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Abstract The current paper analyzes the development of

the male and female rat cerebellum exposed to hydrox-

yurea (HU) (300 or 600 mg/kg) as embryo and collected at

postnatal day 90. Our study reveals that the administration

of this drug compromises neither the cytoarchitecture of

the cerebellar cortex nor deep nuclei (DCN). However, in

comparison with the saline group, we observed that several

cerebellar parameters were lower in the HU injected

groups. These parameters included area of the cerebellum,

cerebellar cortex length, molecular layer area, Purkinje cell

number, granule cell counts, internal granular layer, white

matter and cerebellar nuclei areas, and number of deep

cerebellar nuclei neurons. These features were larger in the

rats injected with saline, smaller in those exposed to

300 mg/kg of HU and smallest in the group receiving

600 mg/kg of this agent. No sex differences in the effect of

the HU were observed. In addition, we infer the neuroge-

netic timetables and the neurogenetic gradients of PCs and

DCN neurons in rats exposed to either saline or HU as

embryos. For this purpose, 5-bromo-20-deoxyuridine was

injected into pregnant rats previously administered with

saline or HU. This thymidine analog was administered

following a progressively delayed cumulative labeling

method. The data presented here show that systematic

differences exist in the pattern of neurogenesis and in the

spatial location of cerebellar neurons between rats injected

with saline or HU. No sex differences in the effect of the

HU were observed. These findings have implications for

the administration of this compound to women in gestation

as the effects of HU on the development of the cerebellum

might persist throughout their offsprings’ life.

Keywords Prenatal � Hydroxyurea � Cerebellum �
Timetables of neurogenesis � Neurogenetic gradients

Introduction

The cerebellum is an important part of the central nervous

system in most species of vertebrates. This has a highly

stereotyped cytoarchitecture formed by two components:

the cerebellar cortex and an aggregate of neurons that

constitute the deep cerebellar nuclei (DCN) (Sultan and

Glickstein 2007). Cerebellar neurons are born from two

germinative compartments: the ventricular neuroepithe-

lium and the anterior rhombic lip (Sillitoe and Joyner 2007;

Marzban et al. 2015). Several studies have indicated that

the ventricular neuroepithelium produces GABAergic

neurons, such as Purkinje cells (PCs), inhibitory interneu-

rons, and deep cerebellar nuclei (DCN) neurons. The

rhombic lip, on the other hand, generates glutamatergic

excitatory neurons, including unipolar brush cells, the

projection neurons of the precerebellar nuclei, and also

DCN neurons (Wullimann et al. 2011; Leto et al. 2012).

Granule cells (GCs) precursors also emerge from the

rhombic lip and migrate tangentially over the pia mater to

form the external granular layer (Altman and Bayer 1997).

Hydroxyurea (HU) or hydroxycarbamide is a drug used

for the treatment of neoplasms (Saban and Bujak 2009),

myeloproliferative diseases, and sickle-cell anemia

(Navarra and Preziosi 1999; Ware et al. 2011). This

chemical compound is also used for management of der-

matological diseases (Lebwohl et al. 2004) and viral

& Joaquı́n Martı́

joaquim.marti.clua@uab.es

1 Unidad de Citologı́a e Histologı́a, Facultad de Biociencias,

Universidad Autónoma de Barcelona,

08193 Bellaterra, Barcelona, Spain

123

Neurotox Res (2016) 30:563–580

DOI 10.1007/s12640-016-9649-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s12640-016-9649-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12640-016-9649-x&amp;domain=pdf


infections (Zala et al. 2000). HU selectively kills cells in S

phase (Newton 2007). The proposed mechanism of action

by this hydroxylated derivate of urea 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, without interfering with the

synthesis of ribonucleic acid or of protein (Shao et al.

2006; Saban and Bujak 2009).

There is evidence indicating that HU is a potent mam-

malian teratogen agent. When administered in the prenatal

life of laboratory animals, it induces—in the offsprings—a

myriad of effects, such as alterations in the craniofacial

tissues (Schlisser and Hales 2013), growth retardation

(Woo et al. 2004), and loss of mesenchymal cells in the

lung (Woo et al. 2005). HU also produces microencephaly,

hydrocephalus (Woo et al. 2004), and apoptosis in neu-

roepithelial cells mediated by tumor protein p53 (Woo

et al. 2003, 2006). Two distinct mechanisms, replication

stress and oxidative stress, have been suggested for the

embryonic cytotoxicity of this organic compound (DeSesso

1979; Banh and Hales 2013; Schlisser and Hales 2013).

Despite data concerning the deleterious effects of HU on

embryonic life, a few studies (to our knowledge) have

analyzed the effect of this drug on the development of the

cerebellum by focusing on postnatal life (Ebels et al. 1975;

Koppel et al. 1983).

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

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

whether the administration of HU in prenatal life alters the

development of the male and female rat cerebellum. The

choice of the cerebellum was supported by the evidence

that this region of the central nervous system is one of the

most experimentally tractable systems in the brain (Mar-

tinez et al. 2013; Butts et al. 2014). The cerebellum pre-

sents a stereotypical laminar organization. It is composed

of only a few cell types, all organized in a precise fashion

in distinct morphological layers (Marzban et al. 2015). In

addition, the cerebellum is highly vulnerable to intoxica-

tion and poisoning during the embryonic period (Manto

2012).

Specifically, the following aspects were addressed.

(I) We studied whether prenatal administration of HU

produces anomalies in the pregnant dams and in their

offspring. (II) We analyzed the cerebellar cytoarchitec-

tonics and quantified several features of the cerebellar

morphology of male and female rats exposed to either

saline or HU as embryos, to determine whether this drug

affects the development of the cerebellum. (III) We

determined whether the administration of HU to embryos

affects the neurogenetic profiles and neurogenetic gradients

of PC and DCN neurons in male and female rats collected

in the adulthood. To this end, 5-bromo-20-deoxyuridine

(BrdU) was injected into pregnant dams previously

administered with saline or HU. This thymidine analog was

administered following a progressively delayed cumulative

labeling method. Neurogenetic gradients refer to the non-

random spatial accumulation of cells according to age

within and between neuronal populations (Bayer and

Altman 1995).

Materials and Methods

Animals and Treatments

All experiments in this study were carried out in accor-

dance with the requirements of the Committee for Insti-

tutional Animal Care and Use in our university. Sprague–

Dawley OFA rats were obtained from the animal-pro-

duction facility at the Universitat Autònoma de Barce-

lona. The male and female rats used were the offspring of

time-pregnant dams injected intraperitoneally with a sin-

gle injection of saline (0.9 % NaCl), HU (Sigma, St.

Louis, MO, USA) (300 mg/kg b.w) or HU (600 mg/

kg b.w) on embryonic day (E) 12. After this treatment,

dams were administered with six intraperitoneal injec-

tions of 6 mg BrdU (Sigma, St. Louis, MO, USA),

10 mg/ml in sterile saline with 0.007 N sodium hydrox-

ide 8 h apart (Sekerkova et al. 2004). This marker was

delivered following a progressively delayed labeling

comprehensive procedure (Bayer and Altman 1987; Martı́

et al. 2015). This consisted of injecting pregnant dams in

an overlapping series, in accordance with the following

time-windows: E13–E14, E14–E15, E15–E16, E16–E17,

E17–E18, E18–E19, and E19–E20. Schedules are listed

in Table 1.

E1 was deemed to be the morning after mating; date of

birth was P0. The offspring were weaned (P21). This was

carried out by removal of the dam from the home cage.

Pups remained undisturbed until killed at P90. During the

experimental procedures, rats 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).

For quantitative measurements, 21 pregnant dams were

used; seven were injected with saline; seven with HU

(300 mg/kg) and seven with HU (600 mg/kg). From each

dam, two puppies were used (equally divided between

males and females). A total of 42 puppies were utilized.

Identical number of animals was used to infer the cere-

bellar generative patterns in each time-window. For

example, at E13–14 21, different pregnant dams were used;

seven were injected with saline; seven with HU (300 mg/

kg); and seven with HU (600 mg/kg). From each dam, two

puppies were used (equally divided between males and

females) and killed at P90. A total of 42 puppies were
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analyzed. The same was carried out in the remaining time-

windows.

Tissue Processing and Collection

At postnatal day (P) 90, male and female rats were weighed

and killed under a ketamine–xylazine mixture (90:10 mg/

ml; 1 ml/kg, intraperitoneal) anesthesia. The brains were

collected, dissected, and weighed. Following this, they

were immersed in 10 % neutral buffered formalin. Paraffin

sections of the cerebellum (10 lm) were stained with

Mayer’s haematoxylin or cresyl violet. Some further slides

were processed by calbindin D-28 k immunohistochem-

istry. To analyze the generation and settling of PCs and

DCN neurons, male and female rats aged P90 were anes-

thetized with the above-mentioned drugs and perfused

intracardially with 10 % neutral buffered formalin. Brains

were immediately removed, dissected, and immersed for

24 h in the same fixative. These were embedded in paraf-

fin. Cerebella were serially cut in the sagittal plane at

10 lm. Only 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.

Immunohistochemistry

Each immunohistochemical reaction was simultaneously

performed on all slices to maximize the reliability of

comparison across groups. Immunoreaction for calbindin

D-28 K was performed during 72 h at 4 �C using a primary

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

Lot No: 07F, Code No: 300). An anti-mouse Immunoglob-

ulin, Biotin Conjugated, produced in goat (Sigma) 1:20 and

an ExtrAvidin-peroxidase (Sigma) 1:20 were used to reveal

the sites of antigen/antibody reaction. Peroxidase activity

was developed by 3,30-diaminobenzidine-H2O2 (Sigma),

and was then rinsed in distilled water and counterstained

with haematoxylin. Control sections were prepared

replacing the primary antibody by PBS. These routinely

showed no immunolabeling.

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 at 40 �C during 30 min. Hydrolysis was halted

by two washes in distilled water. Immunoreaction was

performed overnight at 4 �C using a primary mouse mon-

oclonal anti-BrdU (Dako, clone BU20a, Code No, M0744)

Table 1 Schedules of saline,

hydroxyurea, and 5-bromo-20-
deoxyuridine administrations

Treatment BrdU treatment

E12 E13–14 E14–15 E15–16 E16–17 E17–18 E18–19 E19–20 P90

Saline [7] I S

Saline [7] I S

Saline [7] I S

Saline [7] I S

Saline [7] I S

Saline [7] I S

Saline [7] I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (300 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

HU [7] (600 mg/kg) I S

In brackets is the number of dams used

BrdU 5-bromo-2́-deoxyuridine, E embryonic day, I injection, P postnatal day, S sacrifice, HU hydroxyurea
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diluted 1:150 in PBS. An anti-mouse Immunoglobulin,

Biotin Conjugted, produced in goat (Sigma) 1:20 and an

ExtrAvidin-peroxidase (Sigma) 1:20 for 1 h. Peroxidase

activity was developed by 3,30-diaminobenzidine-H2O2

(Sigma) for 5 min, and was then rinsed in distilled water.

Control sections were prepared replacing the primary

antibody by PBS. These routinely showed no immunola-

beling. Nuclear counterstaining was carried out with the

Feulgen method. This consisted of hydrolyzing sections

under either condition above-mentioned 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 sulfurous acid solution, the stained

sections were postfixed in methanol at -20 �C for 15 min.

In continuation, they were exposed to trypsin (Sigma)

0.5 % for 5 min at 25 �C. The slides were then washed in

0.5 % triton X-100 in PBS, rinsing in PBS, and incubated

with the antibodies as previously.

Assessment of Pregnant Dams and Offspring

The following features were recorded in pregnant dams and

their offspring (males and females) to determine the effect

of prenatal exposure to HU: maternal weight gain (it was

recorded every 2 days until the offspring were weaned at

P21), number of males and females born per dam, per-

centage of offspring that survived until P90, and body and

cerebellar weighs.

Morphometry of the Cerebellum

In slides containing one complete section of the cerebel-

lum, the following features of the cerebellum were sepa-

rately quantified, per section, in each compartment of the

cerebellar cortex (vermis, paravermis, and medial and lat-

eral hemispheres) or alternatively in each deep nucleus

(fastigial, interposed and dentate): (I) area of the cerebel-

lum, (II) length of the cerebellar cortex, (III) molecular

layer (ML) area, (IV) PC number, (V) GC number, (VI)

area of the IGL, (VII) area of the white matter, (VIII) the

areas of the cerebellar nuclei, and (IX) number of DCN

neurons. Each parameter was determined in three sections

containing the entire cerebellum of every experimental rat.

Data from each section were combined to obtain a mean for

each cerebellar feature per animal. The selected levels

correspond to the levels of figures from Paxinos and

Watson (Patxinos and Watson 1998). These are indicated

in Table 2.

Measurements were carried out as previously reported

(Martı́ et al. 2013, 2015). Under identical lighting condi-

tions, images of sectioned cerebella were captured by a

CCD-IRIS color video camera (Sony, Japan) coupled to a

Zeiss Axiophot microscope. Morphometric analysis was

performed with the Visilog 5.1 software (Noesis, France).

Analysis was carried out as follows: the first step was

calibration to convert pixel units into metric units. Subse-

quently, area of the cerebellum, length of the cerebellar

cortex, contour of the ML, IGL and deep nuclei were

manually delimited to obtain initial binary images. These

images were analyzed using settings identical to the mor-

phometric software used in precisely measuring the length

of the cerebellar cortex and the area of the ML and deep

nuclei. Images of the total cerebellum, entire ML, IGL, and

DCN nuclei were submitted to the previously mentioned

software to obtain the values of the cerebellar features

analyzed in this current paper.

Qualitative and Quantitative Analyses

Light microscopic observations were made with a Zeiss

Axiophot microscope using a wide set of objectives.

Counts for GCs, PCs, and DCN neurons were carried out in

the pertinent sections by visual scanning of the cerebellum.

GC quantity was determined using a 1009 oil immersion

objective. Criteria for scoring these included both mor-

phological and staining properties. Small and densely

packed cells, most of them round-like in shape, were

considered GCs. In contrast, PCs were counted on the basis

of several assumptions, such as size, morphological char-

acteristics of the perikaryon, and distinctive stain proper-

ties. These macroneurons were counted at 409 oil

immersion objective, and considered present if they pos-

sessed large piriform somata and nucleus with the presence

of a nucleolus. DCN neuron quantification deserves special

attention as they can be categorized into small diameter

inhibitory neurons (less than 12 lm) and large diameter

excitatory neurons (more than 12 lm) (Kita et al. 2013).

To obtain the most reliable data, only neurons with a cell

body bigger than 15 lm in diameter were recorded.

BrdU-positive neurons were recognized by the presence

of a bright brown pigment over their nuclei. The DAB

reaction product is always confined to nuclear material and

no cytoplasm background was observed. The frequency of

BrdU-stained PCs was estimated by dividing the number of

PCs that incorporated the exogenous nucleoside by the

total number of scored PCs. The same criterion was applied

when the DCN neurons were analyzed. From these fre-

quencies, timetables of neurogenesis were inferred in

selected regions of the cerebellum. The major premise is

that BrdU will be incorporated by those neuroblasts

engaged in DNA synthesis during marker supply. The

rationale of this method is based on the assumption that the

generation of PCs or DCN neurons, between two succes-

sive embryonic time-windows, can be deduced from the

daily decline in the frequency of labeled neurons (Bayer

and Altman 1987; Martı́ et al. 2002, 2007, 2015). For
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example, the following expression indicates the calcula-

tions to infer percentages of vermal PCs produced between

the onsets of BrdU injection on E14–15 and E15–16

(Fig. 4a, b):

(% of TPCs E14–15)-(%TPCs E15–16) = %PCGE14,

where TPCs E14–15 is the percentage of PCs tagged with

BrdU by the E14–15 injection schedule (90.3 %), TPCs

E15–16 is the proportion of PCs tagged by the E15–16

injection series (45.0 %) and PCGE14 is the proportion of

PCs generated on E14 (90.3 %-45,0 % = 45.3 %).

Data Analysis

Data were analyzed with the one-way ANOVA followed

by individual comparison of means with the Student–

Newman–Keuls (SNK) test. If only two means were

available, the Student’s t test or Mann–Whitney U-test was

used. A ‘P’ value of less than 0.05 was considered statis-

tically significant.

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

This experiment was performed to test whether prenatal

administration of HU produces anomalies in the dams and

in their offspring. To this end, one pregnancy feature was

quantified as well as several male and female offspring

features. No signs of toxicity were observed in the dams

after HU treatment, and they gave birth as normal. Data as

well as results of the one-way ANOVA of the former

parameters are shown in Table 3. Except for gain in

Table 2 Levels used for quantitative analysis of Purkinje cells and deep cerebellar nuclei neurons

Cerebellar region Plate

Vermis From Figure 79 (lateral -0.10 mm) to Figure 79a (lateral 0.18 mm).

Paravermis and fastigial nucleus From Figure 80 (lateral 0.40 mm) to Figure 81a (lateral 1.13 mm).

Medial hemisphere and interposed nucleus From Figure 83 (lateral 1.90 mm) to Figure 85 (lateral 2.90 mm).

Lateral hemisphere and dentate nucleus From Figure 85a (lateral 3.18 mm) to Figure 86 (lateral 3.40 mm).

The levels used for quantitative analysis are those indicated in Paxinos and Watson atlas (Patxinos and Watson 1998)

mm indicates millimeters

Table 3 Mean values for several parameters in rats injected with saline or hydroxyurea at embryonic day 12

Treatment Maternal weight

gain (g)

Sex Litters/dam

(number)

Offspring surviving until

P90 (%)

Offspring body weight at

P90 (g)

Offspring cerebellar

weight (g)

Saline 72.0 ± 9.4a Male 7.2 ± 0.6a 100.0 ± 0.0a 339.8 ± 3.6a 0.265 ± 0.07a

Female 6.9 ± 0.7# 100.0 ± 0.0# 286.1 ± 3.3# 0.251 ± 0.05#

HU

(300 mg/

Kg)

74.4 ± 8.7a Male 7.0 ± 0.7a

(97.2 %)

100.0 ± 0.0a 300.3 ± 3.0b

(88.4 %)

0.216 ± 0.04b

(81.5 %)

Female 7.2 ± 0.7#

(104.3 %)

100.0 ± 0.0# 249.3 ± 3.2&

(87.1 %)

0.193 ± 0.05&

(76.9 %)

HU

(600 mg/

Kg)

73.5 ± 9.1a Male 6.9 ± 0.5a

(95.8 %)

100.0 ± 0.0a 265.1 ± 2.9c

(78.0 %)

0.184 ± 0.05c

(69.4 %)

Female 7.0 ± 0.6#

(101.4 %)

100.0 ± 0.0# 224.9 ± 2.7*

(76.8 %)

0.171 ± 0.06*

(68.1 %)

ANOVAs NS NS NS maleF(2.18) = 11.3

(p\ 0.005)

maleF(2.18) = 8.9

(p\ 0.003)
femaleF(2.18) = 10.8

(p\ 0.004)

femaleF(2.18) = 9.3

(p\ 0.003)

Mean ± SEM are presented. Values in parenthesis indicate percentages in relation to saline. Male groups labeled with different letters are

statistically different. Female groups tagged with different symbols are statistically different. p\0.05 (one-way ANOVA followed by SNK-test)

HU hydroxyurea, P postnatal day, NS not significant
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Fig. 1 Comparative photomicrographs of calbindin D-28 k immunostained sections from rats treated with saline (a), hydroxyurea (300 mg/kg)

(b), and hydroxyurea (600 mg/kg) (c) at embryonic day 12 and surviving until postnatal day 90. Scale bar: 100 lm

Table 4 Mean values for

several features in the region of

the vermis and one-way

ANOVA followed by SNK’s

post hoc test of the quantified

parameters in rats injected with

saline or hydroxyurea as

embryos and collected at

postnatal day 90

Feature Saline HU 300 mg/kg HU 600 mg/kg ANOVAs

Area (mm2) Male 21.9 ± 2.0a 17.7 ± 2.1b

(80.8 %)

13.9 ± 1.9c

(63.5 %)

F(2.18) = 11.8

(p\ 0.0001)

Female 18.1 ± 2.1# 15.0 ± 1.9&

(82.9 %)

11.3 ± 1.5*

(62.4 %)

F(2.18) = 10.4

(p\ 0.0001)

Length (mm) Male 48.2 ± 3.1a 41.4 ± 3.3b

(86.0 %)

37.8 ± 3.2c

(78.4 %)

F(2.18) = 7.6

(p\ 0.004)

Female 43.9 ± 3.0# 37.3 ± 2.8&

(85.0 %)

33.9 ± 2.7*

(77.3 %)

F(2.18) = 8.3

(p\ 0.004)

ML area (mm2) Male 9.6 ± 0.6a 7.8 ± 0.5b

(79.1 %)

6.7 ± 0.5c

(66.3 %)

F(2.18) = 16.5

(p\ 0.0001)

Female 8.0 ± 0.4# 6.7 ± 0.3&

(81.4 %)

5.6 ± 3.3*

(65.7 %)

F(2.18) = 14.7

(p\ 0.0001)

PCs number Male 891.7 ± 9.7a 749.1 ± 10.3b

(84.0 %)

684.8 ± 9.5c

(76.8 %)

F(2.18) = 6.2

(p\ 0.02)

Female 723.4 ± 11.4# 617.7 ± 9.9&

(85.4 %)

564.4 ± 9.1*

(78.0 %)

F(2.18) = 6.0

(p\ 0.02)

GCs number Male 176.034 ± 1691a 151.175 ± 1356b

(85.9 %)

133.961 ± 1078c

(76.1 %)

F(2.18) = 9.2

(p\ 0.001)

Female 143.172 ± 1427# 124.130 ± 1056&

(86.7 %)

107.951 ± 899*

(75.4 %)

F(2.18) = 9.4

(p\ 0.02)

IGL area (mm2) Male 4.8 ± 0.8a 4.0 ± 0.7b

(83.3 %)

3.4 ± 0.7c

(70.8 %)

F(2.18) = 6.8

(p\ 0.006)

Female 4.1 ± 0.7# 3.5 ± 0.3&

(85.3 %)

3.0 ± 0.6*

(73.2 %)

F(2.18) = 5.7

(p\ 0.002)

WM area

(mm2)

Male 7.5 ± 0.8a 5.9 ± 0.6b

(78.6 %)

3.8 ± 0.5c

(50.7 %)

F(2.18) = 7.5

(p\ 0.004)

Female 6.0 ± 0.7# 4.8 ± 0.5&

(80.0 %)

2.7 ± 0.4*

(45.0 %)

F(2.18) = 6.8

(p\ 0.006)

Mean ± SEM are presented. Values in parenthesis indicate percentages in relation to saline. Male groups

labeled with different letters are statistically different. Female groups tagged with different symbols are

statistically different. p\ 0.05 (one-way ANOVA followed by SNK-test)

ML molecular layer, PCs Purkinje cells, GCs granule cells, IGL internal granular layer, WM white matter,

HU hydroxyurea
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maternal weight, number of offspring per dam and number

of offspring that survived until P90, significant effects were

found in the remaining analyzed parameters, with the HU

condition resulting in a decrease in quantified values. There

was a greater reduction of these parameters with 600 mg/

kg than with 300 mg/kg of HU. No sex differences in the

effect of the HU were seen.

Experiment 2

This experiment was carried out to determine whether

embryonic administration of HU affects the development

of the male and female rat cerebellum. To this end, two

approaches were undertaken: (1) qualitative evaluation of

the cerebellar cytoarchitectonics and (2) quantification of

several features of the cerebellar morphology of rats

injected with HU as embryos and collected at P90. The

quantified parameters were: area of the cerebellum, length

of the cerebellar cortex, the area of the molecular layer, PC

number, GC number, IGL area, the areas of the cerebellar

nuclei, and the number of the deep cerebellar nuclei (DCN)

neurons. Figure 1 shows cerebellar sections immunos-

tained for calbindin D-28 K in animals exposed to saline,

HU 300 or HU 600 mg/kg. In all of the experimental

groups, PCs were aligned in a monolayer and their den-

dritic trees display an ascending primary dendrite that

repeatedly branches throughout the ML. When the DCN

neurons were considered, we observed that, in sections

stained with Mayer’s haematoxylin or cresyl violet, these

macroneurons were able to assume their proper positions.

Despite the cytoarchitecture of the cerebellar cortex cannot

be represented only by a neuronal type, albeit important as

Table 5 Mean values for several features at the level of the paravermis and one-way ANOVA followed by SNK’s post hoc test of the quantified

parameters in rats injected with saline or hydroxyurea as embryos and collected at postnatal day 90

Feature Saline HU 300 mg/kg HU 600 mg/kg ANOVAs

Area (mm2) Male 19.6 ± 2.0a 15.2 ± 2.0b

(77.6 %)

12.3 ± 1.4c

(62.8 %)

F(2.18) = 13.2 (p\ 0.0003)

Female 16.3 ± 1.9# 13.1 ± 1.9&

(80.4 %)

9.9 ± 0.9*

(60.7 %)

F(2.18) = 12.8 (p\ 0.0004)

Length (mm) Male 44.9 ± 3.3a 37.7 ± 3.4b

(83.9 %)

34.3 ± 3.8c

(76.4 %)

F(2.18) = 9.7 (p\ 0.001)

Female 39.8 ± 3.2# 32.5 ± 3.3&

(81.7 %)

30.2 ± 3.5*

(75.9 %)

F(2.18) = 10.1 (p\ 0.001)

ML area (mm2) Male 8.5 ± 0.4a 7.0 ± 0.4b

(82.3 %)

5.6 ± 0.3c

(65.9 %)

F(2.18) = 6.9 (p\ 0.006)

Female 7.2 ± 0.3# 5.9 ± 0.2&

(81.9 %)

4.8 ± 0.2*

(66.6 %)

F(2.18) = 5.9 (p\ 0.01)

PCs number Male 784.1 ± 8.9a 670.8 ± 9.4b

(85.6 %)

577.1 ± 9.0c

(73.6 %)

F(2.18) = 6.1 (p\ 0.01)

Female 678.5 ± 9.1# 584.2 ± 8.8&

(86.1 %)

502.8 ± 8.7*

(74.1 %)

F(2.18) = 6.8 (p\ 0.006)

GCs number Male 154.067 ± 1436a 123.099 ± 1241b

(79.9 %)

105.227 ± 1135c

(68.3 %)

F(2.18) = 9.3 (p\ 0.001)

Female 128952 ± 1358# 97.616 ± 1108&

(75.7 %)

83431 ± 917*

(64.7 %)

F(2.18) = 11.8 (p\ 0.0005)

IGL area (mm2) Male 4.2 ± 0.7a 3.4 ± 0.6b

(80.9 %)

2.8 ± 0.5c

(67.8 %)

F(2.18) = 7.7 (p\ 0.005)

Female 3.5 ± 0.6# 2.9 ± 0.4&

(81.7 %)

2.4 ± 0.4*

(68.6 %)

F(2.18) = 7.0 (p\ 0.005)

WM area (mm2) Male 6.8 ± 0.6a 5.5 ± 0.5b

(80.4 %)

3.9 ± 0.5c

(57.2 %)

F(2.18) = 9.1 (p\ 0.001)

Female 5.6 ± 0.5# 4.6 ± 0.5&

(82.4 %)

2.7 ± 0.3*

(48.2 %)

F(2.18) = 10.8 (p\ 0.0006)

Mean ± SEM are indicated. Values in parenthesis indicate percentages in relation to saline. Male groups labeled with different letters are

statistically different. Female groups tagged with different symbols are statistically different. p\0.05 (one-way ANOVA followed by SNK-test)

ML molecular layer, PCs Purkinje cells, GCs granule cells, IGL internal granular layer, WM white matter, HU hydroxyurea
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the PCs, we suggest that the administration of HU in the

prenatal life does not compromise the cerebellar cortex

cytoarchitectonics in rats collected at P90.

Data of the measured parameters as well as results of the

one-way ANOVA of the former parameters are shown in

Tables 4, 5, 6, 7, and 8. Significant effects of the HU

exposition were found in all of the features analyzed in the

cerebellar cortex and deep nuclei. These parameters were

larger in the rats injected with saline, smaller in those

exposed to 300 mg/kg of HU and smallest in the group

receiving 600 mg/kg of this agent. No sex differences in

the effect of the HU were found. Our data also indicated

that all of the cerebellar cortex compartments were affected

due to HU treatment. The same occurred when each deep

nucleus was considered. These results suggest that

throughout the mediolateral axis of the cerebellum, the

effect of the HU exposure is toxicologically homogeneous.

Experiment 3

In this section, we determine whether the administration of

HU to embryos affects the neurogenetic profiles and neu-

rogenetic gradients of PC and DCN neurons. Sets of P90

cerebellar autoradiograms, from E13–14 to E19–20 BrdU

injection series, were used to address the possibility that

there may be differences in PC and DCN neurons gener-

ation and settlement among male and female rats injected

with saline or HU. Figures 2, 3 show, in male rats, the

Table 6 Mean values for several features at the level of the medial hemisphere and one-way ANOVA followed by SNK’s post hoc test of the

quantified parameters in rats injected with saline or hydroxyurea as embryos and collected at postnatal day 90

Feature Saline HU 300 mg/kg HU 600 mg/kg ANOVAs

Area (mm2) Male 16.4 ± 1.9a 13.6 ± 2.0b

(82.9 %)

9.9 ± 1.8c

(60.4 %)

F(2.18) = 7.8 (p\ 0.004)

Female 13.5 ± 1.7# 11.2 ± 1.6&

(82.9 %)

8.4 ± 1.5*

(62.2 %)

F(2.18) = 8.3 (p\ 0.001)

Length (mm) Male 35.3 ± 3.0a 28.2 ± 2.7b

(79.9 %)

23.3 ± 2.8c

(66.0 %)

F(2.18) = 8.6 (p\ 0.001)

Female 30.9 ± 3.1# 24.4 ± 3.0&

(79.0 %)

20.8 ± 2.8*

(67.3 %)

F(2.18) = 8.1 (p\ 0.005)

ML area (mm2) Male 7.0 ± 0.3a 5.6 ± 0.2b

(80.0 %)

4.8 ± 0.3c

(68.6 %)

F(2.18) = 6.9 (p\ 0.006)

Female 5.9 ± 0.2# 4.7 ± 0.1&

(79.7 %)

4.1 ± 0.1*

(70.2 %)

F(2.18) = 7.0 (p\ 0.006)

PCs number Male 630.1 ± 7.4a 506.3 ± 7.1b

(80.4 %)

426.6 ± 9.0c

(67.7 %)

F(2.18) = 7.4 (p\ 0.005)

Female 536.1 ± 7.3# 436.6 ± 6.9&

(81.4 %)

357.2 ± 6.8*

(66.6 %)

F(2.18) = 6.9 (p\ 0.007)

GCs number Male 121903 ± 1223a 97774 ± 1112b

(80.2 %)

85454 ± 998c

(70.1 %)

F(2.18) = 7.1 (p\ 0.005)

Female 101598 ± 1187# 82903 ± 1056&

(81.6 %)

71525 ± 939*

(70.4 %)

F(2.18) = 7.3 (p\ 0.005)

IGL area (mm2) Male 3.4 ± 0.5a 2.8 ± 0.5b

(82.4 %)

2.3 ± 0.3c

(67.6 %)

F(2.18) = 9.1 (p\ 0.002)

Female 2.9 ± 0.4# 2.3 ± 0.4&

(79.3 %)

2.0 ± 0.4*

(68.9 %)

F(2.18) = 8.9 (p\ 0.003)

WM area (mm2) Male 5.4 ± 0.4a 4.3 ± 0.3b

(79.6 %)

3.8 ± 0.2c

(70.3 %)

F(2.18) = 8.6 (p\ 0.003)

Female 4.4 ± 0.3# 3.5 ± 0.2&

(79.5 %)

3.1 ± 0.2*

(70.5 %)

F(2.18) = 8.8 (p\ 0.004)

Mean ± SEM are presented. Values in parenthesis indicate percentages in relation to saline. Male groups labeled with different letters are

statistically different. Female groups tagged with different symbols are statistically different. p\ 0.05 (one-way ANOVA followed by SNK-test)

ML molecular layer, PCs Purkinje cells, GCs granule cells, IGL internal granular layer, WM white matter, HU hydroxyurea
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variation in the proportion of BrdU-labeled cerebellar

macroneurons between saline and HU at the level of the

vermis and fastigial nucleus, respectively. Two types of

quantitative approach were performed. First, the percent-

age of tagged PCs and DCN neurons after different label-

ing times with BrdU was estimated. Figures 4a, c, e, g, 5a,

c, e show the results obtained for PC and DCN neurons,

respectively. Histograms indicate that, in each time-win-

dow, the proportion of neurons labeled with BrdU is dif-

ferent among rats administered with saline, HU 300 or HU

600 mg/kg.

In a subsequent analysis, the cerebellar neuron timeta-

bles of neurogenesis were built. These arise from the

decrease in the fraction of labeled neurons that take place

between the above-mentioned successive BrdU injection

series. In Figs. 4b, d, f, h (for PCs), 5b, d, f (for DCN

neurons), the frequencies of newly generated neurons are

plotted against time. Graphics reveal that the neurogenetic

peak shifts to a later time in the rats exposed to 300 or

600 mg/kg of HU.

Since the histograms between saline injected and HU

treated rats are delayed, we statistically compared the

frequency of labeled neurons in each time-window

between saline and HU (300 mg/kg) injected rats. The

timetables of neurogenesis were also investigated. This

was separately done in each compartment of the cere-

bellar cortex or in each deep nucleus. For example, in

the region of the vermis, we compared E13–14 saline

numbers with E16–17 hydroxyurea (300 mg/kg) values.

The same was done in the remaining time-windows.

Table 7 Mean values for several features at the level of the lateral hemisphere and one-way ANOVA followed by SNK’s post hoc test of the

quantified parameters in rats injected with saline or hydroxyurea as embryos and collected at postnatal day 90

Feature Saline HU 300 mg/kg HU 600 mg/kg ANOVAs

Area (mm2) Male 13.2 ± 1.7a 10.2 ± 1.6b

(77.3 %)

8.5 ± 1.4c

(64.4 %)

F(2.18) = 9.3 (p\ 0.001)

Female 10.8 ± 1.5# 8.5 ± 1.4&

(78.7 %)

7.0 ± 1.3*

(64.8 %)

F(2.18) = 8.9 (p\ 0.002)

Length (mm) Male 28.2 ± 2.8a 23.2 ± 2.7b

(82.3 %)

18.3 ± 2.5c

(64.9 %)

F(2.18) = 8.6 (p\ 0.002)

Female 24.7 ± 2.7# 20.5 ± 2.6&

(83.0 %)

16.1 ± 2.4*

(65.2 %)

F(2.18) = 8.4 (p\ 0.004)

ML area (mm2) Male 5.5 ± 0.3a 4.4 ± 0.2b

(80.0 %)

3.8 ± 0.1c

(69.1 %)

F(2.18) = 8.2 (p\ 0.003)

Female 4.6 ± 0.2# 3.7 ± 0.1&

(81.9 %)

3.0 ± 0.1*

(65.2 %)

F(2.18) = 7.4 (p\ 0.002)

PCs number Male 506.3 ± 6.7a 423.5 ± 6.3b

(83.6 %)

347.8 ± 9.0c

(68.7 %)

F(2.18) = 9.3 (p\ 0.001)

Female 433.5 ± 6.5# 364.1 ± 6.4&

(84.0 %)

299.1 ± 8.7*

(69.0 %)

F(2.18) = 10.1 (p\ 0.001)

GCs number Male 100934 ± 1105a 83517 ± 999b

(82.7 %)

65808 ± 853c

(65.2 %)

F(2.18) = 7.9 (p\ 0.003)

Female 85329 ± 890# 69211 ± 872&

(81.1 %)

56829 ± 817*

(66.6 %)

F(2.18) = 8.1 (p\ 0.002)

IGL area (mm2) Male 2.8 ± 0.3a 2.2 ± 0.1b (78.6 %) 1.9 ± 0.1c

(67.9 %)

F(2.18) = 7.2 (p\ 0.004)

Female 2.3 ± 0.2# 1.8 ± 0.1&

(78.3 %)

1.6 ± 0.05*

(69.6 %)

F(2.18) = 7.7 (p\ 0.005)

WM area (mm2) Male 4.8 ± 0.3a 3.6 ± 0.1b

(75.0 %)

3.1 ± 0.05c

(64.6 %)

F(2.18) = 9.3 (p\ 0.001)

Female 4.0 ± 0.2# 2.9 ± 0.05&

(72.5 %)

2.5 ± 0.03*

(62.4 %)

F(2.18) = 9.7 (p\ 0.001)

Mean ± SEM are presented. Values in parenthesis indicate percentages in relation to saline. Male groups labeled with different letters are

statistically different. Female groups tagged with different symbols are statistically different. p\0.05 (one-way ANOVA followed by SNK-test)

ML molecular layer, PCs Purkinje cells, GCs granule cells, IGL internal granular layer, WM white matter, HU hydroxyurea
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When the neurogenetic timetables were considered, we

contrasted E12 saline values with E15 hydroxyurea

(300 mg/kg) values. A similar study was carried out in

the remaining embryonic days. The data analysis reveals

that some time-windows were statistically significant

between saline and HU-exposed rats (Figs. 4a, c, e, g for

PCs, 5a, c, e for DCN neurons). The same was seen

when the neurogenetic timetables were taken into

account (Figs. 4b, d, f, h for PCs, 5b, d, f for DCN

neurons.

Four facts emerge from these data: first, the onset of

neurogenesis, its pattern of peaks and valleys, and its total

span were different between rats injected with saline or HU

in the four compartments of the cerebellar cortex as well as

in the analyzed deep nuclei. As an example, in saline-in-

jected rats, the neurogenesis of PCs and DCN neurons

extends from E12 to E15, with a PC production peak at

E14 in each compartment of the cerebellar cortex, as well

as in each deep nucleus. In the HU-treated groups (300 or

600 mg/kg), on the other hand, neurogenetic timeta-

bles extend from E15 to E19 for PCs and DCN neurons,

with a peak generation at E17 in each compartment of the

cerebellar cortex as well as in each deep nucleus. Second,

statistical analysis of the data indicates that, in several

time-windows, the proportion of BrdU-labeled PCs and

DCN neurons was outnumbered in rats administered with

HU 300 mg/kg with respect to those administered with

600 mg/kg. These results suggest that the effect of HU-

administration is more evident in animals receiving

600 mg/kg of HU than those injected with 300 mg/kg.

Third, despite the fact that the proportions of BrdU-labeled

neurons and percentages of generating neurons were sta-

tistically significant between saline and HU (300 mg/kg) in

some time-windows, the birth sequences of postmitotic

neurons between saline and HU were delayed but similar in

terms of patterns of peaks and valleys of newborn neurons.

Fourth, no sex differences in the effect of the HU were

seen.

An important aspect of the cerebellar development is

ascertaining whether differences in the final location of

PC and DCN neurons result from some relationship with

the administration of HU. Examination of the above-de-

duced neurogenetic timetables enables us to differentiate,

in saline-injected rats, between neurons formed from E12

to E13 window and those produced after E14, that is,

early and late-generated neurons, respectively. In HU-

treated rats, neurons formed from E15 to E16 window

and those produced after E17 were considered early and

late-produced, respectively. In Tables 9 (for PCs), 10 (for

DCN neurons), the proportions of each population frac-

tions are compared for saline and HU. Data analysis

reveals that, in saline-injected male and female rats,

neurons are settled in the cerebellum following two strict

neurogenetic gradients: (I) medial-to-lateral for the PCs; the

vermis contains more late-generated neurons (younger

neurons) than the lateral hemispheres, which in turn have

Table 8 Mean values for several deep nuclei features and one-way ANOVA followed by SNK’s post hoc test of the quantified parameters in rats

injected with saline or hydroxyurea as embryos and collected at postnatal day 90

Feature Saline HU 300 mg/kg HU 600 mg/kg ANOVAs

FASTIGIAL

Area (mm2) Male 0.44 ± 0.03a 0.37 ± 0.02b (84.1 %) 0.30 ± 0.02c (68.2 %) F(2.18) = 10.8 (p\ 0.001)

Female 0.36 ± 0.02# 0.31 ± 0.02& (86.1 %) 0.24 ± 0.01* (66.7 %) F(2.18) = 9.9 (p\ 0.002)

Neuron number Male 76.8 ± 4.6a 65.8 ± 4.1b (85.7 %) 52.5 ± 3.9c (68.4 %) F(2.18) = 10.1 (p\ 0.002)

Female 69.6 ± 4.3# 58.7 ± 4.0& (84.3 %) 48.9 ± 3.8* (70.2 %) F(2.18) = 9.6 (p\ 0.003)

INTERPOSED

Area (mm2) Male 0.68 ± 0.06a 0.57 ± 0.05b (83.8 %) 0.49 ± 0.04c (72.0 %) F(2.18) = 9.7 (p\ 0.003)

Female 0.51 ± 0.04# 0.42 ± 0.04& (82.4 %) 0.36 ± 0.03* (70.5 %) F(2.18) = 9.4 (p\ 0.003)

Neuron number Male 132.4 ± 5.0a 110.9 ± 4.4b (83.8 %) 95.5 ± 4.2c (72.1 %) F(2.18) = 9.1 (p\ 0.002)

Female 123.5 ± 4.4# 102.6 ± 3.9& (83.1 %) 90.0 ± 3.8* (72.9 %) F(2.18) = 9.3 (p\ 0.002)

DENTATE

Area (mm2) Male 0.41 ± 0.02a 0.37 ± 0.01b (87.1 %) 0.32 ± 0.01c (70.9 %) F(2.18) = 8.2 (p\ 0.002)

Female 0.36 ± 0.02# 0.32 ± 0.01& (84.6 %) 0.28 ± 0.01* (69.2 %) F(2.18) = 8.0 (p\ 0.003)

Neuron number Male 114.9 ± 4.9a 93.9 ± 4.7b (81.7 %) 81.3 ± 4.7c (70.8 %) F(2.18) = 9.5 (p\ 0.001)

Female 106.1 ± 4.2# 87.3 ± 4.6& (82.2 %) 76.1 ± 4.5* (71.7 %) F(2.18) = 9.4 (p\ 0.003)

Mean ± SEM are indicated. HU hydroxyurea. Values in parenthesis indicate percentages in relation to saline. Male groups labeled with different

letters are statistically different. Female groups tagged with different symbols are statistically different. p\ 0.05 (one-way ANOVA followed by

SNK-test)
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more early produced (older neurons), and (II) an opposite

gradient for the DCN neurons was found (lateral-to-medial);

fastigial nucleus hasmore early born neurons that the dentate

nucleus, which in turn have more neurons that are late-pro-

duced. In HU-treated rats, the above-mentioned neuroge-

netic gradients are not present.

Discussion

The risk of developmental abnormalities in humans is

increased by exposure to drugs and environmental chemi-

cals. It is a well-established principle of teratology that the

timing of exposure to a substance during gestation deter-

mines which organs are susceptible to teratogenesis

(Campion et al. 2012). Despite several case reports sug-

gesting that HU may have minimal or no effects on the

developing human fetus, women are advised not to attempt

pregnancy while on HU, due to the teratogenic effects of

this agent (Thauvin-Robinet et al. 2001; Sampson et al.

2010).

The Choice of Embryonic Day 12 as Injection Day

to Assess the Postnatal Effect of Hydroxyurea

Exposition. Justifying the Hydroxyurea Doses Used

E12 was selected as injection day, because one of the most

regular features of the central nervous system development

is that each neuronal population is produced during a

specific temporal window, the timetables of neurogenesis

(Bayer et al. 1993). We know from previous reports that, in

normal rats, the developmental timetables of Purkinje cells

and deep cerebellar nuclei neurons extend from E12 to E16

Fig. 2 High magnification photomicrographs of vermal Purkinje

cells labeled with 5-bromo-20-deoxyuridine at E13–14 (a), E14–15
(d), E15–16 (g), E16–17 (b–c), E17–18 (e, f), and E18–19 (h, i) from
male rats previously treated with saline (a, d, g), hydroxyurea

(300 mg/kg) (b, e, h), and hydroxyurea (600 mg/kg) (c, f, i) at

embryonic day 12 and surviving until postnatal day 90. Black arrows

show BrdU-positives Purkinje cells. White arrows denote unlabeled

Purkinje cells. Note that the percentage of tagged neurons declines

from E13–14 to E15–16 in the saline group, while that in the HU-

treated rats, percentages decrease from E16–17 to E18–19. At all

events, this reflects the production of postmitotic neurons by their

precursor cells. Scale bar: 50 lm
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(Altman and Bayer 1997). We also know that depending on

the period of time in which a given chemical agent is

administered can affect the timetables of neurogenesis,

neuron migration, or axogenesis, dendrogenesis, and

synaptogenesis (Bayer et al. 1993). From these data, HU

was administered at E12 (the onset of the neurogenesis),

because our aim is to determine whether this agent inter-

feres with the normal pattern of cerebellar development,

and modify the developmental timetables of Purkinje cells

and deep cerebellar nuclei neurons.

A point that deserves attention is the choice of two

doses of HU used in the current work. The reason of this

selection is based on previous experiments conducted by

Woo and coworkers (Woo et al. 2004, 2006). These

authors found that gestational HU exposure (400 or

800 mg/kg body weight) results in micrencephaly,

hydrocephalus, and skeletal malformations. The changes

were much more severe in animals receiving 800 mg/kg

of HU. The same occurred when the weight of several

organs, including lung and brain, were analyzed. In other

studies, prenatal exposure to HU (400 or 600 mg/kg body

Fig. 3 High magnification photomicrographs of fastigial neurons

tagged with 5-bromo-20-deoxyuridine at E13–14 (a), E14–15 (d),
E15–16 (g), E16–17 (b–c), E17–18 (e, f), and E18–19 (h, i) from

male rats previously treated with saline (a, d, g), hydroxyurea

(300 mg/kg) (b, e, h), and hydroxyurea (600 mg/kg) (c, f, i) at

embryonic day 12 and surviving until postnatal day 90. Black arrows

show BrdU-positives fastigial neurons. White arrows denote unla-

beled neurons. Note that the percentage of tagged cells declines from

E13–14 to E15–16 in the saline group, while that in the HU-treated

rats, percentages decrease from E16–17 to E18–19. At all events, this

reflects the production of postmitotic neurons by their precursor cells.

Scale bar: 50 lm

cFig. 4 Comparison of Purkinje cell neurogenesis from male rats

injected with saline (black columns), hydroxyurea 300 mg/kg (white

columns) or hydroxyurea 600 mg/kg (gray columns) as embryos and

collected at postnatal day 90 at the level of the vermis (a, b),
paravermis (c, d), medial (e, f), and lateral hemispheres (g, h). The
quantitative analysis of neuron origin is represented in (a), (c), (e),
and (g), while the generative profiles are shown in (b), (d), (f), and
(h). The asterisks denote significant differences between rats treated

with hydroxyurea 300 mg/kg or hydroxyurea 600 mg/kg. Letters

(a) significant differences between rats treated with saline or

hydroxyurea 300 mg/kg. For example, in (a) (vermis), we compared

E15–16 saline values with E18–19 hydroxyurea (300 mg/kg) values.

In (b), we compared E15 saline values with E18 hydroxyurea

(300 mg/kg) values (t-test or U-test, P\ 0.05)
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weight) increased the number of malformed fetuses in a

dose-dependent manner (Banh and Hales 2013; Schlisser

and Hales 2013). From these results, the doses of 300 and

600 mg/kg of HU were selected to cause toxicity in the

central nervous system and decrease the incidence of

gross abnormalities.

Fig. 5 Comparison of DCN neurons production from male rats

injected with saline (black columns), hydroxyurea 300 mg/kg (white

columns) or hydroxyurea 600 mg/kg (gray columns) as embryos and

collected at postnatal day 90 at the level of the fastigial (a, b),
interpositus (c, d), and dentate (e, f). The quantitative analysis of

neuron origin is represented in (a), (c) and (e), while the generative

profiles are shown in (b), (d), and (f). The asterisks denote significant

differences between rats treated with hydroxyurea 300 mg/kg or

hydroxyurea 600 mg/kg. Letters (a) indicate significant differences

between rats treated with saline or hydroxyurea 300 mg/kg. For

example, in (a) (fastigial nucleus), we compared E15–16 saline values

with E18–19 hydroxyurea (300 mg/kg) values. In (b), we compared

E13 saline values with E16 hydroxyurea (300 mg/kg) values (t-test or

U-test, p\ 0.05)
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Effects of Hydroxyurea Administration on Body

Weight and Cerebellar Development

Our data reveal that the administration of this hydroxylated

analog of urea during the prenatal life produces a decrease

in body weight both at 300 and 600 mg/kg. The incidence

of this change was more severe in the 600 mg/kg group

than in the 300 mg/kg. This alteration is presumably due to

the fact that several organs may be affected by the

administration of HU. In this scenario, it has been reported

that HU produces, in humans, thrombocytopenia and

myelosuppression (Ware and Aygun 2009; Wong et al.

2014). When injected into pregnant rats, it induces

histopathological alterations characterized mainly by

increased apoptosis in several organs (Woo et al.

2003, 2004, 2005). Excess of cell death in fetal organs due

to HU treatment may produce a lack of cell populations

required for normal organogenesis, resulting in anomalies

in mature organs.

Our results also indicate that the cerebellar weight of

rats exposed to HU in utero was significantly smaller than

that of saline-injected rats. Again, our results reveal that the

effect of HU-administration is more evident in animals

receiving 600 mg/kg of HU than those injected with

300 mg/kg. This decrease may be related to the loss of

PCs, GCs, and DCN neurons reported in this paper. In this

context, it has been shown that the depletion of these

cerebellar neurons produces cerebellar atrophy in several

spontaneous murine mutations, including lurcher, stag-

gerer, reeler, and weaver (Lalonde and Strazielle 2007). In

addition, it has been documented, in normal rats, that the

selective elimination of GC precursors with X-irradiation

(Altman and Bayer 1997), anti-tumor agents (Bottone et al.

2012), impairment of the thyroid status (Ahmed et al.

2010), and virus infection (Oster-Granite and Herndon

1976) produce an important reduction in the cerebellar

cortex size.

Developmental Timetables of Cerebellar Neurons

After Hydroxyurea Exposure

The mammalian cerebellum is a foliated structure formed

of a central vermis and two bilaterally hemispheres (Ja-

cobs et al. 2014). The morphogenetic processes of folding

the cerebellum can be divided into two general stages: the

first stage is the formation of the cardinal lobes, which

occurs in the embryonary period, and the second stage is

the formation of the lobules and sub-lobules (Altman and

Bayer 1997). Cerebellar development proceeds with such

precision that any perturbations in the central nervous

system can be readily identified. We point to the fact that

HU-injection at E12 is a time of high susceptibility to

insult. This leads to long-term changes in the morphology

of the cerebellum as well as systematic differences in the

neurogenetic timetables and neurogenetic gradients of

PCs and DCN neurons. Compared with age-matched

saline animals, we found that, even after a single exposure

to HU, the quantitative analysis of neuron origin (% of

labeled neurons), as well as the birth-dating model

(timetable of neurogenesis) constructed from these data,

was altered. Our results suggest that the effect of HU-

administration is more important in rats receiving

600 mg/kg of HU than those injected with 300 mg/kg.

The chronological sequence of PCs and DCN neurons

neurogenesis throughout the cerebellum was deregulated.

To the best of our knowledge, this is the first time that the

effect of HU administration on the neurogenesis of the

cerebellum has been reported.

Table 9 Mean percentage of 5-bromo-20-deoxyuridine-labeled Purkinje cells

Compartment Early-generated

(E12–13)

Early-generated (E15-16) Late generated

(E14–16)

Late-generated (E17–19)

Saline HU (300 mg/

kg)

HU (600 mg/

kg)

Saline HU (300 mg/

kg)

HU (600 mg/

kg)

Vermis 10.3 ± 1.7a,# 15.9 ± 1.8a,& 36.0 ± 2.5a,* 89.7 ± 2.0a,# 84.1 ± 2.7a,& 64.0 ± 2.8a,*

Paravermis 17.2 ± 1.8b,# 24.6 ± 2.0b,& 40.0 ± 2.9b,* 82.8 ± 1.9b,# 75.4 ± 3.1b,& 60.0 ± 2.3b,*

MH 24.3 ± 1.9c,# 25.4 ± 2.1b,c,& 43.2 ± 3.1b,* 75.7 ± 2.1c,# 74.6 ± 3.2b,& 56.8 ± 2.1b,*

LH 32.7 ± 1.7d,# 29.7 ± 2.2c,& 42.6 ± 3.4b,* 67.3 ± 1.9d,# 70.3 ± 3.6b,& 57.4 ± 2.4b,*

Mean percentage ± SEM of early and late-generated PCs scored in each compartment of the cerebellar cortex. In saline-injected male rats, PCs

formed from E12 to E13 are considered early formed, whereas those produced from E14 to E16 are late-generated. In HU-treated male rats,

neurons formed from E15 to E16 are considered early formed, whereas those produced from E17 to E19 are late-born. Groups labeled with

different letters denote statistic differences among compartments. In a given compartment, groups tagged with different symbols indicate

differences among saline, hydroxyurea (300 mg/kg) or hydroxyurea (600 mg/kg)

MH medial hemisphere. LH lateral hemisphere

Values were obtained from Fig. 4. p\ 0,05

Neurotox Res (2016) 30:563–580 577

123



The dissimilarity between saline and HU-treated rats

neurogenetic timetables suggests that the proliferative

behavior of PC and DCN neuron precursors was affected; in

other words, the cellular progenitors of these macroneurons

were highly vulnerable to prenatal HU exposure. We pro-

pose that HU-treatment produces inhibition of neuroblasts

proliferation and promotes their loss during the early

development of the cerebellum. These effects are more

important in rats exposed to 600 mg/kg of HU than those

injected with 300 mg/kg. Our hypothesis is supported by

previous studies indicating that HU induces apoptosis in

fetal-mouse telencephalon (Woo et al. 2004, 2006). We also

propose that the fetal cerebellar neurogenesis is toxicolog-

ically homogeneous with respect to HU; in other words, the

cellular progenitors located in the cerebellar neuroepithe-

lium, which originates PCs (gabaergic neurons), may be as

vulnerable to HU effects as those located in the rhombic lip,

which are the source of DCN neurons (glutamatergic

cells).

Our results indicate that the effect of the prenatal

administration of HU on the development of the cere-

bellum is dose-dependent. The toxic effects of HU were

more severe in rats exposed to 300 mg/kg than those

injected with 600 mg/kg. In line with the current results,

several data have indicated that toxic events are observed

at the doses employed in human anticancer therapy

(40–80 mg/kg, repeated administration). However, at

doses of 15 mg/kg per day, this agent is well tolerated

(Navarra and Preziosi 1999). In addition, experiments

conducted in embryonic rodents have revealed that

600 mg/kg of HU induces more activation of the p38

mitogen-activated protein kinase signaling and DNA

damage than 400 mg/kg (Banh and Hales 2013). Other

results have shown that the HU-administration also pro-

duces dose-dependent the gene expression of proinflam-

matory cytokines, such as the TNF and IL1 and 6, which

are involved in the toxicity of this agent (Preziosi et al.

1992; Navarra and Preziosi 1999).

Neurogenetic Gradients of Cerebellar Neurons After

Hydroxyurea Administration

Previous studies have demonstrated that, in normal rodents,

PC and DCN neurons are distributed according to precise

neurogenetic gradients (Altman and Bayer 1997; Martı́

et al. 2002, 2015). Current data reveal that HU-exposure

altered the neurogenetic gradients of PC and DCN neurons,

suggesting that this agent compromises neuron migration

and influences the final cell position. Normal migration and

proper positioning of neurons in the cerebellum are

genetically determined processes (Martinez et al. 2013;

Sotelo and Rossi 2013; Marzban et al. 2015). HU may have

deleterious effects on gene expression necessary for pro-

viding postmitotic migration cells with information

regarding polarity, selection of pathway substrate, migra-

tion rate and connectivity. In saline-treated rats, we

reported significant differences in the time of PC and DCN

neurons’ origin profiles along the mediolateral axis. As a

result of this chronological mosaic, we have concluded

that, in saline rats, PCs are settled in the cerebellar cortex

following a prominent medial-to-lateral gradient, while the

placement of DCN neurons presented a gradient in the

opposite direction. In HU-treated rats, the above-men-

tioned neurogenetic gradients were modified, suggesting

that the establishment of orderly cortico-nuclear connec-

tions in the cerebellum may be altered.

The current data indicate that the administration of

HU produces cell depletion, and alters the pattern of

generation and the spatial location of cerebellar neurons.

From these results, a question emerges: Does HU retard

the embryonic cerebellar development or does this agent

disorganize it? The action of the HU appears to retard

the development of the cerebellum (at least with the dose

of 300 mg/kg) rather than to disorganize it. That con-

clusion is based on two observations. First, the lamina-

tion of the adult cerebellum seems to be similar between

rats injected with saline or HU. Those PCs and DCN

Table 10 Mean percentage of 5-bromo-2́-deoxyuridine-labeled deep cerebellar nuclei neurons

Nucleus Early generated (E12–13) Early-generated (E15-16) Late-generated

(E14–16)

Late-generated (E17–19)

Saline HU (300 mg/kg) HU (600 mg/kg) Saline HU (300 mg/kg) HU (600 mg/kg)

Fastigial 33.3 ± 2.7a,# 25. 0 ± 2.9a,& 40.4 ± 2.9a,* 66.7 ± 4.5a,# 75.0 ± 8.1a,& 59.6 ± 5.1a,*

Interpositus 24.5 ± 2.3b,# 23.8 ± 2.6a,& 42.4 ± 3.4a,* 75.5 ± 5.1b,# 76.2 ± 7.6a,& 57.6 ± 4.2a,*

Dentate 17.8 ± 1.7c,# 39.1 ± 3.3b,& 51.7 ± 4.9b,* 82.2 ± 5.6c,# 60.9 ± 5.6b,& 48.3 ± 3.8b,*

Mean percentage ± SEM of early and late-generated deep cerebellar nuclei neurons scored in at the level of the fastigial, interpositus and dentate

nuclei. In saline injected male rats, neurons produced from E12 to E13 are considered early formed, whereas those produced from E14 to E16 are

late-generated. In HU-treated male rats, neurons formed from E15 to E16 are considered early formed, whereas those produced from E17 to E19

are late born. Groups labeled with different letters denote statistic differences among nuclei. In a given nucleus, groups tagged with different

symbols indicate differences among saline, hydroxyurea (300 mg/kg) or hydroxyurea (600 mg/kg). Values were obtained from Fig. 5. p\ 0.05
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neurons that survived to the action of the HU can

migrate properly. Second, the birth sequences of newly

generated neurons between saline and HU were delayed,

but similar in terms of patterns of peaks and valleys of

newborn neurons.

The systematic differences in the pattern of neurogen-

esis and the spatial location of cerebellar neurons between

rats injected with saline or HU raises the question as to

what is the trend in untreated rats. The study of several

kinetic parameters, for ascertaining the proliferative

behavior of neuroblasts, and the apoptosis may be impor-

tant factors to understand the production and death of

neurons during the development of the cerebellum.

Additional experiments are needed to determine whether

the neurogenetic timetables and neurogenetic gradients of

other neuron types of the cerebellum are also affected by

the administration of HU.

Conclusions

Despite several case reports suggesting that HU is well tol-

erated and presents minimal or no teratogenic effects on the

developing human fetus (Byrd et al. 1999; Diav-Citrin et al.

1999), we emphasize that it is essential to take into account

the toxicity of this compound in experimental animals and,

therefore, it is essential to avoid underestimating the adverse

fetal effects of this agent. Extreme caution should be taken

when HU is administered to gestating women as the effects

of this agent on the cerebellummight persist throughout their

offsprings’ lives. In this scenario, cerebellar dysfunction is

involved in several psychiatric and developmental disorders,

including schizophrenia, autism spectrum disorder, and

attention deficit-hyperactivity disorder (Shakiba 2014;

Hampson and Blatt 2015; Phillips et al. 2015). Moreover,

damage to the cerebellum early in development can have

long-term effects on movement, cognition, and affective

regulation (Phillips et al. 2015; Stoodley 2016). Further

studies with laboratory animals receiving HU during gesta-

tion and more careful assessment of embryo effects are,

therefore, required before this compound can be promoted as

safe for pregnant women.
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