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Abstract We present a histological study of the cell death of
cerebellar neuroepithelial neuroblasts following treatment
with the cytotoxic agent hydroxyurea (HU) during the embry-
onic life. Pregnant rats were treated with a single dose of HU
(300 mg/kg) at embryonic days 13, 14, or 15 of gestation, and
their fetuses were studied from 5 to 35 h after treatment to
elucidate the mechanisms of HU-induced fetotoxicity.
Quantification of several parameters such as the density of
pyknotic, mitotic, and PCNA-immunoreactive cells indicated
that HU compromises the survival of the cerebellar
neuroepithelium neuroblasts. On the other hand, our light
and electron microscopic investigations during the course of
prenatal development indicated that HU leads to two types of
cell death: apoptosis and cells presenting cytoplasmic
vacuolization, altered organelles, and a recognizable cell nu-
cleus. Both modalities of cell death resulted in a substantial
loss of cerebellar neuroepithelium cells. Current results sug-
gest that HU exposure during gestation is toxic to the cerebel-
lar neuroepithelium. Moreover, they allow to examine the
mechanisms of HU-induced toxicity during the early develop-
ment of the central nervous system. Our data also suggest that
it is essential to avoid underestimating the adverse effects of
HU when administered during early prenatal life.
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Introduction

The cerebellum presents a regular cytoarchitecture. It is com-
posed of a limited number of neurons, which are specifically
integrated in the corticonuclear network and are characterized
by a distinctive morphology and molecular markers (Schilling
et al. 2008; Haines and Dietrichs 2012). Several studies have
indicated that the isthmic organizer, located at the
mesencephalon/rhombomere 1 boundary, directs the formation
of the cerebellar territory (Martinez et al. 2013). The establish-
ment of the cerebellar territory is followed by the formation of
two germinative compartments: the rhombic lip and the ven-
tricular neuroepithelium (Yaguchi et al. 2009; Tong et al. 2015).

All cerebellar neurons originate from the abovementioned
regions according to a well-defined spatiotemporal sequence
(Sillitoe and Joyner 2007; Leto et al. 2016). Glutaminergic
cells, including unipolar brush cells, granule cells, and some
projection deep cerebellar nuclei (DCN) neurons, arise from
the rostral rhombic lip and undergo subsequent waves of dif-
ferentiation (Leto et al. 2012). GABAergic neurons, on the
other hand, originate from the ventricular neuroepithelium
(Grimaldi et al. 2009; Leto et al. 2009). Purkinje cells (PCs),
inhibitory interneurons, DCN neurons, and nucleo-olivary
neurons are specified within this germinal site at the onset of
the cerebellar neurogenesis (Marzban et al. 2015).

Hydroxyurea (HU) or hydroxycarbamide is a non-
alkylating agent (chemical formula CH4N2O2) (Navarra and
Preziosi 1999). This chemical compound is used for the treat-
ment of neoplasms (Saban and Bujak 2009). The clinical use
of HU as an anticancer agent is based on the drug’s ability to
reduce the production of deoxyribonucleotides that are neces-
sary for DNA replication. This occurs via inhibition of the
class I form of ribonucleotide reductase by inactivating the
tyrosyl radical required for enzyme activity, without interfer-
ing with the synthesis of ribonucleic acids or proteins (Shao

* Joaquín Martí
joaquim.marti.clua@uab.es

1 Unidad de Citología e Histología, Facultad de Biociencias,
Universidad Autónoma de Barcelona, 08193 Bellaterra,
Barcelona, Spain

Neurotox Res (2017) 32:671–682
DOI 10.1007/s12640-017-9785-y

http://orcid.org/0000-0002-6774-0092
mailto:joaquim.marti.clua@uab.es
http://crossmark.crossref.org/dialog/?doi=10.1007/s12640-017-9785-y&domain=pdf


et al. 2006; Saban and Bujak 2009). HU has been also used for
a variety of conditions in the disciplines of hematology
(Navarra and Preziosi 1999; Ware et al. 2011; Nevitt et al.
2017), infectious disease (Zala et al. 2000), and dermatology
(Lebwohl et al. 2004).

There are many reports of HU-related detrimental effects.
When administered to pregnant dams, it compromises the
ability of embryos to develop (Sampson et al. 2010) and in-
duces in them alterations in the craniofacial tissues (Schlisser
andHales 2013), growth retardation, and loss ofmesenchymal
cells in the lung (Woo et al. 2004; Woo et al. 2005). HU also
produces microencephaly, hydrocephalus, and apoptosis in
neuroepithelial cells (Woo et al. 2003, 2004, 2006).

Previous studies from our laboratory have indicated that
when administered in the early postnatal life, the cytotoxic
agent HU leads to the activation of apoptotic cellular events
in the cerebellar external granular layer as well as to alterations
in the cerebellar cortex cytoarchitecture (Martí et al. 2017).
Moreover, our results have also indicated that HU reduces the
number of PCs and DCN neurons. It also alters the
neurogenetic timetables and the neurogenetic gradients of these
macroneurons in rats that were exposed to this agent as embry-
os and then assessed at 90 days of age (Martí et al. 2016).

In light of the above, we began a set of experiments in our
laboratory. The major goal of this article is to study the effect
of HU treatment on the development of the rat cerebellar
neuroepithelium in the prenatal life. Three ages were studied:
embryonic days (E) 13, 14, and 15. These ages were selected
because in normal rats, the neurogenetic timetables of PCs and
DCN neurons extend from E13 to E15 (Altman and Bayer
1997;Martí et al. 2015, 2016). The selection of the cerebellum
was supported by the evidence that this is an organ particularly
amenable to the analysis of pattern formation because of its
highly organized structure (Butts et al. 2014; Marzban et al.
2015). Additionally, the cerebellum is highly vulnerable to
intoxication (Manto 2012; Samson and Claassen 2017).

In particular, the following aspects were addressed: (I) we
characterized the effect of HU exposure on the cerebellar
neuroepithelial cells. This was carried out by quantifying the
density of pyknotic, mitotic, and proliferating cell nuclear an-
tigen (PCNA)-positive cells after a single dose of HU, and (II)
we used terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) and transmission electron microscopy
to study cell degeneration in the cerebellar neuroepithelium
following HU exposure.

Materials and Methods

Animals

All experiments in this study were carried out in accordance
with the requirements of the Committee for Institutional

Animal Care and Use in the Universitat Autònoma de
Barcelona (UAB). The number of animals was kept to a min-
imum, and all efforts were made to minimize their suffering.
Timed-pregnant Sprague Dawley OFA rats were obtained
from the animal production facility at the UAB. Dams were
administered intraperitoneally at 8:30 a.m. with a single injec-
tion of saline (0.9% NaCl) or HU (Sigma, St. Louis, MO,
USA) (300 mg/kg b.w.) according to the following time-win-
dows: E13, E14, and E15.

Embryos were sacrificed at regular intervals from 5 to 35 h
after HU exposure. In each time-window, 70 pregnant dams
were used; 35 were injected with saline and 35 with HU
(300 mg/kg). From each dam, two embryos were analyzed.
As an example, schedules for E13 are listed in Table 1. E1 was
deemed to be the morning after mating. During the experi-
mental procedures, rats were maintained under standard labo-
ratory conditions (temperature of 22 ± 2 °C and relative hu-
midity of 55 ± 5%, 12 h light-dark cycle starting at 08:00 a.m.,
food and water were provided ad libitum).

Tissue Processing

Dams were weighed and anesthetized with a ketamine-
xylazine mixture (90:10 mg/ml; 1 ml/kg, intraperitoneal).
Embryos were removed by caesarian, and their heads were
immediately immersed in 10% neutral buffered formalin for
24 h at 4 °C. These were paraffin-embedded and sectioned at
10 μm in the sagittal and coronal planes. The levels used for
analysis correspond to the plates of figures from Altman and
Bayer (1995). These are indicated in Table 2. As the cerebellar
neuroepithelium, interphase nuclei, and mitotic figure’s diam-
eter in the area of reference are larger than the slice thickness,
only one in every five sections was placed on poly-(L-lysine)-
coated slide in order to avoid overestimation of cell counts.

Feulgen Method

Feulgen staining was performed according to previously pub-
lished procedures (Hervás et al. 2002; Marti et al. 2016).
Sections were deparaffinized in xylene and rehydrated
through a series of graded ethanol. Partial denaturation of
DNA was carried out with 3 N HCl at 40 °C for 15 min.
Hydrolysis was halted by two washes in distilled water at
RT, and then the sections were treated 1 h in darkness with
Schiff’s reagent (prepared from basic fuchsin; Fluka Chemie,
Buchs, Switzerland) at RT. After washing in fresh sulfurous
acid solution, the stained sections were rinsed in distilled wa-
ter, dehydrated, and coverslipped.

TUNEL Staining

TUNEL staining was done with an in situ cell death detection
kit (POD Roche Diagnostics, cat. 11684817910). In brief, after
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removing paraffin, sections were incubated with proteinase K,
nuclease free (20 μg/ml in 10 mM Tris-HCl, pH 7.5) during
30 min at room temperature. They were then cleaned with PBS
and incubated for 10 min with 3% H2O2 in methanol. Slices
were soaked in the TUNEL reaction mixture for 60 min at
37 °C and then cleaned with PBS. Subsequently, sections were
incubated with converted POD for 30 min at 37 °C. After fur-
ther rinsing in PBS, the peroxidase coloring reaction was de-
veloped by 3,3′-diaminobenzidine-H2O2 for 5 min, and

sections were then rinsed in distilled water and counterstained
with hematoxylin. For positive control of TUNEL labeling,
histological sections were incubated with DNase (5 μg/ml) at
37 °C during 10 min to induce DNA strand breaks.

PCNA Immunocytochemistry

Sections were deparaffinized following regular procedures
from our laboratory. These were immersed in Coplin jars
containing15 mM of heated (96–99 °C) sodium citrate buffer
(pH 6.0) and incubated in the water bath containing water at
96–99 °C for 20 min. After that, the slices were allowed to
cool for 20 min. The endogenous peroxidase activity was
blocked with 3% H2O2 for 10 min at room temperature.
Non-binding sites were blocked using 5% bovine serum albu-
min in PBS containing 0.1% Tween-20 and 5% normal goat
serum for 1 h at room temperature. Following this, the slides
were incubated at room temperature with monoclonal mouse
anti-mouse anti-PCNA (1:1500, Santa Cruz Biotechnology,
clone: PC-10, Catalog number: sc-56). After this, sections
were rinsed with PBS and incubated at room temperature for
30min with a biotin conjugated goat anti-mouse IgG antibody
(Sigma) 1:50 for 30 min and then exposed to ExtrAvidin-
Peroxidase (Sigma) 1:50 for 30 min. Peroxidase activity was
developed with 3,3′-diaminobenzidine-H2O2 (DAB, Sigma)
for 5 min, and sections were then rinsed in distilled water.
Control sections were prepared by replacing the primary anti-
body with PBS. These routinely showed no immunolabeling.

Quantitative Analyses

Counting of pyknotic cells, mitotic profiles, TUNEL, and
PCNA-positive cells was carried out, at 63× oil immersion

Table 2 Levels used for
quantitative analysis Age Sagittal plane Coronal plane

Plate Altman and Bayer book page Plate Altman and Bayer book page

1 99 11 133

2 101 12 135

E13 3 103 13 137

4 105 14 139

1 153 12 191

2 155 13 193

E14 3 157 14 195

4 159 15 197

1 207 14 249

2 209 15 251

E15 3 211 16 253

4 213 17 255

The levels used for quantitative analysis are those indicated in Altman and Bayer atlas (Altman and Bayer 1995)

E embryonic day

Table 1 Schedules of saline and hydroxyurea administrations and
sacrifice at embryonic day 13

Treatment Sacrifice (hours)

E12 5 10 15 20 25 30 35

Saline [5] S

Saline [5] S

Saline [5] S

Saline [5] S

Saline [5] S

Saline [5] S

Saline [5] S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

HU [5] (300 mg/kg) S

Values in brackets represent the number of dams used

E embryonic day, S sacrifice, HU hydroxyurea
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objective, in the pertinent sections by visual scanning of the
cerebellar neuroepithelium throughout its lateromedial and
rostrocaudal axes. In embryos sectioned in the coronal plane,
only the right cerebellar primordium was analyzed. Criteria
for scoring pyknotic and mitotic cells included both morpho-
logical and staining properties with the reaction of Schiff.
TUNEL and PCNA-positive cells were defined as those that
have a brown reaction product over their nuclei.

The density of pyknotic, mitotic, TUNEL, and PCNA-
stained cells was calculated as the percentage of the respective
cell type over the area of the cerebellar neuroepithelium. The
area of this parameter was determined using the ImageJ soft-
ware (v. 1.43 u, NIH, Bethesda, MD, USA).

Transmission Electron Microscopy

For electron microscopy, the heads of the embryos were im-
mersed in 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M cacodylate buffer, pH 7.2. Tissue cubes (~1 mm3) were
rinsed in PBS, postfixed in 1% OsO4 for 2 h, dehydrated in a
graded ethanol series, infiltrated with propylene oxide, and
embedded in Epon. Ultrathin sections (60 nm) were generated
with an ultramicrotome (Leica AG, Reichert Ultracut S) and
then viewed with a transmission electron microscope (JEM-
1400). Digital images were obtained with a CCDGATAN 794
MSC 600HP digital camera system and analyzed using Adobe
Photoshop software.

Data Analysis

The statistical significance of the results was evaluated with
Student’s t test or Mann-WhitneyU test. When more than two
means were simultaneously compared, one-way ANOVA

followed by individual comparison of means with the
Student-Newman-Keuls (SNK) test was used.

Photographic Material

The pictures presented in this report were captured with a
color CCD-IRIS (Sony, Japan) video camera coupled to a
Zeiss Axiophot microscope. The digitized images were proc-
essed in the Adobe Photoshop software.

Results

Studying the Cerebellar Primordium

The examination of cerebellar development in sagittally and
coronally sectioned embryos showed that, for all of the stud-
ied time-windows (from E13 to E15), there were no alterations
in the cytoarchitecture of the hindbrain of rats exposed to HU.
Figure 1 shows representative sagittal (Fig. 1a–d) and coronal
(Fig. 1e–h) sections of the hindbrain of E13 rats administered
with saline. Embryos of this age present a cerebellar
neuroepithelium composed of darkly stained and densely
packed cells. When the cerebellar development was studied
in sagittally sectioned embryos, it was observed that, caudally
to the cerebellar primordium, the neuroepithelium was absent
and was replaced by a membranous cover of the fourth ven-
tricle, the medullary velum.

In coronal sections, on the other hand, the posterior
boundary of the cerebellar neuroepithelium is defined by
the medullary velum. The anterior one, however, deserves
attention. This is because the cerebellar primordium is
continuous with the isthmus during the early phases of

Fig. 1 Sagittal (a–d) and coronal (e–h) low-power photomicrographs of
two rats sacrificed at embryonic day 14. Arrowheads in a–d outline the
rostral boundary of the cerebellar primordium. The caudal one is traced
by the medullary velum. In coronal sections, the posterior limit of the

cerebellar primordium is delineated by the medullary velum. Rectangles
mark the anterior boundary. AQ aqueduct;MCmesencephalon; mv med-
ullary velum; v4 fourth ventricle. Scale bar: 400 μm
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embryonic development. Rectangles in Fig. 1e–h mark the
anterior boundary. This delineation seems to be correct
because, in line with previous reports (Altman and
Bayer 1985, 1997), the right and left cerebellar primordia

remain widely separated from each other from E13 to
E15. In contrast, the isthmus has an unfused posterior part
and a fused anterior part region that is continuous with the
mesencephalon.

Fig. 2 Mean ± SEM for pyknotic cell density in the mediolateral axis of
the cerebellar neuroepithelium [plates 1 to 4 fromAltman and Bayer atlas,
Altman and Bayer (1995)] are presented. Rats were injected with saline

Fig. 3 Mean ± SEM for mitotic cell density in the mediolateral axis of
the cerebellar neuroepithelium [plates 1 to 4 fromAltman and Bayer atlas,
Altman and Bayer (1995)] are presented. Rats were injected with saline
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Experiment 1

At the onset of the cerebel lar development , the
neuroepithelium contains cell precursors engaged in DNA
synthesis. Cell depletion may be induced by toxic agents,
which disrupt the proliferative dynamics of neuroblasts. This

experiment was carried out to study the effect of HU exposure,
an agent that inhibits DNA synthesis (Saban and Bujak 2009)
on cerebellar neuroepithelial cells. This was done by quanti-
fying, separately throughout the lateromedial and rostrocaudal
axes, the density of pyknotic, mitotic, and PCNA-reactive
cells per area of the cerebellar neuroepithelium.

Fig. 4 Mean ± SEM for PCNA-positive cell density in the mediolateral
axis of the cerebellar neuroepithelium [plates 1 to 4 from Altman and
Bayer atlas, Altman and Bayer (1995)] are presented. Rats were injected

Fig. 5 Microscopic detection of
TUNEL-positive cerebellar
neuroepithelial cells in the
mediolateral axis [plate 2 from
Altman and Bayer atlas, Altman
and Bayer (1995)]. Rats were
treated with saline or hydroxyurea
at embryonic day 14 and
sacrificed at regular intervals after
drug administration. TUNEL-
positive cells are those presenting
a brown reaction product in their
nuclei. a Very few TUNEL-
reactive cells are observed in the
cerebellar neuroepithelium of
saline rats. Massive cell death is
found following 15 (b), 20 (c),
and 25 h (d) of treatment. Scale
bar 30 μm
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Regarding the mediolateral axis, the data of the measured
parameters, in addition to the statistical analysis of the former
parameters, are depicted in Figs. 2, 3, and 4. Current results
indicated that, in all of the studied sagittal plates (1 to 4) and
time-windows (from E13 to E15), the density of pyknotic cells
began to increase 5 h after HU exposure, peaked at 20 h, and
decreased thereafter (Fig. 2). On the other hand, no mitotic
cells were observed until 25 h after drug administration. After

such time, the density of this parameter increased, but it did
not achieve saline values (Fig. 3).When the density of PCNA-
positive cells was considered, values decreased in animals
sacrificed 5 and 10 h after HU treatment. After that, no
PCNA-reactive cells were observed until 25 h after agent ad-
ministration. After that time, the density of this parameter
increased (Fig. 4). Similar results were obtained when the
coronal plates were analyzed.

Fig. 6 Mean ± SEM for TUNEL-positive cell density in the mediolateral
axis of the cerebellar neuroepithelium [plates 1 to 4 from Altman and
Bayer atlas, Altman and Bayer (1995)] are presented. Rats were injected

Fig. 7 Thin (0.6 μm) plastic
sections from cerebellar
neuroepithelia of rats exposed to
HU at embryonic day 14 and
killed 15 h later. a, b Reveal the
striking difference between
normal and apoptotic cells.
Healthy cells present a
homogeneous lightly stained
nucleoplasm contained within an
intact nuclear membrane. The
apoptotic profiles (black arrows)
have dark spherical balls
randomly distributed within the
cell. Scale bar 20 μm
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From these results, our basic information is that the admin-
istration of HU induces deleterious effects on the cerebellar
neuroepithelium.

Experiment 2

There are evidences revealing that HU leads to the activation
of apoptotic cellular events in the mouse fetal telencephalon
(Woo et al. 2003, 2006) and in the cerebellar external granular
layer of rats sacrificed in the early postnatal life (Martí et al.
2017). Also, previous data from our laboratory indicated that
when HU is administered in the early embryonic period, the
number of PCs and DCN neurons decreases and both the
neurogenetic timetables and the neurogenetic gradients of
these macroneurons are altered (Martí et al. 2016). In the light
of the above, we used TUNEL reaction and transmission elec-
tron microscopy to characterize the type of cell death induced
by HU exposure in the cerebellar neuroepithelium.

Figure 5 illustrates the variation in the density of
TUNEL-positive cells in the cerebellar neuroepithelium
of rats exposed to HU at E14. TUNEL-reactive cells were
intensely and selectively labeled among hematoxylin-
stained cells. Dying cells were distributed throughout the
cerebellar neuroepithelium, with no evidence of preferen-
tial location.

With regard to the mediolateral axis, data of the density of
TUNEL-positive cells, in addition to the statistical analysis of
the former parameter, are depicted in Fig. 6. Our results re-
vealed that, in all of the studied sagittal plates (1 to 4) and
time-windows (from E13 to E15), TUNEL-stained nuclei
started to appear in the cerebellar neuroepithelium 5 h after
HU injection, and their values increased from 10 to 30 h. At
35 h, the density of TUNEL-positive nuclei declined.
Conversely, only a few TUNEL-positive cells were detected
in animals injected with saline. Similar results were obtained
when the coronal plates were analyzed.

Apoptosis presents a series of ultrastructural features
(Dikranian et al. 2001; Elmore 2007; Lossi and Gambino
2008). To confirm morphological features of cell death, light
and electron microscopy were used to study all plates (sagittal

and coronal) and time-windows (E13, E14, and E15). Our
results showed that, when plastic thin sections were examined
with light microscopy, the cerebellar neuroepithelium from
rats administered with saline comprised several layers of
small, darkly stained and densely packed cells, most of which
were round-like in shape. Mitotic cells were present. In rats
treated with HU, on the other hand, an important number of
degenerating cell profiles was observed in all of the studied
time-windows. Microscopic analysis revealed prominent al-
terations consistent with an apoptotic process, including the
presence of spherical chromatin balls (Fig. 7).

In a subsequent study, we examined large numbers of
neuroepithelial cells treated with HU using an electron micro-
scope. The existence of cell death by apoptosis was confirmed
by ultrastructural analysis. The presence of neuroblasts under-
going apoptotic degeneration was a very consistent finding
from 5 to 35 h after the onset of HU exposure. The first de-
tectable ultrastructural change was the condensation of the
chromatin and its segregation against the inner nuclear enve-
lope. The masses of compact chromatin display a high elec-
tron density (Fig. 8b). These initial changes were followed by
the presence of spherical apoptotic bodies containing con-
densed dark chromatin masses. This occurs while the nuclear
envelope remains intact and the cytoplasmic organelles are
relatively unaltered (Fig. 8c, d). Sometimes, chromatin masses
were not spherical (Fig. 8e) or they were broken and their
contents extruded into the cytoplasm (Fig. 8f). Other ultra-
structural changes included apoptotic cells engulfed by sur-
rounding phagocytic cells (Fig. 8g). On the contrary, only a
few cells displaying apoptotic morphology were detected in
the saline-treated rats.

The current ultrastructural study also revealed that, in all of
the time points studied, some neuroepithelial cells exposed to
HU presented, in a well-preserved surrounding tissue, a vac-
uolated cytoplasm, deteriorated organelles, and a recognizable
cell nucleus (Fig. 8h–j). This unusual cell death was not found
in saline-administered animals. Our observations also re-
vealed that these cells coexisted with apoptotic profiles, but
they were not overlapping in the same neuroblast.

To summarize, our current observations indicate that the
morphological features of apoptosis and unusual cell death
appeared in the cerebellar neuroepithelium after HU
exposition.

Discussion

The present study demonstrates that a single administra-
tion of HU in utero induces substantial depletion of cere-
bellar neuroepithelial cells, suggesting that the prenatal
cerebellum is highly vulnerable to HU exposure. Our data
reveal that E13, E14, and E15 are stages of high suscep-
tibility to environmental insults.

�Fig. 8 Electron micrographs of healthy (a) and apoptotic cells (b–j) in
the cerebellar neuroepithelium of rats exposed to hydroxyurea and
sacrificed 20 h following drug administration. b An early stage of
apoptosis showing conspicuous clumps of nuclear chromatin at the
margin of the nucleus. c, d A late apoptotic stage showing typical
clusters of apoptotic bodies. They present round and very electron-
dense nuclear fragments. e An atypical example of a chromatin mass
not perfectly spherical. f Breakup of an apoptotic body and release of
its contents into the cytoplasm. g An apoptotic cell being engulfed by a
glial cell. h–j Neuroepithelial cells exhibiting the cytoplasm with a large
vacuole (arrows) and intact nuclei (arrowhead). The area in the rectangle
in H is shown at higher magnification in i. i High-magnification detail
showing degenerating mitochondria. Scale bar: 1 μm (a, i), 2 μm (b, d,
e), 5 μm (c, f–h, j)
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The action of HU largely depends on its effect on nucleic
acid synthesis in dividing cells. Hydroxycarbamide affects
the S-phase by inhibiting ribonucleoside reductase, an im-
portant enzyme for DNA synthesis (Doi 2011). The deple-
tion of DNA precursors due to HU causes the arrest of the
replication fork, leading to cell death (Green and Barral
2014). It has been suggested that the activation of p38
mitogen-activated protein kinase pathways plays a role in
mediating the specific malformations observed after HU
exposure (Banh and Hales 2013).

Several studies have indicated that HU may have minimal
or no effects on the developing human fetus (Thauvin-Robinet
et al. 2001; Ballas et al. 2009). Despite that, the Center for the
Evaluation of Risks to Human Reproduction is concerned that
HU may increase the risk for congenital anomalies or growth
abnormalities in fetuses after exposure of pregnant women
(Lanzkron et al., 2008; Strouse et al. 2008). Moreover, previ-
ous research has indicated that the administration of the tera-
togenic agent HU to embryo rodents produces defects in the
central nervous system and the skeleton (Woo et al. 2003,
2004; Schlisser and Hales 2013). The aim of the current study
was to evaluate more accurately the consequences of HU ex-
posure in the prenatal life.

As the cerebellar neuroepithelial cells have a high prolifer-
ating activity, they are susceptible to HU treatment. In our
experimental model, mitotic figures and PCNA-reactive cells
were found 25 h after HU treatment, suggesting that some
neuroepithelial cells have the potential to resume proliferative
activity after being injured. Despite that, the balance between
proliferation and cell death is disturbed. The degree of damage
induced by HU and the extent of the subsequent repair process
would dramatically influence the level of abnormalities in the
cerebellum. As PCs and DCN neurons are the first cells
emerging from the cerebellar neuroepithelium (Altman and
Bayer 1997; Wullimann et al. 2011; Leto et al. 2012) and
the times of HU exposure (from E13 to E15) correspond with
the period of neurogenesis of these macroneurons (Altman
and Bayer 1997; Martí et al. 2015, 2016), we suggest that
several PCs and deep neurons were never generated. In line
with these results, previous data from our laboratory had re-
ported that PCs were depleted following prenatal exposure to
HUwhen assessed at 90 days of age (Martí et al. 2016). As the
cerebellum is involved in sensorimotor operations, cognitive
tasks, and affective processes (Samson and Claassen 2017),
alterations in this region of the central nervous system might
be involved in psychiatric and developmental disorders.

The results of our light and electron microscopy study
show that exposure of the prenatal rat cerebellum to HU in-
duces an apoptotic reaction that deletes large numbers of cell
precursors. Pyknotic cells of those fetuses from dams that
were injected with HU were stained by the TUNEL method,
indicating that the neuroepithelial cells died by apoptosis. At
all of the time-windows studied (from E13 to E15),

degenerating cells in the cerebellar neuroepithelium displayed
DNA fragmentation. Apoptotic profiles were seen along the
anteroposterior and mediolateral axes.

To confirm that HU induces apoptosis in the cerebellar
neuroepithelium, ultrastructural studies were performed.
With electron microscopy, it was possible to see images of
apoptosis, such as chromatin condensation, nuclear fragmen-
tation, and presence of apoptotic bodies. Similar images have
been found after HU injection in the mouse fetal telencepha-
lon (Woo et al. 2003, 2006) as well as in the cerebellar external
granular layer (Martí et al. 2017). Extensive apoptosis in the
central nervous system has also been observed in response to
prenatal treatments such as administration of 5-azacytidine
(Hossain et al. 1995; Ueno et al. 2002), NMDA antagonists
(Ikonomidou et al. 1999), ethanol (Ikonomidou et al. 2000),
isoflurane (Creeley et al., 2014), and γ-radiation
(Borovitskaya et al. 1996).

Despite the fact that the TUNEL method is widely used to
detect apoptotic DNA fragmentation in tissue samples, its
specificity has been questioned. This is because the TUNEL
assay reaction can also detect necrotic cells (Charriaut-
Marlangue and Ben-Ari 1995; Baima and Sticherling 2002).
Our electron micrographs demonstrate that the prenatal ad-
ministration of HU also produces an unusual cell death in
the cerebellar neuroepithelium, which coexists with apoptotic
profiles. We do not know the nature of this cell death. This is
presumably due to the diversity of ultrastructural patterns that
death assumes in cells under different extrinsic stresses
(Castagna et al. 2016). For example, it has been reported in
a model of neonatal ischemia that apoptotic cortical cells oc-
cur together with dying cells presenting morphological char-
acteristics of necrosis, such as large cytoplasmic vacuoles,
disappearance of organelles, and nuclear condensation (Wei
et al., 2006; Parmenter et al. 2012). In addition to this, cells
with ultrastructural features (vacuolated cytoplasm and intact
nucleus) not fitting into the descriptions of apoptosis or au-
tophagy have been reported in the cerebellar external granular
layer of wild-type and reeler mice (Castagna et al. 2016). To
our knowledge, this is the first report indicating that the ad-
ministration of HU in the embryonic life triggers two types of
cerebellar damage, one having apoptotic characteristics and
the other presenting features that do not meet criteria for apo-
ptosis. From these findings, the fetal cerebellum seems to be
highly sensitive to chemicals and easily develops cell death.
Our results are transposable to other regions of the central
nervous system and may be useful to determine the impact
of a particular treatment in living tissues.

Conclusions

We have demonstrated that rat cerebellar neuroepithelium is
highly vulnerable to HU treatment. Our study provides a clue
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for investigating the mechanisms of this agent-induced toxic-
ity in the prenatal development of the central nervous system.
Considering the magnitude to which cell death contributes to
the effects of HU exposure, our results call for the necessity to
better understand and define the administration of this agent to
gestating women. This is because alterations of the cerebellar
development have been associated with many pathological
conditions, such as autism, neuropsychiatric disorders, and,
intriguingly, type 1 diabetes mellitus (Allin 2016). Further
studies with laboratory animals receiving HU treatment dur-
ing the early prenatal life are required before this agent can be
promoted as safe for human fetus.
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