed in vitro by using 7.04 Tesla
micro-MRI - a pilot study

EMBRYOLOGY

Dan Boitor-Borza!, Flavius Turcu?, Stefan Farcasanu?, Carmen Crivii'

Abstract

Background and aims. Ganglionic eminences are temporary structures which
appear during the 5" week post-fertilization on the floor of telencephalic vesicles
and disappear until the 35" week of gestation. The aim of this descriptive study of
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Methods. Six human embryos and fetuses ranging from 21 mm crown-rump length
CRL (9 gestational week GW) to 85 mm CRL (14 GW) were examined in vitro by
micro-MRI. The investigation was performed with a Bruker BioSpec 70/16USR
scanner (Bruker BioSpin MRI GmbH, Ettlingen, Germany) operating at 7.04 Tesla.

Results. We describe the morphological characteristics of the ganglionic eminences
at different gestational ages. The acquisition parameters were modified for each
subject in order to obtain an increased spatial resolution. The remarkable spatial
resolution of 27 pum/voxel allows visualization of millimetric structures of the
developing brain on high quality micro-MR images.

Conclusion. In our study we give the description of the ganglionic eminences
within the embryonic and early fetal brains by using micro-MRI, which, to the best
of our knowledge, have not been previously documented in literature. Micro-MRI
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provides accurate images, which are comparable with the histological slices.
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Background and aims

Ganglionic eminences (GE) are
subcortical structures of gray matter
which appear during the 5" week post-
fertilization (Carnegie stages CS 14 and
15) on the floor of telencephalic vesicles
(subpallium) [1]. They are also called
ventricular eminences as they bulge into
the primitive lateral ventricles. These
structures give rise to basal ganglia,
thalamic and olfactory interneurons, as
well as cortical GABAergic interneurons.
The latter migrate tangentially towards
the cortical plate of the telencephalic
vesicles to become interneurons in the
neocortex, hyppocampus and globus
pallidus [2].

GE are temporary structures,
as they disappear by the 35" week of

gestation. Miiller and O’Rahilly [3]
have shown that in fact they consist of
two distinct parts with different origins:
medial ventricular eminence (MVE) of
diencephalic origin and lateral ventricular
eminence (LVE) of telencephalic origin.
The caudal undivided portion of the
ganglionic eminence (CGE) give rise
to the amygdaloid nucleus [4,5,6]. GE
distinguish by their large volume and
by the exceptional persistence of the
subventricular layer [7].

The contribution of micro-MRI to
the morphological assessment of human
embryos has already been presented in
literature. It is proved that this method
is effective and reproducible. Also, it can
provide clear images due to a remarkable
spatial resolution and high tissue contrast,
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comparable with histological sections [8]. Micro-MRI is
also known as “microscopy MRI” or “histology MRI”
because of the remarkable spatial resolution of 24 pum/
voxel [9]. Smith et al. [10] used for the first time this
method in studies on human or non-human embryos,
showing that micro-MRI is feasible for in vitro studies
on human embryos, since the spatial resolution is about
20 pm/voxel in chemically fixed specimens. Despite
this, morphological studies on chemically fixed human
embryos using micro-MRI are rare [8,11,12]. Previous
experiments that we conducted showed that it was
impossible to identify the GE by micro-MRI earlier than
9 GW or 21 mm CRL [13].

The aim of this observational descriptive study
of morphological research is to depict the GE within the
embryonic and early fetal brains, which, to the best of
our knowledge, have not been previously documented in
literature by using micro-MRI.

Methods

Human embryos and fetuses

Six embryos and fetuses ranging from 21 mm
CRL (9 gestational weeks GW) to 85 mm CRL (14 GW)
were examined in vitro by using 7.04 Tesla micro-MRI.
They belong to the collection of the Department of
Anatomy and Embryology of Iuliu Hatieganu University
of Medicine and Pharmacy of Cluj-Napoca and are
approximately 8-10 years old. The subjects were collected
from legally induced abortions. They were preserved in a
9% formalin solution during the first 48 hours at 4°C, and
were subsequently stored at room temperature. The study
protocol was approved by the Ethics Committee of Iuliu
Hatieganu University of Medicine and Pharmacy of Cluj-
Napoca, Romania.

The embryos were morphologically examined in
order to classify them in a Carnegie stage according to
the criteria established by O’Rahilly and Miiller [14].
Inclusion criteria were: excellent quality of the tissues and
normal external morphology.

The gestational age was calculated from the crown-
rump length (CRL) of the specimens and expressed

Table I1. Parameters of acquisition for each subject.

in weeks of gestation (completed weeks from the last
menstrual period) (Table I).

The micro-MRI images were compared with
anatomical and histological reference images found in
classical books of embryology and histology [15].

Table I. Characteristics of subjects.

| Subjeet | 1 | 2| 3] 4] 5] 6]
GW 9 10 11 12 13 14
CRL (mm) 21 32 38 55 66 85
CS 20 23

GW: gestational weeks, CRL: crown-rump length, CS: Carnegie stage

Acquisition of images

MRI investigation was performed by using a Bruker
BioSpec 70/16USR scanner (Bruker BioSpin MRI GmbH,
Ettlingen, Germany) operating at 7.04 Tesla. The study
was conducted at the National Center of MRI, Faculty of
Physics of “Babes-Bolyai” University of Cluj-Napoca.

The BGS 9S HP gradient unit is capable to generate a
maximum value of 760 mT/m across the 72 mm active radio
frequency (RF) coil space. A 40 mm Quadrature Volume Coil
(QVC) for RF excitation and signal acquisition was used.

All the experiments were performed at room
temperature (20°C). The specimens were immersed in
a 9% formaldehyde solution inside plastic cylindrical
containers. The adjustments of the anatomical references
were obtained by T2-weighted images, acquired in all three
orthogonal planes.

The processing of 2D acquired images was made
with ParaVision® software (Bruker Corporation, Ettlingen,
Germany).

The protocol FISP-3D was used for all experiments.
The acquisition parameters were modified for each subject
in order to obtain the highest possible resolution (Table II).
For the same reason different matrices were overlapped
over various fields of view according to the length of the
subjects.

The most significant images were selected. In the T1-
weighted images protocol the GE provide a hyperintense
signal.

Subiect FOV Matrix slices Resolution TE TR FA Bandwidth
I (cm) (pixel) (cm/voxel) (ms) (ms) grade) (Hz)

1 3.06x2.90x2.5 512x512x256 0.0060x0.0057x0.0098 12.7 50000

2 2.56x2.50x4 512x512x256 256 0.005x0.0049x0.0156 6.4 12.8 15 50000 60
3 1.86x1.70x3 512x384x256 256 0.0036x0.0044x0.0117 6.7 18 15 50000 94
4 4.76x2.90x3 720x512x256 256 0.0066x0.0057x0.0117 8.4 16.8 15 50000 47
5 4.96x2.90x2.80  512x512x256 256 0.0097x0.0057x0.0109 6.3 12.7 15 50000 80
6 5.16x5.20x4.70  720x512x256 256 0.0072x0.0102x0.0184 8.3 16.6 15 50000 52

FOV: field of view, TE: echo time, TR: repetition time, FA: flip angle, NA: number of acquisitions
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Results

The GE are visible in a 21 mm CRL embryo
(Figure 1). They appear as an obvious thickening of the
ventral wall of the telencephalic vesicles (TV), the so-
called subpallium, while the dorsal wall is very thin. In
this stage the GE consist of two distinct masses: MVE
and LVE located ventrally and caudally from a large

interventricular foramen which is occupied by the choroid
plexus of the future lateral ventricle. The two masses are
separated by a longitudinal sulcus which is clearly seen. In
this stage the lamination of the subpallium can already be
noticed. The GE lies over o thickening of the subpallium
where the basal nuclei develop.

Figure 1. Human embryo 21 mm CRL, 9 GW, CS 20. Coronal/frontal (A, B) and axial/transversal (C) sections are shown. MVE:
medial ventricular eminence, LVE: lateral ventricular eminence, CP: choroid plexus, FC: falx cerebri, LV: lateral ventricle, 3rdV : third
ventricle, My: myelencephalon, AS : acoustic striae, H: hypothalamus.

In a 32 mm CRL embryo the GE are well developed.
The MVE bulges into the third ventricle and the LVE
bulges into the lateral ventricle. Those two portions are well
defined and separated by a sulcus which is clearly shown in
figure 2. They have similar dimensions. Furthermore, the

GE is clearly delimitated from the lateral and medial walls
of the TV by two deep longitudinal sulci. In this embryo we
can observe for the first time the nucleus accumbens which
develops in the rostro-medial portion of the subpallium as
part of the basal striatum.

Figure 2. Human embryo 32 mm CRL, 10 GW, CS 23. Coronal (A, B) and axial (C) slices are presented. LV: lateral ventricle, LVE:
lateral ventricular eminence, NA: nucleus accumbens, CP: choroid plexus, 3rdV and star in (B): third ventricle, ICS: internal cerebellar

swelling, IHLV: inferior horn of the lateral ventricle, 4thV: fourth ventricle.
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The sulcus between MVE and LVE can still be
distinguished in a 38 mm CRL fetus (Figure 3B) but only at
the rostral portion which lies near the nucleus accumbens.
The MVE is separated from the nucleus accumbens by a
deep fissure which is in fact the sulcus terminalis. In the
caudal portion located laterally to the thalamus the limit

between the MVE and LVE is no longer observed, as the
thalamus is strongly developed in the lateral wall of the
3" ventricle (Figure 3C). The dorsal wall of the TV is still
very thin while the lateral wall adjacent to the GE becomes
thicker.

Figure 3. Human fetus 38 mm CRL, 11 GW. Sagittal (A) and coronal (B, C) sections are shown. LV: lateral ventricle, GE: ganglionic

eminence, T: thalamus, MVE: medial ventricular eminence, LVE: lateral ventricular eminence, NA: nucleus accumbens, HS: hypothalamic
sulcus, H: hypothalamus, I: infundibulum, 3rdV: third ventricle, ST: sulcus terminalis.

The GE is well depicted in a 55 mm CRL fetus as it
lies dorsally to the basal ganglia and rostro-laterally to the
thalamus. The internal capsule is clearly seen and separates
the GE from the lenticular nucleus. The two portions of
the lenticular nucleus, putamen and globus pallidus are

noticed (Figure 4). The limit between the MVE and LVE is
imprecise even in the most rostral part of the GE. It looks
like the MVE diminishes while the LVE strongly develops.
In the rostral portion the GE is wide while the CGE that is
located laterally to the thalamus is narrow.

Figure 4. Human fetus 55 mm CRL, 12 GW. Coronal sections (A, B, C) are presented. GE: ganglionic eminence, CP: choroid plexus, LV:

lateral ventricle, Pt: putamen, Cla: claustrum, NA: nucleus accumbens, IC: internal capsule, HS: hypothalamic sulcus, H: hypothalamus,

Gp: globus pallidus, T: thalamus.
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In a 66 mm CRL fetus the GE is more developed
in the rostral part of the brain, where it will give rise to
the caudate nucleus (Figure 5). The limit between the MVE
and LVE is no longer visible and the GE looks like a single

voluminous mass providing a hyperintense signal in T1-wi
protocol. In the caudal portion the GE is narrower than in
the rostral portion.

Figure 5. Human fetus 66 mm CRL, 13 GW. Sagittal (A) and coronal (B, C) sections are shown. M: mesencephalon, Q: quadrigeminal
plate, Ve: cerebellar vermis, GE: ganglionic eminence, LV: lateral ventricle, Pt: putamen, T: thalamus, IC: internal capsule, Gp: globus

pallidus, H: hypothalamus, Cla: claustrum.

In a 85 mm CRL fetus the developing brain has
already a very complex structure. Details such as the
anterior commissure and the inferior olivary nuclei can be
observed. The GE is still well developed rostrally where it

is adjacent to the anterior commissure but it flattens as the
brain increases its dimensions. The basal nuclei excepting
the caudate nucleus are separated from the GE by the fibers
of the internal commissure (Figure 6).

Figure 6. Human fetus 85 mm CRL, 14 GW. Coronal (A, B) and axial (C) sections are presented. LV: lateral ventricle, IC: internal
capsule, NA: nucleus accumbens, Olf: olfactory bulbs, LN: lenticular nucleus, GE: ganglionic eminence, Cla: claustrum, ACo: anterior
commissure, OC: optic chiasma, H: hypothalamus, BO: inferior olivary nucleus, P: pons, Pt: putamen, IH: inferior horn of the lateral

ventricle.
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The structure of the ventral wall of the TV
(subpallium) can be observed beginning with the 21 mm
CRL embryo (Figure 7 panel A), while the lamination of the
lateral wall of the TV (pallium, future neocortex) is evident
beginning only with the 32 mm CRL fetus (Figure 7 panels
B-F). At 10 GW the lateral wall of the TV consists of three

E

Figure 7. In panel A, which is a magnification of the image shown in Figure 1A, three layers can be noticed in the ventral wall of the TV
(subpallium), the place where the ganglionic eminence will form. The structure of the lateral wall of the TV at different gestational ages
is documented in panels B-F. 1: ventricular layer, 2: intermediate layer, 3: cortical plate, LV: lateral ventricle.

Discussion

The GE were depicted by using 7.04 Tesla micro-
MRI in a series of six subjects ranging from 21 mm CRL (9
GW) to 85 mm CRL (14 GW).

A major problem of the micro-MRI is the acquisition
time, which, in our study, was of approximately 24 hours.
This corresponds to the results of other researchers [16].

In T1-wi the GE appear as hyperintense images [17]
located caudally and ventrally from the interventricular
foramen. The hyperintense signal is due to the high cellular
density, as well as to their vascularization which is richer
than in any other region of the developing brain [18]. It was
stated that the GE may be precisely depicted in the rostral
part of the brain, where the width of the ventricular layer
is important [19], but using micro-MRI the GE was clearly
visualized in the caudal portion as well.

We noticed temporal and spatial changes in the
morphology of the GE, which is different at different
gestational ages, as the brain increases its dimensions
and becomes more complex. Those changes reflect the
dramatic morphological transformations of the developing
brain, which are very fast especially in the first trimester
of pregnancy. The shape and dimensions of the GE vary
in different regions of the developing brain. The width of
the GE decreases in a rostro-caudal direction: at the rostral
end facing the future anterior horn of the lateral ventricle
the GE is larger, while at the caudal end facing the well

4 NN

layers: internal layer which borders the lateral ventricle;
intermediate layer and cortical plate respectively. The
cortical plate and the internal layer provide a hyperintense
signal while the intermediate layer is hypointense in T1-
wi protocol. Therefore, the wall of the TV appears as a
sandwich-like structure.

developed thalamus, the GE narrows. It was stated that
the GEs are intersected twice in axial and coronal sections
respectively because of their “C” shape which follows the
expansion of the cerebral hemispheres [20], which was not
observed in our sections.

Previous studies have demonstrated that three
layers of the telencephalic walls can be depicted by using
MRI: internal, subcortical and cortical zones [21]. Those
zones correspond to seven histologic layers which are well
known [22]. In our study the structure of the lateral wall
of TV was depicted in a 32 mm CRL fetus (10 GW). The
lamination of the ventral wall (subpallium) of TV was
described earlier, in a 21 mm CRL embryo (9 GW), which
was not found in literature. The subcortical zone is the most
developed transitory layer of the encephalic wall during the
fetal period [23].

The main advantage of micro-MRI is the accuracy
of images, which is due to the high spatial resolution,
almost similar to that obtained by histology [24]. The
contributing factors to this outstanding spatial resolution
are: lack of movements which avoids artifacts; high
intensity of the magnetic field; long acquisition time. In our
study we obtained a remarkable spatial resolution of 27 pm/
voxel, which allows visualization of tiny structures of the
developing brain. Moreover, micro-MRI is reproducible
and anytime multiple sections can be made through the 3D
volume in order to better understand the spatial architecture
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