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GABAergic neuronal development in the embryonic mesencephalon of mice
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Abstract: This study presents neurogenesis and neuronal migration patterns of gamma-aminobutyric acid-ergic (GABAergic)
neurons during mesencephalic development of mouse. After neurons from embryonic day (E) 10-16 were labelled by a single
injection of 5-bromo-2'-deoxyuridine (BrdU), immunohistochemistry was performed. Neurogenesis were mainly generated in the
mesencephalic region at E10 to E13. After E14, BrdU positive cells were observed only in the dorsal mesencephalon. GABAergic
neurons were mainly originated in the ventrolateral region of the mesencephalon at the early embryonic stage, especially at E11 to
E13. E10-labeled cells showed positive for GABAergic neuron in the basal plate of the mesencephalon at E13. At E15, GABAergic
neurons were observed in the entire basal plate and some regions of the ventral and dorsal mesencephalon. They were present in the
whole basal plate, the ventral and dorsal mesencephalon of E17, spreading more outward of the mesencephalon at P0. Our study
demonstrates that major neurogenesis of GABAergic neurons occurs at E11 to E13. However, neuronal migration continues until
neonatal period during mesencephalic development.
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Introduction

Neurogenesis and neuronal migration are essential development steps in the

midbrain and are maximally active in the embryo [1-3]. Neurogenesis gradi-

ents offer clues as to where in the neuroepithelium the germinal site may be

located and what routes migrating cells take to reach their final destination [4].

Gamma-aminobutyric acid (GABA) neurons are key players in the mam-

malian central nervous system (CNS) [5-7]. Their impairment is involved in

the etiology of several neurological disorders [8]. GABAergic neurons take in

various forms and distribution in every region of the CNS. It has been demon-

strated that the pattern of development of GABAergic neurons is distinct from

that of other types of neurons in the cerebral cortex. Most cortical neurons are

generated in the ventricular zone and then migrate radially along the radial

glial fibers to each layer [9]. In contrast, GABAergic neurons are produced in

the ventricular zone and ganglionic eminence of the forebrain and are distrib-

uted to the cortex by tangential migration [10-12]. It is interesting to clarify

whether these developmental patterns for GABAergic neurons are common in

other layered structures. Thus, GABAergic neurogenesis and neuronal migra-

tion are also important key development process in the CNS [13-16].

However, neurogenesis and neuronal migration of GABAergic neurons in

the development of mesencephalon have not been well understood yet. There-

fore, the objective of the present study was to demonstrate early and later neu-

rogenesis and neuronal migration of GABAergic neurons in the mesencephalon

of mouse.

Materials and Methods

Animals

Timed pregnant CD1 mice were purchased from Charles River Laborato-

ries (USA). Colonies of GAD65-green fluorescent protein (GFP) mice were

maintained in an institutional animal facility. A female mouse housed with a

male mouse for 15-17 hours was examined for the presence of vaginal plugs
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at 9:00 A.M. The presence of the plug indicated conception.

The day of plug discovery was designated embryonic day 0

(E0). The embryos were removed by deep inhalation anes-

thesia by the mother of mouse with isoflurane, and three

were used in each group regardless of male and female. Ani-

mal experiments were in full compliance with the NIH Guide

for the Care and Use of Laboratory Animals. They were

approved by the McLean Institutional Animal Care and Use

Committee.

5-Bromo-2'-deoxyuridine (BrdU) labeling and immu-

nohistochemistry

To understand neurogenesis, a single 5-bromodeoxyuri-

dine (50 µg/g body weight, i.p; Sigma) injection was admin-

istrated to E10, E11, E12, E13, E14, and E16 pregnant dams

and each embryo was removed after 24 h. For neuronal

migration study, BrdU labeling was achieved by administer-

ing a single BrdU injection (50 µg/g body weight, i.p; Sigma)

to pregnant dams carrying E10 mice. Embryos were removed

at E13, E15, E17 and postnatal day 0 (P0) and decapitated.

Embryonic brains were immersed in zinc fixative (BD

Pharmingen, USA) for 24 h and then processed for paraffin

wax histology. BrdU immunohistochemistry was performed

for 10 µm thick paraffin embedded sections with a mouse

monoclonal anti-BrdU antibody (1:75, 347580, BD Pharmin-

gen). Double labeling immunohistochemistry for BrdU and

glutamic acid decarboxylase (GAD) 65/GAD67 was per-

formed using rabbit polyclonal anti-GAD65/GAD67 (1:500,

AB1511, Millipore, USA). Double labeling immunohisto-

chemistry for BrdU and GAD was performed using sheep

polyclonal anti- GAD65/GAD67 (1:200, AB1542, Millipore).

Streptavidin Alexa fluor 488 conjugate and Streptavidin

Alexa fluor 594 conjugate (Molecular Probes, USA) were

used as secondary antibodies.

Results

Neurogenesis in the mesencephalon

BrdU is integrated into the DNA of S-phase progenitor

cells. It serves as a stable marker for cells born around the

time of injection. Thus, BrdU has been widely used to under-

stand neurogenesis and neuronal migration in the developing

brain [17,18]. To observe mesencephalic neurogenesis, BrdU

labelled mouse fetus was collected and immunohistochemis-

try was performed. Many E10 to E12-originated BrdU posi-

tive cells were observed to be uniformly distributed in the

entire mesencephalic neuroepithelium region (Fig. 1A-C).

E14-originated BrdU positive cells were only observed in the

dorsal mesencephalon region (Fig. 1D). A few E16-origi-

nated BrdU positive cells were detected in the mesencepha-

lon (Fig. 1E).

GABAergic neurogenesis and neuronal migration

To investigate when and where GABAergic neurons were

originated in the mesencephalon, BrdU was pulsed in CD1

mice at E11, E12, E13, and E14 and each sample was col-

lected after 24 h. In BrdU labeled cells at E11, E12, and E13,

GAD positive cells were observed in the ventrolateral region

(Fig. 2B-E). A higher magnification of the ventrolateral

region revealed GAD/BrdU double positive cells (Fig. 2G).

For cells labeled with BrdU after E14, a connection between

GAD and BrdU positive cells was no longer observed in the

mesencephalon (Fig. 2F).

In the neuronal migration study, a single pulse BrdU was

administrated at E10. Migration of GAD and BrdU positive

cells were followed at E13, E15, E17, and P0 (Fig. 3). GAD

expression was observed in the basal plate region at E13

(Fig. 3A). At E15, GAD expression was observed in the

entire basal plate and some regions of the ventral and dorsal

mesencephalon (Fig. 3B). Clear expression of GAD was

observed in the entire mesencephalon of E17, spreading

more outward of the mesencephalon at P0 (Fig. 3C-D). We

used a GFP knock-in mouse in which a GFP gene was intro-

duced into the gene for GAD 65 and GABAergic neurons

were fluorescent. BrdU positive cells were shown to migrate

through dorsal and ventral routes while GFP/BrdU double

positive cells were observed at E17 in the ventrolateral mes-

encephalon (Fig. 4D).

Fig. 1. Neurogenesis profiles in the mesencephalon. A single 5-

bromo-2'-deoxyuridine (BrdU) was injected at E10 to E16 and

each sample was removed after 24 h. E10-E12 originated BrdU

positive cells were observed to be uniformly distributed in the

mesencephalic region (A-C). E14-originated BrdU positive

cells were only observed in the dorsal mesencephalon (D). A

few E16-originated BrdU positive cells were detected in the

mesencephalon (E). Scale bars = 50 µm (A, B); 100 µm (C-E).
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Discussion

The GABAergic neuron control several aspects of behav-

ior, play important roles in psychiatric diseases, susceptibil-

ity to drugs of abuse and are also important targets for

several medical treatments for these diseases [8,19]. How-

ever, the GABAergic neuronal development in the midbrain

Fig. 2. Glutamic acid decarboxylase (GAD) expression in the mesencephalon. A single 5-bromo-2'-deoxyuridine (BrdU) was pulsed

at E11 to E14 and each sample was collected after 24 h in CD1 mice. At E11-E13, GAD positive cells were observed in the ven-

trolateral regions (B-E). Higher magnification of C showed GAD/BrdU double positive cells (G; white arrows). Many GAD positive

cells were seen in E13-labeled cells (E). After E14-labeled cells, GAD positive cells were no longer observed in the mesencephalon.

Scale bars = 50 µm (A-F); 10 µm (G).

Fig. 3. Glutamic acid decarboxylase (GAD) expression in the

developing mesencephalon. A single 5-bromo-2'-deoxyuridine

(BrdU) was administrated at E10 and migration of GAD/BrdU

positive cells were followed at E13 to P0. E10 labeled BrdU

positive cells were observed to be uniformly distributed at E13-

P0 in the mesencephalon. GAD expression was observed in the

basal plate at E13 (A). At E15, GAD positive cells were

observed in the basal plate and ventrolateral mesencephalon

(B). At E17, clear GAD expression was observed in the whole

mesencephalon (C), spreading more outward of the mesenceph-

alon at P0 (D). Scale bars = 25 µm (A, B); 50 µm (C, D).

Fig. 4. Glutamic acid decarboxylase (GAD) expression in green

fluorescent protein (GFP) knock-in mouse. A single 5-bromo-

2'-deoxyuridine (BrdU) was pulsed at E10 and migration of

GFP/BrdU expression were followed at E17. BrdU positive

cells were shown to migrate through dorsal and ventral routes

(B). GFP/BrdU double positive cells were observed at E17 in

the ventrolateral mesencephalon (D; white arrows). Scale bars =

100 µm (A-C); 10 µm (D).
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have been neglected until recently. Studies on neurogenesis

using thymidine [3H] in the mesencephalon of mice have

shown that neurogenesis mainly occurs at E10 and E12 [20].

In our previous study, BrdU-positive cells were observed to

be uniformly distributed in the whole mesencephalon at E10-

E13 [21]. Results of the neurogenesis study using BrdU in

the present study corroborated with results of a previous

study indicating that neurogenesis was generated predomi-

nantly at E10 and E12. Concerning DA neurogenesis, our

previous experiments showed that DA neurons mainly origi-

nated in the ventricular region of the midbrain at early

embryonic stages E10 to E11 and that those neurons after

E12 were only observed in the ventral mesencephalon [21].

Our results show that GABAergic neurogenesis, unlike dopa-

mine neurogenesis, occurs mainly in the basal plate at E11-

E13 and rarely occurs after E14.

The population of GABAergic neurons in adult midbrain is

known to regulate glutamatergic and dopaminergic neuronal

activity [22]. They have projection targets similar to those of

dopaminergic neurons [23]. Neuronal migration seems to be

an essential phase in the formation of the anatomical archi-

tecture of the mesencephalon. Thus, this study hypothesizes

that GABAergic neurons show a similar neuronal migration

pattern to that of dopaminergic neurons because GABAergic

and dopaminergic neurons are closely related to each other

[3]. GABAergic and dopaminergic neurons in the mesen-

cephalon are predominantly originated at early embryonic

stages [2,3,21]. TH expression was initially detected at E10

and many E10-labeled BrdU positive cells were found to be

merged with dopaminergic neurons in the SN and VTA at

E17 [3,21]. In this study, E10-labeled cells showed positive

for GAD in the basal plate at E13 and GAD expression were

observed in the whole basal plate at E15. They were present

in the whole basal plate and the ventral mesencephalon with

the passage of time. Moreover, many E10-labeled BrdU pos-

itive cells were merged with GABAergic neurons in the ven-

trolateral mesencephalon at E17 in this study. These results

suggested that major neurogenesis of GABAergic neurons

occurred at E11 to E13 and that neuronal migration contin-

ued until neonatal period during mesencephalic development.
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