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Abstract Postnatal development of the cerebellar cortex

was studied in rats administered with a single dose (2 mg/

g) of the cytotoxic agent hydroxyurea (HU) on postnatal

day (P) 9 and collected at appropriate times ranging from

6 h to 45 days. Quantification of several parameters such

as the density of pyknotic, mitotic, BrdU-positive, and

vimentin-stained cells revealed that HU compromises the

survival of the external granular layer (EGL) cells. More-

over, vimentin immunocytochemistry revealed overex-

pression and thicker immunoreactive glial processes in

HU-treated rats. On the other hand, we also show that HU

leads to the activation of apoptotic cellular events, resulting

in a substantial number of dying EGL cells, as revealed by

TUNEL staining and at the electron microscope level.

Additionally, we quantified several features of the cere-

bellar cortex of rats exposed to HU in early postnatal life

and collected in adulthood. Data analysis indicated that the

analyzed parameters were less pronounced in rats admin-

istered with this agent. Moreover, we observed several

alterations in the cerebellar cortex cytoarchitecture of rats

injected with HU. Anomalies included ectopic placement

of Purkinje cells and abnormities in the dendritic arbor of

these macroneurons. Ectopic granule cells were also found

in the molecular layer. These findings provide a clue for

investigating the mechanisms of HU-induced toxicity

during the development of the central nervous system. Our

results also suggest that it is essential to avoid

underestimating the adverse effects of this hydroxylated

analog of urea when administered during early postnatal

life.
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Introduction

The mammalian cerebellum is a foliated structure con-

sisting of a central vermis and two bilateral hemispheres

(Jacobs et al. 2014; Cerminara et al. 2015). This organ has

a regular organization composed of the cerebellar cortex

and an aggregate of neurons that constitutes the deep

cerebellar nuclei (Sillitoe and Joyner 2007; Sultan and

Glickstein 2007). Neuroembryological studies have indi-

cated that the isthmic constriction, the neural tissue at the

metencephalic–mesencephalic junction, directs the forma-

tion of the cerebellar territory (Martı́nez et al. 2013). It is

accepted that the organizing activity of the isthmic tissue is

mediated by the fibroblast growth factor 8 (Nakamura et al.

2008; Suzuki-Hirano et al. 2010). The establishment of the

cerebellar territory is followed by the formation of two

germinative compartments with distinct developmental

potentialities, the ventricular zone and the rhombic lip

(Dastjerdi et al. 2012; Butts et al. 2014; Marzban et al.

2015). The first of these originates GABAergic neurons;

the second produces glutamatergic cells (Wullimann et al.

2011; Leto et al. 2012; Martı́nez et al. 2013).

Granule cell (GC) precursors emerge from the rhombic

lip and migrate tangentially over the pia mater to form the

external granular layer (EGL), a transient proliferative

structure (Altman and Bayer 1997). During early postnatal

development, neuroblasts in the EGL proliferate and
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postmitotic GCs reach the inner part of this germinal

matrix, starting to differentiate. These microneurons then

migrate along the processes of Bergman glia cells and

populate the internal granular layer (IGL) (Komuro et al.

2001; Chedotal 2010; Xu et al. 2013). During the same

period as the proliferation, migration, and differentiation of

GCs, the Purkinje cell (PC) dendrites extend and branch,

eventually developing into their sophisticated adult den-

dritic tree (Carletti and Rossi 2008; Tanaka 2015).

Hydroxyurea (HU) is a drug used for the treatment of

various types of cancer (Saban and Bujak 2009), myelo-

proliferative diseases, and sickle-cell anemia (Navarra and

Preziosi 1999; Ware et al. 2011). This chemical compound

is also used for the management of dermatological diseases

(Lebwohl et al. 2004) and HIV infection (Zala et al. 2000).

HU inhibits DNA synthesis of proliferating cells through

ribonucleotide reductase inactivation (Shao et al. 2006;

Newton 2007; Saban and Bujak 2009).

There are many reports of HU-related teratogenic

effects. When administered to pregnant dams, it induces—

in the offsprings—alterations in the craniofacial tissues

(Schlisser and Hales 2013) and growth retardation (Woo

et al. 2004). HU also produces microcephaly (Woo et al.

2004), apoptosis in neuroepithelial cells (Woo et al.

2003, 2006), and systematic differences in the neurogenetic

timetables and neurogenetic gradients of PCs and deep

cerebellar nuclei neurons (Martı́ et al. 2016).

Despite data concerning the deleterious effects of HU on

embryonic life, few studies (to our knowledge) have ana-

lyzed the effect of this drug on the development of the

central nervous system by focusing on postnatal life. We

have some evidence showing that HU exposure in the early

postnatal life produces cell depletion in the cerebellar EGL

and ectopic location of GCs (Ebels et al. 1975; Koppel

et al. 1983). Despite this evidence, the influence of this

hydroxylated derivate of urea on the postnatal development

of rat cerebellum has not been completely elucidated.

In light of the above, we began a set of experiments in

our laboratory. The major goal of this article is to analyze,

at postnatal day (P) 9, the effect of HU treatment on the

development of rat cerebellum. This age was not selected

at random but, instead, selected because in normal rats, it is

about P9 when the EGL reaches its greatest thickness, PCs

are dispersed into a monolayer, and a clearly delineated

IGL is seen (Altman and Bayer 1997). Choice of cerebel-

lum was supported by the evidence that this region of the

central nervous system is one of the most experimentally

tractable systems in the brain (Martı́nez et al. 2013; Butts

et al. 2014). The cerebellum presents a stereotypical lam-

inar organization. It is composed of only a few cell types,

all organized in a precise fashion in distinct morphological

layers (Marzban et al. 2015). Additionally, the cerebellum

is highly vulnerable to intoxication (Manto 2012). The

study of the HU treatment on the development rat cere-

bellum can serve as a model to analyze and interpret the

toxic effects of this organic compound in the rest of the

brain, and indeed also outside of the nervous system.

Specifically, the following aspects were addressed:

(I) we characterized the effect of HU administration on the

EGL cells. This was carried out by quantifying the density

of pyknotic, mitotic, and 5-bromo-20-deoxyuridine (BrdU)

reactive cells after a single dose of the cytotoxic agent HU.

The expression of the cytoskeletal protein vimentin was

also studied. (II) Neuroapoptosis has been reported during

the normal development of the cerebellum (Contestabile

2002; Lossi and Gambino 2008; Jankowski et al. 2009).

Cerebellar neurons apoptosis is also induced by toxic fac-

tors, including platinum compounds (Pisu et al. 2004;

Bernocchi et al. 2011; Cerri et al. 2011), glucocorticoids

(Cabrera et al. 2014), ethanol (Oliveira et al. 2014), and

heroin (Pu et al. 2015). Previous data have indicated that

HU induces apoptosis in the telencephalon of fetal rats

(Woo et al. 2003, 2006). To characterize the type of cell

death in EGL neuroblasts induced by HU treatment, we

used terminal deoxynucleotidyl transferase dUTP nick-end

labeling (TUNEL) and transmission electron microscopy

for diagnosing apoptotic degeneration. (III) In rats exposed

to HU in early postnatal life and collected in adulthood, we

quantified several parameters of the cerebellar cortex.

Features were as follows: (I) length of the cerebellar cor-

tex, (II) area of the ML, (III) density of PCs, (IV) area of

the IGL, (V) GCs density, and (VI) percentage of BrdU-

stained GCs. In addition, we examined the spatial location

of PCs and GCs. The morphology of the PC dendritic tree

was also studied.

Materials and Methods

Animals and Treatments

All experiments in this study were carried out in accor-

dance with the requirements of the Committee for Institu-

tional Animal Care and Use in the Universitat Autònoma

de Barcelona (UAB). The number of animals was kept to a

minimum, and all efforts were made to minimize their

suffering. Pregnant Sprague–Dawley OFA rats were

obtained from the animal production facility at the UAB.

Postnatal offspring was a result of timed pregnancies. On

P1, the number of pups and percentage of males and

females in each litter were counted. Thereafter, the number

in each litter was culled to 10, and pups were cross-fos-

tered, so that one mother raised 5 saline pups and 5 HU-

exposed pups. Whenever possible, the same number of

male and female pups was kept in each litter.
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Based on published studies of developmental toxicity of

HU (Ebels et al. 1975; Koppel et al.1983), the dose of

2 mg/g b.w was chosen. A total of 90 pups of either sex

were injected intraperitoneally, at P9, with a single injec-

tion of saline (0.9 % NaCl) (45 rats) or HU (Sigma, St.

Louis, MO, USA) (2 mg/g b.w) (45 rats). At regular

intervals from 6 to 24 h and on 48 and 72 h after saline or

HU exposure (10 rats per stage, 5 were injected with saline

and 5 with HU), animals were killed. Before sacrifice, rats

from both experimental groups (saline and HU) were

administered intraperitoneally with a single dose of BrdU

(Sigma, St. Louis, MO, USA) (50 mg/kg b.w) dissolved in

sterile saline solution with 0.007 N sodium hydroxide. Rats

were allowed to survive for 2 h after delivering this mar-

ker. Schedules and the number of animals per experimental

group are listed in Table 1.

In the second set of experiments, 10 rats were admin-

istered intraperitoneally, at P9, with a single injection of

saline (5 animals) or HU (2 mg/g b.w) (5 animals). After

this treatment, rats from both experimental groups (saline

and HU) were administered with BrdU (50 mg/kg b.w;

intraperitoneal) at P12. Animals were observed daily after

HU exposure, and their body weights recorded every three

days until they were sacrificed at P45.

Embryonic day (E)1 was deemed to be the morning after

mating; date of birth was P0. All rat pups were weaned at

P21 by separating them from their mothers and housing

them in individual cages. During the experimental proce-

dures, animals were maintained in a quiet room with

controlled conditions (a 12-h light/dark cycle, 22 ± 2 �C,
food and water were provided ad libitum).

The following features were recorded to determine the

effect of postnatal exposure to HU: body weight gain, body

weight, and percentage of rats survived until P45.

Perfusion and Histology

At appropriate times, the rats were anesthetized with

ketamine–xylazine mixture (90:10 mg/ml; 1 ml/kg,

intraperitoneal) and transcardially perfused with 4 %

paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. The

brains were immediately removed, dissected, and post-

fixed in the same fixative medium at 4 �C for 24 h. These

were embedded in paraffin following the regular proce-

dures of our laboratory. Cerebella were serially cut in the

sagittal plane at 10 lm. Only those sections representative

of the medial point of the vermis were used in the study.

This region is characterized by the limited presence of

fastigial neurons. No sections containing cerebellar

hemispheres were studied. One in every five sections was

placed on poly-(L-lysine)-coated slides for subsequent

processing. Each slide had one complete section of the

cerebellum.

Table 1 Schedules of saline,

hydroxyurea, and

bromodeoxyuridine

administrations

Treatment Time (h)

P9 6 9 12 15 18 21 24 48 72

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

Saline[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

HU (2 mg/g)[5] I; S

P postnatal day, I a single injection of bromodeoxyuridine (50 mg/kg), S sacrifice after bromodeoxyuridine

exposure (1 h), HU hydroxyurea. In brackets is the number of rats used
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Feulgen Method

Feulgen staining was performed according to previously

published procedures (Hervás et al. 2002; Martı́ et al.

2015). Sections were deparaffinized in xylene and rehy-

drated through a series of graded ethanols. Partial denatu-

ration of DNA was carried out by 3 N HCl at 40 �C for

15 min. Hydrolysis was halted by two washes in distilled

water at RT and then treated 1 h in darkness with Schiff’s

reagent (prepared from basic fuchsin; Fluka Chemie,

Buchs, Switzerland) at RT. After washing in a fresh sul-

phurous acid solution, the stained sections were rinsed in

distilled water, dehydrated, and cover-slipped.

Immunocytochemistry

Immunoperoxidase staining for BrdU was performed

according to previous procedures (Hervás et al. 2002; Martı́

et al. 2015). Partial denaturation of DNA was carried out

by 3 N HCl for 30 min at 40 �C in previously deparaf-

finized sections. Hydrolysis was halted by two washes in

distilled water, the first at 4 �C and the second at RT.

Endogenous peroxidase activity was blocked as mentioned

above. After this, slides were washed in 0.5 % Triton

X-100 in PBS, and incubated with the primary antibody

(Dako, clone BU20a, Code No, M0744). This was diluted

1:150 in PBS supplemented with 1 % bovine serum albu-

min (BSA, Boheringer Mannheim, Germany).

For calbindin D-28 k immunohistochemistry, deparaf-

finized sections were treated for 10 min with 3 %H2O2 in

methanol. Nonbinding sites were blocked using 5 %

bovine serum albumin 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 4 �C with

monoclonal mouse anti-calbindin D-28 k (1:1000, Swant,

Lot No: 07F, Code No: 300) for 72 h.

Following incubation in primary antibodies, sections

were incubated for 1 h at room temperature with an anti-

mouse Immunoglobulin, Biotin Conjugated, produced in

goat (Sigma) 1:20, and then exposed to ExtrAvidin–per-

oxidase (Sigma) 1:20 for 30 min. Peroxidase activity was

developed by 3,30-diaminobenzidine–H2O2 (Sigma) for

5 min, and were finally rinsed in distilled water and

counterstained with haematoxylin.

Vimentin immunohistochemistry was performed in

deparaffinized sections. These were soaked in 3 % H2O2 in

methanol for 10 min and incubated with TBS-EDTA

containing Tween-20 for 25 min in a water bath at 90 �C.
The slides were then allowed to cool to room temperature

for at least 30 min. Nonbinding sites were blocked using

0.5 % bovine serum albumin in TBS containing 5 % of

fetal calf serum and Triton X-100. Subsequently, the slides

were incubated overnight at 4 �C with a mouse monoclonal

anti-vimentin (1:50; Dako, M0725). After this, sections

were rinsed with TBS containing Tween-20 and incubated

at room temperature for 30 min 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 by 3,30-di-
aminobenzidine-H2O2 (DAB, Sigma) for 5 min, and were

then rinsed in distilled water.

In all protocols, control sections were prepared replac-

ing the primary antibody by PBS; they routinely showed no

immunolabeling.

TUNEL Staining

Each TUNEL or immunohistochemical reaction was

simultaneously performed in all rats within a given

experiment to maximize the reliability of comparison

across groups. TUNEL staining was done with an in situ

cell death detection kit (POD Roche Diagnostics, cat

11684817910). In brief, after removing paraffin, sections

were incubated with proteinase K, nuclease free (20 lg/
ml in 10 mM Tris–HCl, pH 7.5) for 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, sec-

tions were incubated with converted POD for 30 min at

37 �C. After further rinsing in PBS, the peroxidase col-

oring reaction was developed by 3,30-diaminobenzidine–

H2O2 for 5 min, and were then rinsed in distilled water

and counterstained with haematoxylin. For positive con-

trol of TUNEL labeling, histological sections were incu-

bated with DNase (5 lg/ml) for 10 min at 37 �C to

induce DNA strand breaks.

Transmission Electron Microscopy

Animals were anesthetized with ketamine–xylazine mix-

ture (90:10 mg/ml; 1 ml/kg, intraperitoneal) and transcar-

dially perfused with 2 % glutaraldehyde, 2 %

paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2.

Brains were removed, dissected, and fixed in fresh fixative

overnight at 4 �C. Tissues 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 gen-

erated by an ultramicrotome (Leica AG, Reichert ultracut

S) and were viewed with a transmission electron micro-

scope (JEM-1400). Digital images were acquired with a

CCD GATAN 794 MSC 600HP digital camera system and

analyzed using Adobe Photoshop software.
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Quantitative Analyses

Counts of pyknotic, mitotic, BrdU-labeled, and vimen-

tin-positive cells in the EGL were carried out, at 100X

oil immersion objective, in the pertinent sections, by

visual scanning of the cerebellar cortex throughout the

entire anteroposterior profile. Criteria for scoring

pyknotic cells included both morphological and staining

properties (condensed, fragmented, and densely stained

nuclei) in Feulgen-stained sections. Mitotic cells were

identified by their typical characteristics with the reac-

tion of Schiff. EGL cells were counted on the basis of

several assumptions such as size and distinctive stain

properties. Small darkly stained and densely packed

cells, most round-like in shape, were considered as EGL

cells. The BrdU-stained GCs can be recognized by the

presence of a bright brown pigment over their nuclei.

Vimentin-immunoreactive Bergmann glial cells were

defined as those that have a brown reaction product in

both the cell body and glial process. The immunostain-

ing intensity was strong enough to allow a confident

distinction of labeled cells. No background was

observed.

In rats collected at P45, the following features of the

cerebellar morphology were quantified: (I) length of the

cerebellar cortex, (II) area of the ML, (III) density of

PCs, (IV) area of the IGL, (V) GCs density, and (VI)

percentage of BrdU-stained GCs. Each parameter was

determined in three sections containing the entire cere-

bellum of every experimental rat. Data from each section

were combined to obtain a mean for each cerebellar

feature per rat. All the cerebellar parameters quantified

in the current paper are typical for cerebellar morphol-

ogy (Bauer-Moffett and Altman 1977; Smeyne and

Goldowitz 1989; Martı́ et al. 2015, 2016). The level used

for quantitative analysis is that indicated in the Paxinos

and Watson atlas (Paxinos and Watson 1998): from

figure 79 (lateral -0.10 mm) to figure 79a (lateral

0.18 mm).

Measurements were carried out as previously reported

(Martı́ et al. 2013; 2015). Under identical lighting con-

ditions, images were captured by a CCD-IRIS color video

camera (Sony, Japan) coupled to a Zeiss Axiophot

microscope and digitalized. Morphometric analysis was

performed with the Visilog 5 software (Noesis, France).

Analysis was as follows: first, calibration to convert pixel

units to metric units. Subsequently, the length of the

cerebellar cortex and the contour of the EGL and the ML

were manually delimited to obtain initial binary images.

These images were submitted to the indicated software so

as to accurately measure the length of the cerebellar

cortex and the area of the EGL and ML in every analyzed

region.

Qualitative Analyses

Light microscopic observations were made with a Zeiss

Axiophot microscope using a wide set of objectives rang-

ing from 2.5 to 1009. Observations were focused at the

foliar crowns from the anterior lobe (lobules I to V), the

central lobe (VI to VIII), the posterior lobe (IX), and the

inferior lobe (X). The depth of the prima and secunda was

also studied. The limits between foliar crowns and fissures

were set as reported (Martı́ et al. 2007). This consisted of

digitally capturing images from wild-type and homozygous

weaver mice cerebella with a CCD-IRIS color video

camera (Sony, Japan) coupled to a Zeiss Axiophot micro-

scope equipped with a 409 oil immersion objective. By

means of software (Visilog 5, Noesis, France), two outlines

were drawn. The first of these delimited the cerebellar

cortex surface, while the second was performed by tracing

the angle bisector in a given fissure corner. The points of

intersection on both sides represented the two outer limits

of the fissure. The space included between two successive

fissures was considered as a foliar crown.

Data Analysis

The statistical significance of the results was evaluated

with the Student’s t test or Mann–Whitney U test. When

more than two means were simultaneously compared, the

one-way ANOVA followed by individual comparison of

means with the Student–Newman–Keuls (SNK) test were

used.

Photographic Material

Photographic material was captured by a CCD-IRIS color

video camera (Sony, Japan), coupled to a Zeiss Axiophot

microscope. The digitized images were processed in the

Adobe Photoshop software.

Results

Experiment 1

During the early postnatal life, the EGL gives rise to the

most abundant cerebellar neuronal population, the GCs

(Chedotal 2010). This region contains proliferative neu-

roblasts, the precursors of GCs (Altman and Bayer 1997).

Cellular demise may be induced by toxic agents, which

disrupt the generative behavior of GCs precursors. This

experiment was carried out to study the effect of HU

treatment, an cytostatic drug that inhibits DNA synthesis of

proliferating cells (Saban and Bujak 2009), on EGL cells

and to examine the ability of this germinal matrix to

Neurotox Res (2017) 31:187–203 191
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resume proliferative activity. This was undertaken by

quantifying the density of pyknotic, mitotic, and BrdU-

reactive cells per millimeter of length of the cerebellar

cortex. The expression of the cytoskeletal protein vimentin

was also analyzed. Data of the measured parameters in rats

collected from 6 to 72 h after HU exposure, in addition to

the statistical analysis of the former parameters, are

depicted in Fig. 1a–d. Results indicated that the density of

pyknotic cells increased from 6 to 24 h after HU exposure.

After 24 h, the values declined. No differences were seen

in animals collected 72 h after drug exposure. On the other

hand, neither mitotic nor BrdU-stained cells were seen until

21 h after drug administration. After such time, the density

of both parameters increased until 72 h after treatment, but

they did not achieve saline values. When the density of

vimentin-positive cell bodies was considered, values

decreased in each studied timepoint. Moreover, from 24 to

72 h, vimentin immunocytochemistry revealed overex-

pression and thicker immunoreactive glial processes in

HU-treated rats (Fig. 1e, f). Two facts emerge from these

data: (I) the administration of HU induces deleterious

effects on the EGL, (II) mitotic and BrdU-immunoreactive

cells were seen 21 h after drug injury, suggesting that the

EGL recovered proliferative activity.

Fig. 1 Mean ± SEM for pyknotic (a), mitotic (b), BrdU-positive (c),
and vimentin-positive cells. (d) Density is presented in rats injected

with saline (white columns) or hydroxyurea (black columns) and

survival several hours after treatment. *Indicates statistical signifi-

cance, p\ 0.05. Distribution of vimentin in the cerebellar cortex of a

saline (e) and a HU-injected rat (f). In the saline (e), vimentin-positive

Bergmann fibers are arranged in the typical palisade configuration.

Immunoreactivity is also observed in the small cell bodies of this glial

type (arrows). After HU exposure (24 h), Bergmann fiber appears

thicker and intensely immunostained (arrow heads). Scale bar 20 lm
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Experiment 2

Previous results have revealed that HU produces apoptosis

in the mouse fetal telencephalon (Woo et al. 2003, 2006).

In this study, we have chosen to treat rats with HU. As a

consequence, apoptotic cellular events may be activated,

resulting in a substantial number of dying cells. The aim of

our research was to characterize, in the early postnatal life,

the type of cell death of EGL cells induced by HU

exposure. We used TUNEL reaction and transmission

electron microscopy for diagnosing apoptotic degeneration.

Figure 2a–d epitomizes the variation in the density of

TUNEL-positive cells in the EGL of rats exposed to HU at

P9 and surviving until 72 h after drug administration.

Numbers of TUNEL-reactive cells as well as the statistical

analysis of the former parameter are depicted in Fig. 2e.

Results indicated that the density of TUNEL-reactive cells

increased after 6 h and peaked at 24 h, after that, the values

Fig. 2 Microscopic detection of TUNEL-positive cells in rats treated

with saline or hydroxyurea at postnatal day 9 and collected at

appropriate times. TUNEL-positive cells are those presenting a brown

reaction product in their nuclei. a A few scattered TUNEL-positive

cells are observed in the external granular layer of saline rats. b 12 h

after HU injection, numerous TUNEL-positive cells were observed in

this germinal matrix. c Massive cell death is found following 24 h of

treatment. d The number of TUNEL-stained cells decreased after 48 h

of treatment. Note that HU administration is associated with a

considerable reduction in the external granular layer thickness. Scale

bar 30 lm. e Mean values for TUNEL-positive cells density ± SEM

and statistical data analysis are presented in rats injected with saline

or hydroxyurea and survival several hours after treatment. *Indicates

statistical significance, p\ 0.05
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declined. No differences were seen in animals collected

72 h after drug exposure.

Apoptosis can be defined by a series of stereotyped

ultrastructural features according to a well-defined sequence

of events (Elmore 2007). To our knowledge, there are no

studies providing detailed ultrastructural features for rec-

ognizing cellular apoptosis in the EGL of rats exposed to

HU. In the absence of such criteria, the description pertain-

ing to the normal rat forebrain and cerebellum Dikranian

et al. (2001), Lossi and Merighi (2003), and Lossi and

Gambino (2008) has served as a reference standard. Current

electron microscopic examination revealed that, in saline-

administered animals, the EGL cells were of a normal

structure. Briefly, they were closely packed with nuclei,

occupying almost all the cell body, exhibited clumps of

condensed chromatin and heterochromatin associated with

the nuclear membrane, and dispersed through the nucleo-

plasm (Fig. 3a). In HU-treated rats, apoptotic neuroblasts

were found in the EGL. Our observations also indicated that

at all the time points studied (from 6 to 72 h after HU

exposure), different stages of apoptosis were observed

(Fig. 3b–f). We describe a sequence of events, which are

similar to those that characterize apoptotic neurodegenera-

tion. The earliest morphological alterations were the con-

densation of chromatin, and its segregation at the nuclear

periphery. Chromatin compaction appeared associated with

convolution of nuclear envelope, giving a star-like nuclear

appearance (Fig. 3b). At the cytoplasmic level, apoptotic

cells exhibited a high density of ribosomes, which seem to be

in a monomeric state (Fig. 3c). These early changes were

followed in the mid-apoptotic stage by nuclear fragmenta-

tion. Fragments were apparently devoid of membranes

(Fig. 3d). In parallel with nuclear changes, the plasma

membrane was still intact but the organelles were packed,

most likely as a consequence of cytosol loss, and the cis-

ternal spaces of the endoplasmatic reticulum were dilated

(Fig. 3d). In the late stages, apoptotic cells exhibited several

nuclear fragments and membrane blebs (Fig. 3e). Numerous

clusters of apoptotic bodies, which exhibited acute cyto-

plasmic degradation and fragmentation, were also visualized

(Fig. 3f).

To summarize, our current observations suggest that the

HU administration during the early postnatal life activates

apoptotic cellular events, resulting in a substantial number

of dying cells.

Experiment 3

This experiment was performed to determine whether

postnatal administration of HU induces body weight

Fig. 3 Electron micrographs of healthy (a) and apoptotic neuroblasts

in the external granular layer of rats administered with hydroxyurea

and collected 24 h following drug treatment (b–f). Panel B shows an

early apoptotic cell. Note the compact chromatin at the nuclear

periphery. The area indicated by the rectangle is shown at higher

magnification in (c). The latter illustrates, in the cytoplasm, the

massive presence of ribosomes, which seem to be in a monomeric

state. The mid-apoptotic stage (d) is distinguished by nuclear

fragmentation. At the cytoplasmic level, the organelles are packed,

and the cisternal spaces of the endoplasmatic reticulum are dilated

(asterisk). e, f display late-apoptotic stage. Note that dying cells

present nuclear fragments and membrane blebs (e). Typical clusters of
apoptotic bodies can be seen exhibiting round and very electron-dense

nuclear fragments. The membranes and organelles are destroyed (f).
Arrow in a shows a mitotic figure. Scale bar in a 5 lm, in b, d–
f 1 lm. c 200 nm
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alterations or produces mortality. To this end, several

features were recorded: (I) body weight gain, (II) body

weight, and (III) percentage of rats survived until P45. In

addition, we determine whether, and how, the administra-

tion of HU in the early postnatal life alters the development

of the cerebellar cortex in rats sacrificed in the adulthood

(P45). To this end, two approaches were undertaken: (1)

Quantification of several features of the cerebellar cortex.

These parameters were (I) length of the cerebellar cortex,

(II) area of the ML, (III) density of PCs, (IV) area of the

IGL, (V) GCs density, and (VI) density of BrdU-stained

GCs. (2) To test whether HU exposure modifies the spatial

location of PCs and GCs, and to examine the morphology

of the PC dendritic tree.

Current results indicate that postnatal administration of

HU modified neither body weight gain nor body weight.

No mortality of any HU-injected rats was observed

throughout the experimental period.

Sagittal sections from saline and HU-treated rats illus-

trating the lobular organization of the cerebellar cortex are

shown in Fig. 4. In both experimental groups, cardinal fis-

sures determining the limits among the four lobes of cere-

bellar cortex (prima, secunda, and posterolateralis) were

present and were distinguishable. Figure 5 shows the BrdU-

labeled GCs in saline and HU-treated rats. Data of the

measured parameters in addition to the statistical analysis of

the former parameters are depicted in Table 2. Significant

effects were found in relation to saline, the HU condition

always resulting in a decrease of quantified values.

Our study reveals that, in saline rats, the cerebellar

cortex exhibited its typical layering. However, when the

observations were focused on the HU-treated group, we

detected anomalies in the cerebellar cytoarchitectonics.

These included ectopic placement of PCs and abnormali-

ties in their morphology. Ectopic GCs were also observed.

Alterations were similar in all the HU-injected rats. They

were not present in the saline group.

Sections immunostained for calbindin D-28 k revealed

that, in animals injected with saline at P9 and surviving

until P45, PCs were aligned in a monolayer and presented

normal shapes. However, in the group receiving a single

dose of 2 mg/g of HU, these macroneurons were piled 2–3

cell-thick (Fig. 6), and had the following morphological

abnormalities in the dendrite tree (Fig. 7a–h): (I) in many

neurons, each dendrite stem is bifurcated in a T-shape

below groups of ectopic GCs; secondary dendrites appar-

ently do not invade the upper ML (Fig. 7b, c), (II) in the

same PCs, long-stem dendrites are deflected near ectopic

GCs and seem to run parallel to the IGL surface, or else

primary dendrite becomes obliquely derived from the

vertical orientation (Fig. 7d–f), (III) the stem dendrite

firstly ascends throughout the ML, but turns back below the

ectopic GCs and then bifurcates in the proximity of PC

somata (Fig. 7g), and (IV) the main dendrite is directed

toward the IGL (Fig. 7h).

When GCs from rats administered with saline were

considered, these microneurons were located in the IGL,

and no ectopic location was seen. However, in rats exposed

to HU, several GCs were arrested in the ML where they

formed an ectopic zone. The position of the ectopic GCs

presented four patterns (Fig. 8): (I) small clusters of cells

located near the cerebellar surface. These were observed in

the lobules I and X as well as in the deep prima and

secunda fissures. (II) Alignment in a monolayer just

Fig. 4 Composite low-power photomicrographs of two midsagittal

sections through rat cerebella collected at P45. The difference in

cerebellar size between saline (a) and HU-treated rats (b) is evident.
In both experimental groups, the vermis is divided along the anterior–

posterior axis into four lobes: the anterior ranges from the rostral pole

of the cerebellar cortex to the fissure prima (arrowhead), the central

lobe between the fissura prima and the fissura secunda (short arrow),

the posterior lobe between the secunda and the posterolateralis (long

arrow), and the inferior lobe. Scale bar 1 mm
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beneath the pia mater. These were seen in the lobules II and

III. (III) Imprecise aggregation in a thin strip oriented

parallel to the pial surface. This band is usually found in

the upper ML. These were found in the lobules IV, V, and

IX. (IV) Occupation in the middle-to-lower part of the ML

(lobules VI to VIII) and parallel to the pial surface. Patterns

Fig. 5 Photomicrographs of BrdU-labeled granule cells from rats

injected with saline (a) or hydroxyurea (b) at postnatal day 9 and

surviving to postnatal day 45. BrdU-positive cells are those presenting

a brown reaction product in their nuclei. Note that the HU

administration is associated with a considerable reduction in the

number of tagged granule cells. Scale bar 50 lm

Table 2 Mean values for several features in the region of the vermis and statistical analysis of the quantified parameters in rats injected with

saline or hydroxyurea at early postnatal life and collected at postnatal day 45

Drug Cortical length (mm) Area ML (lm2) PCs density Area IGL (mm2) GCs density BrdU-labeled

GCs/section

Saline 53.9 ± 1.5a 9.4 ± 0.6a 103.6 ± 3.8a 2.5 ± 0.08a 3109.6 ± 28.1a 17.3 ± 1.2a

HU (2 mg/g) 43.3 ± 1.2b

(80.3 %)

7.1 ± 0.5b

(75.5 %)

81.8 ± 3.4b

(79.0 %)

1.83 ± 0.04b

(73.2 %)

2371.8 ± 26.2b

(76.3 %)

8.9 ± 1.1b

(51.4 %)

Mean ± SEM are presented. HU hydroxyurea, ML molecular layer, IGL internal granular layer, PCs Purkinje cells, GCs granule cells. PCs and

GCs density refer to the ratio neuron number respect to length of the cerebellar cortex. Numbers in parenthesis show percentages in relation to

saline. *Indicates statistical significance P\ 0.05 (t test or U test)

Fig. 6 Purkinje cell ectopia in

HU-treated rats. a Calbindin-

positive Purkinje cells (arrows)

can be seen within the granular

layer of the cerebellar cortex.

b Higher magnification picture

of an ectopic Purkinje cell

shown in a. Note that the soma

and dendritic tree are oriented to

the depth of the granular layer.

Micrographs correspond to the

central lobe. Scale bar 50 lm
(a), 10 lm (b)
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of neuron ectopia in each of the cerebellar cortex lobules

are listed in Table 3.

Our observations also revealed that the dendritic alter-

ations of PCs after HU treatment appear to occur in parallel

with the depletion of GCs and the ectopia of these

microneurons (Fig. 9).

Discussion

Sickle-cell anemia is an inherited hemoglobin disorder

affecting millions of people throughout the world (McGann

and Ware 2015). Estimates suggest that 250,000 children

are born annually with this hematological disorder world-

wide (Lervolino et al. 2011). HU has proven beneficial in

the treatment of sickle-cell anemia (Rees 2015). Several

studies have indicated that HU is a relatively safe drug in

very young pediatric patients (McGann et al. 2012;

Thornburg et al. 2012). Despite this, anemia and central

nervous system abnormalities (ischemic lesions and ste-

noses) have been reported (Hankins et al. 2005).

In an attempt to evaluate the effects of HU exposure

more rigorously, we supplied this cytotoxic agent to rats, in

early postnatal life, and collected these at ages ranging

from 6 h to 45 days. Our data indicate that a single

administration of this agent induces substantial depletion of

Fig. 7 Calbindin-immunostained Purkinje cells in saline-injected rats

with ascending primary dendrites that repeatedly branch throughout

the molecular layer (a) and HU-treated cerebella showing

morphological alterations in the dendrite tree (b–h). Asterisks denote
ectopic granule cells, and arrows indicate the altered dendritic tree.

Scale bar 30 lm (a), 10 lm (b–h)
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EGL cells, indicating that the cellular progenitors of GCs

are highly vulnerable to early postnatal HU exposure. We

show that P9 is a time of high susceptibility to environ-

mental insults. In our experimental model, the EGL is able

to resume proliferative activity after HU administration. A

few cells escape the effect of the treatment with HU and

reconstitute a new layer. This assumption is based on the

fact that mitotic figures and BrdU-immunoreactive cells

were found 21 h after HU treatment.

To study the effect of HU treatment on Bergmann glial,

we determine the density of vimentin-stained cells. The

quantitative analysis revealed a significant decreased in the

density of this astroglial cell type in rats administered with

HU at P9 with respect to control. This injection time is

close to that reported, in which the proliferation of Berg-

man glia in the normal rat cerebellum reaches its peaks

(Shiga et al. 1983; Finckbone et al. 2009). In saline rats,

vimentin immunocytochemistry on sagittal sections of the

cerebellar cortex revealed a typical palisade organization of

vimentin-reactive Bergmann fibers ascending throughout

the molecular layer. These results agree with other findings

in terms of the pattern of staining of maturating Bergmann

glia with antibody to vimentin (Lafarga et al. 1998). After a

developmental injury induced by HU exposure, our results

show overexpression of the cytoskeletal protein vimentin

and thicker immunoreactive glial processes in those sur-

viving Bergman glial cells. Disturbance of Bergmann glia

processes was observed after a single injection of the

Fig. 8 Different patterns of granule cell ectopia in the cerebellar cortex of rats exposed to hydroxyurea. ML molecular layer, PCL Purkinje cell

layer, GL granular layer. Scale bar in a–c, e 30 lm. Scale bar in d 100 lm
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cytotoxic agents methylazoxymethanol (Lafarga et al.

1998) and cisplatin (Pisu et al. 2005), which produce

depletion of the EGL cells and overexpression of GFAP in

the distal portion of Bergmann fibers, including the end-

feet at the pial surface. The last finding has been interpreted

as a reactive response, in which changes in the interactions

between Bergmann glia and GCs precursors have a role

(Lafarga et al. 1998).

At P9, the EGL presents an organizational pattern con-

sisting of a superficial stratum (proliferative layer), con-

taining the bulk of proliferating cells and the inner

premigratory layer presenting young GCs (Altman and

Bayer 1997). The question arises whether the cells of both

populations were affected or whether only the proliferating

cells were damaged. The proposed mechanism of action by

the cytotoxic agent HU is to decrease the production of

deoxyribonucleotides necessary for DNA replication. This

occurs via inhibition of the class I form of ribonucleotide

reductase by inactivating the tyrosyl radical required for

enzyme activity (Shao et al. 2006; Saban and Bujak 2009).

The effect of the HU is cell cycle-specific; the drug is active

in the S phase, producing an arrest of proliferating cell

populations in the G1/S phase of the cell cycle (Navarra and

Preziosi 1999; Newton 2007). From these data, it appears

that HU only affects proliferating cells in the EGL.

In the normal developing cerebellum, apoptotic nuclei

occur naturally within the EGL (Lossi and Gambino 2008).

Our findings indicate the density of apoptotic cells in the

EGL of saline rats was very low at P9, which is in line with

previous reports (Pisu et al. 2005). The balance of prolif-

erating and apoptotic cells, and also premigratory cells,

determines the thickness of the EGL, which represents an

important factor in the cerebellum morphogenesis, since

the variation of the EGL cells influences the density of GCs

in the internal granular layer (Pisu et al. 2005; Cerri et al.

2011).

Present findings indicated that a severe depletion of

EGL cells occurs as a consequence of HU treatment. Our

results also indicate that the loss of these cellular precur-

sors was due to apoptosis as evidenced by both the TUNEL

procedure, which labels in situ fragmented DNA, and at the

electron microscope level. Our ultrastructural study shows

images of apoptosis such as chromatin condensation,

nuclear fragmentation and presence of apoptotic bodies. In

addition, it is worth indicating, in the present research, that

we have found apoptotic events are not present differently

in the superficial (convex) areas or along the fissures of a

given cerebellar folium after treatment with HU, but that

they occurred in the entire proliferative layer of the EGL.

Activation of apoptosis has also been reported in the EGL

within the first postnatal weeks in the homozygous weaver

mice (Migheli et al. 1997) as well as after treatment with

methylazoxymethanol (Lafarga et al. 1997), ethanol (Luo

2012) and cisplatin (Pisu et al. 2005).

We show that a single injection of HU in 9-day-old rats

leads to a decrease in the vermal cerebellar size of rats sac-

rificed at P45, which is probably due to the loss of GC pre-

cursors. The demise of these neuroblasts originates lack of

GCs in the internal granular layer. Our data also reveal that

the HUmodifies the normal settled patterns of PCs and GCs,

and alters the morphology of the PC dendritic tree. All these

events lead to an altered cytoarchitecture of the cerebellar

cortex. At the time of HU administration (P9), we observed

that PCs were aligned in a monolayer. However, when rats

were collected at P45, these macroneurons were scattered in

several irregular rows.We are far from being able to provide

a clear explanation to this secondary disorientation, but it is

known, from previous studies, that a condition of the

monolayer dispersion of PCs is the rapid expansion of the

EGL and the acquisition of GCs (Altman and Bayer 1997).

We propose that, when the EGL is affected by HU treatment,

this expansion does not take place. This may account for the

failure in the dispersion of PCs. Moreover, our current data

also suggested that the expansion of the cortical surface

previous to HU injection does not seem to be sufficient for

the accommodation of PCs. Our results corroborate the idea

that the monocellular alignment of PCs is dependent on the

production of an adequate number of GCs.

On the other hand, many GCs were arrested in the ML

where they formed an ectopic zone. Several patterns of

Table 3 Spatial disposition of ectopic GCs in the molecular layer

Area Position of ectopic cells

Pattern 1 Pattern 2 Pattern 3 Pattern 4

Lobule I ? – – –

Lobule II – ? – –

Lobule III – ? – –

Lobule IV – – ? –

Lobule V – – ? –

Lobule VIa – – – ?

Lobule VIb – – – ?

Lobule VII – – – ?

Lobule VIII – – – ?

Lobule IX – – ? –

Lobule X ? – – –

F. Prima ? – – –

F. Secunda ? – – –

Pattern 1 refers to the presence of small clusters of granule cells near

the cerebellar surface. Pattern 2 corresponds to GCs aligned in a

monolayer just beneath the pia mater. Pattern 3 indicates GCs

imprecisely aggregated in a thin strip that is oriented parallel to the

pial surface, and pattern 4 refers to GCs forming a wide and con-

tinuous band that lays parallel to the pia mater. F: fissure. The symbol

‘‘?’’ denotes the occurrence of a pattern in a given area of the

cerebellar cortex
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settlement were observed. We propose that the differences

in the spatial distribution of ectopic neurons could be

related to differences in the GC generation at the moment

of HU exposure. Thus, in those regions presenting early- or

mid-produced GCs, such as the superficial (convex) areas

of the lobules I–V, IX, and the deep prima and secunda

fissures (Altman and Bayer 1997), these microneurons

were ectopically found near the cerebellar surface. How-

ever, in areas containing the late-generated granule cells—

convex areas of the lobules VIa to VIII (Altman and Bayer

1997)—malpositioned neurons were observed forming a

wide band placed in the middle of the ML and parallel to

the pial surface.

Alterations of Bergmann glial cells can affect GC

migration as seen in methylazoxymethanol (Lafarga et al.

1998), cisplatin (Pisu et al. 2005), or in neonatal X-irradiated

rats (Li et al. 2006), resulting in an ectopic location of these

neurons in the ML. Because Bergmann glial cells are the

substrate for migration of young GCs (Komuro and Rakic

1998), our findings indicate that inward migration of young

GCs from the EGL to the internal granule layer was affected.

We suggest that the relationship between GCs and Berg-

mann glial processes may be altered due to HU exposition,

resulting in an inappropriate neuron location. Moreover, the

implication of mossy fibers in the immobilization of GCs

should be also taken into account. This is because it has been

reported that, in normal rats, the growth of themossy fibers is

synchronized with the descent of GCs and that both meet in

the internal granular layer and form glomerular synapses

(Altman and Bayer 1997). We propose that if the migration

of differentiating and migrating GCs is temporally delayed,

as by HU treatment, the ascending mossy fibers may con-

tinue their growth past the Purkinje cell layer and form

synapses with these microneurons in the ML, which con-

tribute to their immobilization.

In our model of injury, the altered migration of GCs and

their location in the ML have important consequences on

the normal development of the cerebellar cortex cytoar-

chitecture. The action of the HU appears to disorganize

postnatal cerebellar development. That conclusion is based

on two observations. First, PCs were scattered in several

irregular rows, and their dendritic arbor morphology were

Fig. 9 Cerebellar sections from hydroxyurea-treated rats. a, c Paraffin
sections stained with cresyl violet illustrating the presence of ectopic

granule cell bands (asterisks) in the molecular layer. b, d Immuno-

histochemistry for Calbindin on consecutive sections, counterstained

with haematoxylin. Most of these dendritic trees exhibit an abnormal

orientation. Note also that these morphological changes occur

simultaneously in regions where ectopic granule cell bands are

present. Scale bar 100 lm
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altered. Second, some GCs were ectopically located in the

ML, suggesting that the migration of these microneurons

was delayed.

The morphological changes observed in the PC dendritic

arbor occur simultaneously in regions where ectopic GCs

are present. The altered development of PC dendrites after

HU treatment is likely due to changed guiding influence of

parallel fibers. This event has been described in the mor-

phological alterations induced by X-ray during postnatal

development of the cerebellum (Altman and Bayer 1997),

and in the weaver (Rakic and Sidman 1973; Sotelo 1975)

and reeler mice (Mariani et al. 1977). Our results empha-

size the idea that the generation and subsequent migration

of GCs play important roles in the development of PC

dendritic tree during the rats’ postnatal life.

Conclusions

Despite several case reports indicating that HU is well-

tolerated in pediatric patients (aged 6–24 months) and

presents minimal secondary effects (Wang et al. 2001;

Hankins et al. 2005), the results of the current study have

important implications for the administration of HU to

infants as the effects of this agent on the cerebellum might

persist throughout their lives. Our study provides a clue for

investigating the mechanisms of HU-induced toxicity in

the postnatal development of the central nervous system.

We show that a single injection of HU (2 mg/g) in 9-day-

old rats leads to the activation of apoptotic cellular events,

resulting in a substantial number of dying EGL cells and

reactive response of the Bergmann glial cells. Our results

also indicate that HU exposure decreases the vermal

cerebellar size and produces dendritic alterations of Purk-

inje cells, which appear to occur in parallel with the loss of

GCs and the ectopia of these neurons. The changes in the

growth and remodeling of PCs are a proof of cerebellar

plasticity. Further studies with laboratory animals receiving

HU during the early postnatal life are required before this

compound can be promoted as safe for infants.
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