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Chapter 1: Introduction

. In the mouse, there are two distinct genes that encode isoforins of the enzyme
glutamic acid decarboxylase (Gad). The Gadl gene e~codes the larger isoform that has a
· molecula~.mass of 67 kilodaltons and is termed ·"Gad67" (Erlander et al., 1991; Bu et al.,
1992). The Gad2 gene encodes the other isoform that has a molecular mass of 65
kilodaltons and is t~I1I1ed "Gad65" (Erlander et al., 1991; Bu et al., 1992). These two
isoforms are often co-expressed in GABAergic neurons (Feldblum et al., 1993; Esclapez
et al., 1994; Katarova et al., 2000). The isofonns differ in subcellular localization, with
Gad67 being found mainly in the soma and Gad65 being found mainly in axon terminals
(Kaufman et al., 1991). Additionally, the two isoforms of Gad differ in their affinity for
the required cofactor pyridoxal-5'-phosphate (PLP) (Kaufman et al., 1991). By
catalyzing the decarboxylation of L-glutamic acid, the Gad enzymes are the rate-limiting
step in the biosynthesis of y-aminobutyric acid (GABA) (Barker et al., 1998).
GABA has long been known as the primary ~nhibitory neurotransmitter in the
mammalian central nervous system (CNS), and many studies have demonstrated that
GABA regulates development of the nervous. system. GABA has been shown to ·regulate
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differentiation of cortical neurons by activation of GABAA receptors and-the downstream
opening of calcium (Ca2+) channels (LoTurco et al., 1995). Additionally 10 µM
muscimol, a GABAA and GABAc receptor specific agonist, has been shown to promote
the differentiation of immature hippocampal intemeurons (Marty et al., 1996). This has
led to the hypothesis that, by the release of GABA, hippocampal interneurons may
controJ their own phenotype by regulating brain-derived neurotrophic factor (BDNF)
expression· and. release in adjacent cells (Marty et al., 1996). BDNF-is a. member of the
neurotrophin family widely expressed in the CNS (Hofer et al., 1990), and it has been
shown that Ca2+ i~flux induced

?Y muscimol increases BDNF mRNA levels in immature

hippocarilpal neurons (Berninger et al., 1995).
GABA promotes neurite outgrowth (Marie et al., 2001) and GABA antagonists
inhibit neurite outgrowth of cultured hippocampal neurons (Barbin, 1993). Increased
intracellular Ca2+ is likely to play a role in GABA's regulation of neurite morphology,
because GABA-ergic stimulation leads to Ca2+ influx in virtually all immature neurons in
. hippocampal cultures (Berninger et al., 1995). Ca2+ can modulate the behavior and
growth of neurites through cytoskeletal rearrangements (Kater and Mills, 1991).
Several studies have also shown GABA to modulate cellular migration. GABA
has been proposed to be a chemoattractant (Behar et al., 1994), and in vitro assays using
dissociated cortical neurons have shown that GABA8 and GABAc receptors, when
exposed to micromolar GABA concentrations, stimulate chemokinesis (random cellular
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movement) (Behar, 1996). These same studies demonstrate that, when exposed to
femtomolar concentrations of GABA, GABAA, GABA8 and GABAc receptors promote
chemotaxis (cellular migration along a chemical gradient) (Behar, 1996). Migration was
blocked by the addition of a calcium chelator, suggesting that an increase in intracellular
calcium mediates both the chemotactic and chemokinetic responses to GABA (Behar,
1996). In vitro ·studies using dissociated cells from cortical plate and ventricular zone, or
cortical slice cultures suggest that cell motility can be induced by small GTP-ases that are
coupled to GABA8 receptors and that motility can be arrested by GABAA mediated
depolarization (Behar et al., 1998; Behar et al., 2000). The ability of GABA to decrease
cell migration was verified by in vitro studies using olfactory explants. These cell
migration studies demonstrated that the GABAA receptor antagonists bicuculline and
picrotoxin increased the migration of luteinizing hormone-releasing hormone neurons,
while the GABAA receptor agonist muscimol inhibited the migration of these neurons
(Fueshko et al., 1998).
GABA has been shown to positively or negatively regulate proliferation and
survival of certain neuronal subtypes. GABA signaling through GABAA receptors has
been shown to have a trophic effect on monoamine neurons, increasing their survival and
growth, while inhibiting the growth of GABA-ergic neurons (Liu et al., 1997). In cortical
slice cultures, GABA has also been shown to increase proliferation in the progenitor
neurons of the ventricular zone and to inhibit proliferation of neuronal progenitor cells in
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the subventricular zone (Haydar et al., 2000). The ability of GABA to inhibit cellular
proliferation has been shown by the use ·of a dissociated cortical neuron culture system
along with [3H] thymi_dine and BrdU incorporation assays to be linked to the inhibition of
DNA synthesis (LoTurco, 1995).
Several recent studies have concentrated on the ability of GABA to induce
apoptosis in certain neuronal· populations. In hippocampal neuron culture, stimulation of
GABAA receptors by the additio~ of muscimol, a GABAA receptor agonist, has been·
shown to cause cell death (Honegger et al., 1998). GABAA receptors have also been
implicated in the chloride (Cl-) excitoto~ic neu~odegeneration of cultured chick retinal
neurons (Chen et al., 1998). Administration of the GABAA potentiators ethanol,
diazepam, clonazepam, pentobarbitol, phenobarbitol or lorazepam to pregnant mice
(Ikonomidou et al., 2000) or to cultu!ed postnatal hippocampal cells (Xu et al., 2000)
results in high levels of cell death.
GABA is able to stimulate antithetical responses, such as increased versus
decreased migration, or increased versus decreased proliferation in different neuronal cell
populations. This ability may be regulated by differential expression of cation chloride
co-transporters (Smith et al., 1995; Mladinic et al., 1999; Vardi et al., 2000). In the
retina, for example, it has been s);lown that ganglion cells express the K-Cl co-transporter,
which decreases intracellular chloride levels (V ardi et al., 2000). Opening of GABAgated chloride channels in the ganglion cells thus leads to hyper-polarization.
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Retinal horizontal cells, on the other hand, express the Na-K-Cl co-transporter, which
increases intracellular chloride levels (V ardi et al., 2000). Therefore, opening of GABAgated chloride channels results in the depolarization of retinal horizontal cells.
While the functions of GABA in the developing CNS are beginning to be
understood, the role of GABA outside of the CNS has not been extensively studied.
GABA has been shown to act as a cell signaling molecule in some non-neuronal cell
types. In the pancreas, GABA (which is produced by the Pcells) is thought to inhibit
glucagon secretion by activating GABAA receptors on the pancreatic a cells (Rorsman et
al., 1989). GABA has also been found to promote the release of testosterone from the
Leydig cells of the testes (Ritta et al., 1987). Teratological studies have suggested that
benzodiazepines, which are potentiators of GABA function, are capable of inducing cleft
palate (Wee, 1983; Zimmerman, 1984; Laegreid et al., 1990; Jurand and Martin, 1994) as
well as causing a delay in bo.ne mineralization (Miller and Becker, 197 5). Finally,
genetic studies have implicated the GABA-synthetic enzyme Gad] (Asada et al., 1997;
Condie et al., 1997) and the GABAA receptor P3 subunit (Culiat, 1993; Culiat, 1994;
Culiat et al., 1995; Romanies, 1997) in palatal clefting.
Our studies have focused on characterizing the role of the neurotransmitter
GABA in the development of non-neuronal tissues. The model that was chosen for this
study was the Gad] knockout mouse. Gad] null mice are impaired in their ability to
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produce GABA and demonstrate defects in the secondary palate and maxilla (Condie et
al., 1997; Liu et ~l., 2001). As discussed previously, GABA has been shown to regulate
differentiation of cortical neurons by the activation of GABAA receptors and the
downstream opening of calcium channels (LoTurco, 1995). It has also been shown that
GABA can regulate cellular proliferation in neurons, (Haydar et al., 2000), at least in
part, through a downregulation in DNA synthesis (LoTurco, 1995). Whether GABA
plays similar roles when acting on non-neuronal cells is not known. As GABA, GABAmimetics (agonists and potentiators) and GABA antagonists have all been suspected to be
involved in the processes of palatogenesis and ossification, there is evidence that GABA
has these roles in non-neuronal cells. This thesis had two major goals: 1) to define the
developmental defects that result from the loss of the Gad] gene; and 2) to determine
whether GABA plays a role in the development of non-neuronal cells.

Literature Review

GABA Receptors
There are currently three known classes of GABA receptors; the GABAA, GABA8
and GAB.Ac receptors. GABAA receptors have been implicated in palatogenesis. The
GABAA receptors are ligand-:-gated chloride channels, made up of a hetero-oligomeric
combination of GABAA receptor subunits. These are the GABA~ re9eptor a (1-6)
subunit, GABAA receptor ~ (1-3) subunit, GABAA receptor y (1-3) s1:1bunit, GABAA
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recepto~ osubunit and GABAA receptor p (1-3) subunit (Chebib andJohnston, 1999;
Mehta and Ticku, 1999). The G~AA receptor ~3 subunit (Gabrb3), in particula~, has
been implicated in cleft palate.
Genetic Studies
GABAA receptor [33 subunit - (Gabrb3)

The study of a panel of large radiation-induced deletions at the pink-eyed dilution
(p) locus in mice first implicated the Gabrb3 receptor subunit in defective palatogenesis
(Culiat, 1993). Though the GABA receptor a5 (Gabra5), GABA receptor ~3 (Gabrb3)
and GABA receptor 13 (Gabrg3) subunits are clustered on mouse chromosome 7,
mapping studies showed concordance of cleft palate with the Gabrb3 subunit only .
(Culiat, 1993; Culiat, 1994). In addition, it was shown that introduction of a Gabrb3
trans gene into one of the (p) locus mutant backgrounds rescues the cleft palate phenotype
(Culiat et al., 1995). These findings were confirmed by targeted inactivation of the
Gabrb3 subunit (Romanies, 1997). These studies strongly support the notion that the
Gabrb3 receptor subunit is required for normal palatogenesis.
Gadl

The Gad] null mouse line used for this thesis was generated by Dr. Brian Condie,
during his postdoctoral work in the laboratory of Dr. Mario Capecchi. His initial report
suggested that Gad] mutants have a narrowed maxilla (Condie et al., 1997). Also noted
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were bloating and death shortly after birth due to a high penetrance of cleft palate. These
findings were confirmed by another group who independently generated a line of Gadl
knockout ·mice (Asada et al., 1997). '.fhis group reported that the GABA level in the
cer~bral cortex of their line of Gadl null mice was reduced by 93% (Asada et al., 1997).
These studies provided the first genetic evidence that loss of Gadl, one of the two major
GABA-synthetic enzymes, can result in cleft palate.

Transcription factors
The transcription factor Pitx2 has been s_hown to activate the transcription of

Gad] from 5.4 - t9 17~9 - fold whentransfected into cultured neuroblastoma cells
.

.

.

(Westmoreland and Condie, 2001). Mice null for Pitx2 exhibit cleft palate, poor bone
mineralization and tooth dysmorphism, among other defects (Lin et al., 1999; Lu et al.,
1999). As Pitx2 and Gaql are both expressed in the dental epithelium, it is .possible that
Pitx2 may regulate Gadl expression in this tissue.

Unresolved Issues
There are many unanswered questions concerning GAB_A's role in the
development of non-neuronal cells. It is necessary to know which tissues express Gad
during early development, and whether the Gad] -expressing tissues demonstrate
impaired development if Gad function is abolished. The first portion of this thesis
addresses these problems by examining the expression pattern_ of Gad] during early
development. The second portion of this thesis addresses the question of whether there
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exists a functional requirement for Gadl in the newly identified non-neuronal cell
populations that express Gadl during development. Finally, the palate was examined for

Gadl expression, and the mechanisms by which loss of Gadl induces palatal clefting
were investigated.

Hypothesis
These studies test the hypothesis that Gadl is necessary for many aspects of
development, including craniofacial development and the shaping and elevation of the
palatal shelves.

Specific Aims
1: Determine expression pattern of Gadl mRNA during _murine development
(Chapter 1).
2. Analyze novel defects in the Gad] null mice (Chapters 2 and 3).
3: Identify mechanisms affectirig normal palatogenesis in the Gadl null mouse
(Chapter 3).
4: Test the role of GABA in palatog~~esis (Chapter 3).
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Specific Aim 1: Determine the expression pattern of Gadl mRNA during murine
development.

Rationale
The goal of this specific aim was to determine where Gad] is expressed during
murine development. Although the expression pattern of Gad] in the CNS has been well
documented (Wolff et al., 1984; Baekkeskov et al., 1990; Kaufman et al., 1991;
Tillakaratne et al., 1992; Esclapez et al., 1994; Schwarzer and Sperk, 1995; Sloviter et al.,
1996; Katarova et al., 2000), expression outside of the CNS is not well defined. Any
tissue that expresses Gad] ·m.RNA during early development could be dysmorphic in the

Gadl null mouse. Experiments conducted in this aim indicated which organs should be
a~alyzed for developmental defects.
Experiment 1: Systematic in situ hybridization analysis of Gadl expression in
developing wild-type embryos.

Experimental design
In order to determine the presence and localization of Gad] in non-neµral cells

during development, in situ hybridization with Gad] antisense riboprobes was performed
on whole wild-type embryos. Embryos were harvested at developmental ages ranging ·
from embryonic day 8.5 to embryonic day 14.5 (E8.5 to E14.5), to give a complete
picture of Gad] expression in tissues that can be examined by whole mount in situ
hybridization.
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Specific Aim 2: Analysis of defects in Gadl null mouse development.

Rationale
The goals of this specific aim were to discern whether the Gad] null mouse
exhibits any heretofo:r;e unreported defects and to more thoroughly explore those
phenotypes that have already been reported: bloating, a narrowed maxilla and cleft palate
(Asada et al., 1997; Condie et al., 1997). The effects of GABA on different neuronal cell
populations vary greatly, an~ the same may be true for non-neuronal cell populations. For
this reason, it is important that the functional requirement for GABA be explored in any
potentially GABA-ergic tissue.

Experiments
Experiment 2: Systematic analysis of Gadl null embryos from ES.5 to newborn
stages.

Experimental design
Embryos were collected and inspected using a stereo microscope to assess the
presence

o! devel6pmental defects, tncluding: abnormal eyelid development,' bloating,

impaired vibi-issal growth, disorganized vibrissal arrangement and cleft palate. Some
structures, such as the palatal rugae were difficult to photograph by conventional means.
Scanning electron microsc9py was utilized to an.alyze and document phenotypes in these
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structures. For analysis at the light microscope level, embryos were embedded in paraffin
or plastic, sectioned and viewed with a B~-:60 Olympus microscope.
Additionally, several litters containing wild-type and.mutant embryos were used
to generate skeleton preparations. The cleared tissue allowed for visualiz_ation -of skull
bones and cartilages~ These preparations were used for morphometric analysis of the
skulls and for qualitative comparison of the extent_ of bone Il).ineralization between wildtype and mutant embryos.

Specific Aim 3: Identify mechanisms affecting normal palatogenesis in the Gadl null
mouse.

Rationale
Cleft_ palate is a devastating developmental defect that affects -1/500 children, yet
our understanding of the basic processes that guide palatogenesis is ~ery limited. It is of
great importance, therefore, to determine the cellular defect(s) that underlies palatal
clefting in the Gad] mouse.
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Experiments
Experiment 3A: Assay cellular proliferation within the palatal shelves of wild-type
and mutant embryos.
Experimental design
Cell proliferation was assayed by using 5-Bromo-2-deoxyuridine (BrdU)
injections. BrdU is a brominated analog of thymidine that is incorporated into DNA at
the S phase of the cell cycle. At E13.5 of gestation, pregnant females from Gad]
intercrosses were injected intraperitoneally with 1 ml of 3mg/ml BrdU stock per 100g of
bodyweight. After two hours, the. embryos were harvested, embedded in paraffin and
sectioned at 5 mm. Once the BrdU had been incorporated into cellular DNA, the BrdU
was detected by the use of anti:-BrdU antibodies. Genotypes were determined by
performing PCR on DNA from each embryo's yolk sac. Slides from wild-type and
mutant specimens were visually compared for differences in proliferation.
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Experiment 3B: Assay cell death within the palatal shelves of wild-type and mutant
embryos.

Experimental design
E13.5 wildtype and mutant embryos were embedded in paraffin and sectioned at 5
µm. Terminal deoxynucleotidylexotransferase (TdT)-mediated dUTP nicked end labeling
(TUNEL) was used to visualize apoptotic or necrotic cells by the addition of
fluorescently-conjugated· deoxyribonucleoside trip hosp hates onto the 3' end of DNA
fragments. Dying cells were labeled due to the DNA fragmentation that accompanies cell
death.
Specific Aim 4: Test the role of GABA signaling via GABAAJc receptors during
palatogenesis.

Rationale
The goal of this specific aim was to determine whether signaling through
GABAA\c receptors is required for normal palatogenesis: The phenotype of the Gabrb3
subunit and Gadl knockout mice suggest that GABA has a function in palatogenesis
(Culiat, 1993; Culiat et al., 1995; Romanies, 1997). However, it has not been shown that
these defects are due to GABA signaling through a GABA receptor. It was anticipated
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that injections of muscimol would lower the-occurrence of cleft palate in the Gadl
mutant embryos by substituting for GABA in the activation of GABAA and GABAc
receptors.

Experiment 4: Restore GABA signaling in Gadl mutant embryos by injection of the

GABAAJc receptor agonist, muscimol.
Experimental design
Muscimol was injected, at El3.5 of gestation, intraperitoneally into pregnant
female mice from Gadl intercrosses. Two additional injections were given at 24 hour
intervals, and the pups were allowed to develop for two additional days before being
harvested for analysis at El 7.5. Pups were analyzed for the presence of cleft palate under
a Zeiss Stemi SV 11 dissectng microscope, tailed and genotyped by the polymerase chain
reaction (PCR).

Chapter 2: Materials and Methods
Whole mount In Situ Hybridization
Whole mount in situ hybridizations were performed on Swiss Webster mouse
embryos as described previously (Carpenter et al.,'1993; Manley and Capecchi, 1995).
Embryos were dissec~ed qui~kly from the.u~erµs in cold Diethyl-pyrocarbonate (DEP-C)
treated phosphate~buffered saline/ 0.-1 % Tw~en20 (PBST) and fixed overnight at 4 °C in
4% paraformaldehyde (PFA)/PBST. The embryos were dehydrated in a graded series of
25, 50, 75, and 100% methanol in PBST and rehydrated by the reverse procedure. The
embryos were bleached for 1 hour in 4:1 PBST/30% hy~roge_n peroxide. The specimens
were treated for 10-35 minutes with 10 µg/ml proteinase K (Sigma-Aldrich, Milwaukee,
WI) in PBT. The proteinase K reaction was stopped using two washes with 2 mg/ml
glycine in PBST for 5 minutes each. Specimens were refixed fQr 20 minutes in 0.2%
glutaraldehyde/4% PFA in PBS.
The Gad] probe was generated using the 1,972 base pair (bp) fragment of Gad]
corresponding to bp 1 through bp 1,972 of the published Genbank sequence plus
additional 5' sequence. The vesicular GABA transporter (VGAT) in situ probe was
derived from a mouse expressed sequence tag (EST) clone (Genbank Accession #
AJ001598) that contained 7;26bp of VGAT coding sequence. The EST clone was digested
with Eco RI and XhoI, and the resulting 530 base pair (bp) fragment, corresponding to
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bp 1045 - bp 1575 of the EST sequence, was subcloned into pBluescript SK- (Stratagene,
La Jolla, California). Riboprobes labeled with digoxygenin-conjugated UTP were
generated in a sense and antisense orientation. Specific activity of both the sense and
antisense probes was checked by spot-testing serial dilutions of the probes. Probes that
did not show visible signal for the 10-4 dilution after 30 minutes were discarded.
Discarding probes that did not show visible signal at the 10-4 dilution after 30 minutes
insured that the incorporation of digoxygenin was comparable between the sense and
antisense probes.

Specimens were prehybridized in 50% formamide, 5X sodium citrate solution
(SSC), pH 5.0, 50 µg/ml yeast total RNA, 1% SDS, 50 µg/ml heparin for 1. hour at 65 °C.
Specimens were hybridized overnight at 65 °C in fresh hybridization solution containing
500 ng probe/ml. Wash solutions were as follows: solution 1, 50% formamide, 5X SSC,
pH 5.0, 1% SDS; solution 2, 0.5 M NaCl, 10 mM Tris-HCl, pH 7.5, 0.1 % Tween 20;
solution 3, 50% formamide, 2X SSC, pH 5.0. Washes were carried out as follows: 2
times with solution 1 for 30 minutes at 65 °C; 1 time in 1: 1 solution 1/solution 2 for 30
minutes at 65 °C, one time in solution 2 for 30 minutes at room temperature; 2 times in
100 µg/ml RNase A solution 2 for 30 minutes at 37 °C; 2 times in solution 3 for 30
minutes at 65 °c.
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In preparation for incubation with anti-digoxygenin antibody, whole mount
embryos were washed 3 times with TBST. To block nonspecific antibody interaction
sites, specimens were incubated for at least 2 hours at 65 °C in 10% sheep serumffBST.
Specimens were incubated (at 4 °Con a rocking platform) with 1 ml of a 1:2000 dilution
of preadsorbed anti-digoxygenin FAB fragments conjugated with alkaline phosphatase
(Roche Molecular Biochemicals, Indianapolis, IN). Specimens were washed 6 times for 1
hour each in TBST and then 2 times for 30 minutes each in alkaline phosphatase buffer
containing 2 mM levamisole. For the color reaction, specimens were incubated with 1 ml
BM Purple (Roche Molecular Biochemicals, Indianapolis, IN)_ precipitating substrate.
Color reactions were carried out in the dark at room temperature with periodic
observation to check for development of signal and background. Embryos were
photographed without clearing using a Leica model MZFL III dissecting scope (Leica
Microscopy Systems Limited, Heerbrugg, Switzerland), a Hamama:tsu model C4742-95
digital camera (Hamamatsu Photonics, Tokyo, Japan) and Openlab 2.0.7 software
(lmprovision, Coventry, England).

Brain Slice In Situ Hybridization
Whole brains from adult Swiss Webster mice were dissected quickly from the
brain case and fixed overnight in 4% PFA/PBST. The brains were sectioned at 100 µm
(without embedding) on a Leica model VTl000E vibratome (Leica Instruments,
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Nussloch, Germany). Sections were transferred to a 15 ml conical tube and dehydrated in
a graded series of 25, 50, 75, and 100% methanol in DEP-C PBST and rehydrated by the
reverse procedure. The brain sections were then bleached for 1 hour in 4:1 PBST/30%
hydrogen peroxide. The specimens were treated for 10 minutes with 10 µg/ml proteinase
Kin PBST. The proteinase K reaction was then stopped using two washes with 2 mg/ml
glycine in PBST for 5 minutes each. Specimens were refixed for 20 minutes in 0.2%
glutaraldehyde/4% PFA in PBST. Brain slices were transferred to individual wells in a 96
well culture plate to prevent sticking. Steps from this point onward proceeded as
described previously.
Radioactive In Situ Hybridization
Embryonic heads were sectioned at 7 µm and placed serially onto TBSPA (3aminopropyltriethoxy-silane) coated slides. The sections were pre-treated with 5 µg/ml
Proteinase Kand 0.25% acetic anhydride and then hybridized at 55 °C overnight in a
humidified cha~ber. This.was followed by two high stringency washes (20 minutes at 65
°C in ·2X SSC, 50% formamide, 10 mM DTT) and treatment with 40 µg/ml RNAse A for
30 minutes at 37 °C to remove any non~specifically bound probe. The high stringency
washes were repeated and then followed by a further wash at 65 °C in 0. lX SSC, 10 mM
DTT. The sections were then washed in 0. lX SSC at room temperature and dehydrated
through

3qo mM ammonium acetate in 70% ethanol, 95% ethanol and finally, absolute·
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ethanol. The slides were air-dried and then dipped in Ilford K.5 photographic emulsion.
Autoradiography was performed by exposing the sections in a light-proof box at 4 °C for
10-14 days. The slides were then developed using Kodak D 19 developer and fixed using
Kodak UNIFIX. After thoro~gh rinsing in tap water the slides were counter-stained with
malachite green. The radioactive antisense probes used were generated from mouse
cDNA clones. These experiments were carried out in the lab of our collaborator, Paul
Sharpe, by Martyn Coboume.
Histology

For paraffin sections, embryos and newborns were fixed in 4% PFA or Bouin' s
fixative (Polysciences, Warrington, PA). The PFA fixed tissues were used for TUNEL
and BrdU analysis, and the Bouin's fixed tissues were used for hematoxylin and eosin
staining. Following fixation, the specimens were decapitated and the heads were
processed for embedding in a Leica model TP 1050 (Leica Instruments, Nussloch,
Germany) tissue processor. Processing steps included dehydration through increasing
concentrations of ethanol, equilibration in xylenes, and impregnation with paraffin wax.
Specimens were embedded and sectioned at 10 µm in the coronal plane. Sections w·ere
mounted on superfrost plus slides (Fisher Scientific, Pittsburg, PA) and placed on a
warming tray to dry. The slides were dewaxed in two washes of xylene and then
rehydrated through graded ethanol washes. The Bouin's fixed tissues. were soaked in
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ethanol saturated with LiCl to remove excess picric acid and the tissues were stained with
hematoxylin (Sigma-Aldrich, Milwaukee, WI) and eosin (Sigma-Aldrich, Milwaukee,
WI). Slides were analyzed under an Olympus BX-60 (Olympus Opto-Digital
Technologies, Tokyo, Japan) light microscope and photographed with a SPOT digital
.

.

'

camera (Diagnostic Instruments, Inc., Sterling Heights, MI).
For plastic sections, embryos that had been processed for in si,tu hybridization or
Lacz staining were fixed overnight in 4% PFA, washed twice with PBS/f and
dehydrated through graded ethanol washes. After dehydrating overnight in 100%
ethanol, the embryos were placed into 50% ethanol/ 50% catalyzed Immunobed solution
(Polysciences, Warrington, PA) for one hour. The embryos were then placed in 100%
catalyzed Immunobed solution overnight. Once the embryos had become transparent,
they were embedded in a solution of 1 part Immunobed hardener to 25 parts catalyzed
Immunobed solution. The blocks were allowed to harden overnight and were then
sectioned on a Leica Microtome (Leica Instruments, Nussloch, Germany) fitted with a
glass blade mount. Sections were cut at 5 µm and were floated on a water bath, mounted
\

on superfrost plus slides and allowed to dry on a warming tray overnight before being
coverslipped with cytoseal-60 mounting medium (Stephens Scientific, Riverdale, NJ).
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Immunohistochemistry:
Immunohistochemistry was performed essentially as described in (Wall et al.,
1992). Paraffin sections were prepared for the immunohistochemistry procedure by
dipping 2 X 5 minutes in xylene, 5 minutes in methanol, 30 minutes in methanol/5%
peroxide and then t~ough a graded ethanol serie_s to PBS. Sections were blocked for 1
hour with TBST/10% sheep serum. The primary a1;1-tibody, a polyclonal rabbit antiGad67 antibody (Chemicon International, Temecula, CA), was diluted 1/500 in
TBST/10% sheep serum and 100 µl were applied to each slide. Slides were then
coverslipped with parafilm rectangles and allowed to sit in a humidified chamber at 40

°C for 1 hour.

Slides were washed 3 times over a 3 hour period in TBST. For immuno-

fluorochemistry, a secondary antibody (donkey anti-rabbit IgG conjugated to biotin)
(Jackson Immunoresearch Laboratories, West Grove, PA) was used at a concentration of
1/200 in PBST/10% sheep serum. Slides were incubated with this antibody for 1 hour at
room temperature. Slides were washed 3x30 minutes in PBST and were incubated for 30
minutes at room temperature with a 1/1000 dilution of streptavidin conjugat~d to the
Alexa 568 fluorophore (Molecular Probes, Eugene, OR). Slides were coverslipped with
aquapolymount (Polysciences, Warrington, PA). The fluorescently labeled slides were
viewed and photographed on an Olympus BX-60 (Olympus Opto-Digital Technologies,
Tokyo, Japan) microscope using a Zeiss AttoArc HBO 100 watt mercury lamp (Carl
Zeiss Microscopy, Jena, Germany) and standard rhodamine filters.
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/3-Galactosidase· Histochemistry
E16.5 embryos from Gadl-lacZknockinl+ x Swiss Webster or Swiss Webster x
Swiss Webster (control) matings were fixed in 4% PFAIPBS at 4 °C for 1 hour. After
fixation, the embryos were washed 2 x5 minutes in PBS. In order to allow, the staining
solution to access the skeletal elements, the skin of 6 embryos was removed before
addition of the staining solution. The remaining embryos were stained with the skin
intact. The staining solution contained 1 mg/ml X-GAL (5-bromo-4-chloro-3-indolyl-~D-galactopyranoside), 0.01 % sodium deoxycholate, 0.02% Nonidet-P40, 2 mM MgC1 2,
5 mM potassium ferricyanide and 5mM potassium ferrocyanide in PBS (Lee et al., 1999).
The color reaction was allowed to continue overnight at room temperature.
The staining procedure was anticipated to produce a visible blue precipitate in
-heterozygous embryos. Blue staining was not observed in Swiss x Swiss control embryos
which had been incubated overnight in, the staining solution. Seven of 18 embryos from
the Gadl-lacZ matings exhibited blue stafoing after overnight incubation with the
staining solution. The seven embryos that exhibited blue staining were assumed to be
heterozygous for the. Gad] -Lacz. allele. [Primers are being generated so that the
genotypes mar be verified by polymerase chain reaction (PCR)]. The embryos were
washed iri PBS 3 x 5 minutes. Stained embryos with the skin intact -were photographed,
,-

,)

embedded in plastic, and sectioned for histological analysis. Stained embryos from
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which the skin had been removed were photographed, dehydrated through a graded
methanol series, cleared in 4:1 benzyl alcohol/benzyl benzoate and _re-photographed.
Skeleton Preparations
Skeletal preparations were prepared according to the protocol of Jegalian and De
Robertis (1992). Newborn pups were sacrificed, skinned, and stained with alizarin red S
(Acros Organics, Pittsburg, PA) to reveal bone and alcian blue 8GX (Acros Organics,
Pittsburg, PA) to reveal cartilage. Skeletal preparations were then cleared by processing
through a graded glycerol series. Skulls of both wild-type and Gad] -/- pups were
measured using Zeiss Morphometrix software (Carl Zeiss Miroscopy, Jena, Germany).
Measurements were taken anteroposteriorally from the foramen magnum to the base of
the incisors (skull length) or laterally across the most anterior portion of the jugal bones
(skull width). These measurements were analyzed using the student's t-test option of the
NCSS97 statistics software (NCSS Statistical Software, Kaysville, Ut).
Cell Proliferation Assay
Pregnant female mice were injected intraperitoneally with 1 ml of 10 mM BrdU
(Sigma-Aldrich, Milwaukee, WI) in PBS per 100 g of body weight (Gratzner, 1982).
Litters were removed after 2 hours and processed for paraffin sectioning. Sections were
cut at 6 µm, dewaxed, rehydrated, and soaked for 15 minutes in 4N HCl. After digestion
with 20 µg/ml proteinase K for 3 minutes, sections were blocked with 10% fetal calf
serum for 30 minutes at room temperature. Sections were then incubated for 1 hour with
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undiluted anti-bromodeoxyuridine mouse.monoclonal antibody_plus nuclease (Amersham
Pharmacia Biotech, Buckinghamshire, England). Sections were then washed and
incubated with biotin conjugated to anti-mouse IgG. Sections were washed again and
incubated with streptavidin conjugated to the fluorophore Alexa 568 (Molecular Probes,
Eugene, OR) at a concentration of 1 µg/ml. Signal was detected using an Olympus Bx60 microscope fitted with a standard rhodamine filter (Olympus Opto-Digital
Technologies, Tokyo, Japan), and sections were photographed with a SPOT digital
cai:nera (Diagnostic Instruments, Inc., SterlingHeight~, MI).

Cell Death Assay
For Terminal deoxynucleotidyltransferase-mediated dUTP nicked end labeling
(TUNEL) analysis· (Gavrieli et al., 1992), tissues were fixed for 30 minutes in 4% PFA,
paraffin embedded and sectioned at 6 µm. The sections were mounted on Fisher
. superfrost plus slides. The sections were then dewaxed in xylene and rehydrated through
graded ethanol solutions. After treatment with 20 µg/ml proteinase Kin 10 mM Tris-HCl
pH 7 .5 fo~ lj5 minutes, the sections were incubated with labeling mixture (Roche
Molecular Biochemicals, Indianapolis, IN) and Oregon green fluorescent d-UTP
(Mol~cular Probes, Eugene, OR). Slides were mounted with Polyaquamount
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(Polysciences, Warrington, PA) aqueous mounting medium and examined with an
Olympus BX-60 microscope with fluorescence viewing capabilities (Olympus OptoDigital technologies, Tokyo, Japan).
Three-Dimensional Graphic Reconstructions
All photographs used for creating reconstructions were generated with a SPOT
camera (Diagnostic Instruments, Inc., Sterling Heights, MI). Images were saved in JPG ·
format at maximum quality settings. Anatomical structures were chosen as reference
points, and these points were marked on the c~mputer screen and used to align all
photographed images. The computer that was utilized for this work was a MacIntosh G3
(Apple Computers, Inc., Cupertino, CA). Each iniage was converted to indexed color
mode (MacIntosh system palette) and all of the structures of interest were t~aced in a
separate color. In subsequent steps, the background in the images was removed ~y
adjusting the color levels and using the eraser function of Photoshop (Adobe Systems,
Inc., San Jose, CA). The different images of each individual palate were then moved as a
batch file into the Voxel View three dimensional reconstruction program (Vital Images,
Plymouth, MN).
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Cleft Palate Rescue
Gad] heterozygotes were intercrossed to generate Gad] +/+, Gad] +/- and Gadl
-/- littermates. Pilot experi~ents indicated t~at muscimol injections made at E12.5 or
earlier resulted in reabsorption of all litters. Muscimol injections begun at E14.5 or later
failed to rescue the cleft palate phenotype. Single injections at El3.5 were sufficient to
yield a partial rescue of the cleft palate. The data presented in chapter 5 are from females
that were injected intraperitoneally with 4 mg/kg muscimol, a GABAA and GABAc
receptor specifi~ agonist, at El3.5, E14.5, and E15.5. The concentration of 4 mg/kg was
found to be the minimal concentration necessary to produce sedation (Kash et al., 1999).
After each female was injected, she was monitored for signs of lethargy. Lethargy
indicated that the drug had retained its potency, and only females showing sedation were
used for analysis.

Scanning Electron Microscopy (SEM)
Embryos to be analyzed by scanning electron microscopy were fixed overnight in
4% PFA, washed twice in PBS and decapitated. The heads were dehydrated through a
graded series of ethanol, allowed to dehydrate overnight at 4 °and dried in a Samdri-790
critical point dryer. Once dried, the heads were attached to aluminum.SEM specimen
mounting stubs with adhesive tabs (Electron Microscopy Sciences, Fort Washington,
PA). Specimens we;re grounded by applying a small amount of colloidal ~raphite
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(Ted Pella Inc., Redding, CA) in such a ..
way that the graphite was touching both the
·'

'

specimen and the top of the mounting stub. Specimens were coated in gold/palladium
with a Hummer VI-A Sputter Coating Apparatus (Anatech LTD, Alexandria, VA) set at
10 milliamperes for 2 minutes. Images were ~cquired using a Phillips model XL-30
Scanning Electron ,Microscope and EDAX software (Phillips Electronic Instrument
Company, Taoyuan, Taiwan).

Chapter 3: Systematic in situ hybridization analysis of Gadl expression in
developing wild-type embryos.
Introduction
In mammals, there are two isoforms of glutarnic acid decarboxylase (Gad). These
two isoforms, Gad67 and Gad65, are expressed from two distinct genes, Gad] and Gad2,
respectively (Erlander et al., 1991; Bu et al., 1992). Glutamic acid decarboxylase
catalyzes the conversion of glutamate into the inhibitory neurotransmitter y-aminobutyric
acid (GABA) (Figure 1). Studies have investigated the tissue-specific expression of
Gad67 in adult animals or in the developing CNS (Wolff et al., 1984; Katarova et al.,
2000), but limited data exists on the embryonic expression: outside of the CNS. To better
define Gadl expression during development of non-CNS tissues, we examined the
expression of Gad] mRNA by whole mount in situ hybridization in E8.5 to E14.0 mouse
embryos. To evaluate Gad] expression during later embryonic development (El6.5),
mice in which the endogenous Gad] allele was inactivated by insertion of the ~galactosidase (lacZ) reporter gene were generated (Westmoreland and Condie, 2001).
This insertion fused the lacZ gene, in frame, to the Gad] promoter. Thus, activation of
the Gadl promoter resulted in transcription of the lacZ gene. Lacz activity was detected
by incubation of the Gadl-lacZ heterozygous embryos with 5-bromo-4-chloro-3-indolyl-
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Figure 1: Production of y-aminobutyric acid. Glutamic acid decarboxylase generates
y-aminobutyric acid by the decarboxylation of the amino acid glutamate.
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P-D-galactopyranoside (X-GAL). Lacz, in the presence of X-GAL, produces a visible,
blue precipitate, thereby labeling cells in which the Gad] promoter has been activated.
I;n addition to localizing Gad] expression in mouse embryos, the expression of
the vesicular GABA 'transporter, VGAT, was analyzed, using whole mount in situ
hybridization. The vesicular GABA transporter (VGATIVIAA1) is responsible for the
sequestration of GABA into synaptic vesicles (McIntire et al., 1997; Sagne et al., 1997).
Co-expression of Gad] and VGAT in the same cells would indicate a potential for those
cells to produce GABA and to store it in vesicles.
I found that Gad] was expressed widely outside of the CNS during embryonic
development. The earliest detectable Gad] signal was present within the tail bud at E8.5.
Expression at later stages was detected in the apical ectodermal ridge (AER) of the
forelimb and hindlimb buds, pharyngeal endoderm and mesenchyme, vibrissal placodes,
optic vesicle, dental lamina and palatal rugae. Lacz staining revealed novel activation of
the Gad] promoter in cranial and axial skeletal elements. Staining for Gadl-IacZ was
present also in the developing nares and vibrissal placodes, and was maintained through
E16.5. While the expression pattern of VGATwas comparable to that of Gad] within the
CNS, VGAT expression was not detected outside of the CNS. The lack of Gad] and

VGAT co-expression outside of the CNS suggests that GABA is neither stored in nor
released from vesicular compartments in the non-neuronal cells.
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Results

Gadl is expressed in the adult brain and in the d_eveloping CNS.
Hybridization of the Gad] probe to adult brain sections produced a staining
pattern showing Gad] to be expressed in neurons throughout the cerebral cortex, in the
reticular nucleus of the thalamus and the ventromedial hypothalamic nucleus (figure 2
A)~ Expression was also present in the hippocampal formation, where it was detected in
the CA3_ field and in granule cells of the dentate gyms (figure 2 A).· Gad] was expressed
in the Purkinje cell layer of the cerebellum (figure 2 B). No staining was seen in the
sense control, indicating that the hybridization conditions were adequate to remove
background (figure 2 C). Whole mount in situ hybridizations performed on El2.5
embryos demonstrated expression in the_lateral ganglionic eminence, medial ganglionic
. eminence, dorsal thalamus, pons, cerebellum and nasal epithelium (figure 2 D and E).
Sense strand hybridiz.ations were perfo1:ffie~ as controls. These were free of staining,
indicating absence of nonspecific probe hybridization or· probe· trapping (figure 2 C,F ).
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Figure 2: Gadl expression in the adult brain and developing CNS. (A) Gad]
expression was seen throughout the cerebral cortex (CX) and in the reticular nucleus
(RN) of the thalamus. In the hippocampus (HC), Gad] was expressed in the granule cell_s
of the dentate gyms (DG) and in the neurons of the CA3 field (CA3) of the hippocampus.
In the hypothalamus, Gadl expression was seen in the ventromedial nucleus (VMN). (B)
A coronal slice through the cerebellum (CB) showed strong Gad] expression in the
Purkinje cell (PC) layer. (C) Brain slices hybridized to the sense strand and washed
under identical conditions to the antisense strand demonstrated no staining. (D) Analysis
of hemisected heads revealed_ expression in the lateral ganglionic emine~ce (LGE),
medial ganglion.ic eminence (MGE), dorsal thalamus (DT), pons, cerebellum and nasal
epithelium (NE). (E) The expression in the lateral ganglionic eminences was easily
visualized in coronally transsected heads. (F) Embryos hybridized with the sense strand
were free of background staining indicating adequate wash conditions were applied.
Scale bar: A, 1.25 mm; B, .60 mm; C, 4 mm; D and E, 1 mm; C, 2 mm.

RN

I

RN

\

34
Gadl is expressed in the developing olfactory system beginning at E9.5.
Gad] was first expressed within the olfactory placodes at E9.5 (figure 3 A), and
expression remained in the olfactory region throughout development. At El0.5, the
olfactory pits began to develop;_ and Gad] exp~ession was bilaterally confined to the
caudal portion ~f the forming pit (figure 3 B). At El 1.5, Gadlwas expressed around the
entire circumference of the olfactory pits (figure 3 C). By El2.5, Gad] was expressed
throughout the vomeronasal organs and the ventral portion of the nasal epithelium (figure
3 D), and was also expressed in the epithelial layer that grew to cover the external nares
(figure 3 E).

Gadl is expressed in developing vibrissal follicles beginning at E12.5.
Development of the vibrissae begins with the formation of 12 epithelial ridges, 6
on either side of the rostrum (Van Exan and Hardy, 1980). These epithelial ridges are
arranged with 5 rows running parallel to each other in a rostr9caudal direction. The other
row is almost perpendicular to the first 5, running in a dorsoventral fashion, at the more
proximal edge of the whisker pad (Hardy, 1992). The ridges begin to appear at El 1.5
(Yamakado, 1996). Expression of Gadl within these ridges first appeared as smudges
that were resolved quickly into large doughnut-shaped regions of expression in the lateral
nasal and maxillary rows by E12.5 (figure 4 A). A coronal section through the snout
demonstrated that Gad] expression was confined to the ectodermal placode (figure ·4 B).
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Figure 3: Gadl is expressed during the development of the olfactory placode,
olfactory pit, vomeronasal organ and nasal epithelium of E9.5-E12.5 embryos. (A-, ·
E) Gad] mRNA was detectable by whole mount in situ hybridization in the olfactory
region from E9.5 to E12.5. (A) A lateral view of an E9.5 embryo reveals that Gad! is
expressed in the paired olfactory placodes (black arrows). _(B) At El0.5, the olfactory
placode was beginning to give rise to the olfactory pit. A ventral view of the maxillary
process revealed that, as the olfactory pit.began to. develop, Gad] was first expressed at
'

.

the posterio~ portion of the pit (black arrows). (C) A frontal view of an El 1.5 embryo
demonstrated that Gad] was expressed around the entire circumference of the pit (white
arrows). (D) Signal was present in the nasal region at El2.5 in embryos processed for
whole mount in $ltu hybridizatio~. The frontal view of a hemi,sected E12.5 head revealed
that signal present in the vomeronasal organs (VO, black arrows) and ventral nasal
epithelium (NE, white arrows). (E) The frontal view of an E12.5 head revealed Gad]
expression in ~he epithelium covering the nares (black arrows). Scale bar: A, 2 mm; B,
.5 min; C, 3 mm; D and E, 1mm.
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Figure 4: Gadl is expressed in vibrissal placodes. (A-F) Gadl was expressed in the
developing vibrissal follicles fro1,11 E12.5.to El4.5. (A) At El2.5 expression of Gadl
was seen in the supraorbital (black arrow at top of panel), postoral (black arrow at bottom
of panel), lateral nasal and maxillary follicles (white arrow). (B) Coronal sections
through the snout of an El2.5 embryo revealed that Gad] expression was confined to the
ectodermal placode. (C) At E13.5 Gad] was faintly expressed in the rhinal (white
arrow), anterior maxillary (black arrow)and fabial (red arrow) follicles. (D) Higher
magnification of expression in the labial follicles seen in (C). (E and F) Expression of

Gad] at El4.5. (E) Increasing expression in the rhinal (white arrow), anterior maxillary ·
(black arrow) and labial (red arrow) rows was noted at this time. Additionally, positive
signal was appearing in the submental follicles (blue arrow). (F) Higher magnification of
the anterior maxillary (black arrow) and labial (red arrow) follicle rows seen in (E).
Nomenclature is from Yamakad9 and Yohro (1979). Scale bar: A,C: 750 µm; B, 20 µm;
F, 450 µm; D, 400 µm; E,1 mm.

B.
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Analysis of 9 embryos from a single timed mating allowed for visualization of
varying expression patterns in embryos of slightly different ages. Expression of Gad}
appeared in a wave, proceeding from the more caudal vibrissae to the more rostral ones
(proximal to distal). Also at El2.5, Gad} expression began to appear in the supraorbital
and postorai vibrissal follicles (nomenclature according to [Yamakado and Yohro,
1979]). As the expression of Gad} was diminishing in the lateral nasal and maxillary
rows, expression began to appear in the rhirtal, anterior maxillary and labial follicles
(figure.4 ·c, D). At E14.5, expression had become
more intense in the rhinal, anterior
.
maxillary and labial follicles, and had become apparent in the submental follicles as well
(figure 4 E, F).
Gadl is expres.sed in the developing eye.

Gad} was expressed in the region of the optic eminence as early as E9.0 (figure 5
A). This expression continued through E9.5 (figure 5 B). To determine whether the
expression was present in the ectoderm or the underlying neuroepithelium of the optic
vesicle, transverse plastic sections were cut through an embryo that had previously been
processed using the Gadl whole mount in situ protocol (figure 5 C, D). Expression was
evident in the neuroepithelial cells lining the optic vesicles. Neuroepithelial cells in the
plane of section, but outside of the optic vesicle, showed no staining. Gad] expression in
the eye was not detectable by whole mount in situ hybridization at any of the other time
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Figure 5: Gadl is expressed in the optic vesicle, retina, lens fibers and anterior lens
epithelium. (A) A lateral view of an E9.0 embryo revealed that Gad] was expressed in
/
l

· the developing eye (white arrows) and (B) continued to be detectable through E9.5. (C,
D) Sectioning the embryo from panel (B) through the transverse plane produced sections
which demonstrated prominent Gad] expression in the neuroepithelial cells (NE) that
line the optic vesicles (OV). (E) In situ hybridization performed on coronal paraffin
sections demonstrated specific staining in the anterior lens epithelium (ALE), lens fibers
_(LF) and retina (R) of El4.5 embryos. (F) These results were supported by use of the
immunofluorochemistry technique to detect Gad67 protein. The brown color seen in the
retinal pigmented epithelium (PE) is not ~igrial but endogenou~ pigment. Scale bar: A,B
hnm; _<;,D SO µm; E, F 100 µm.
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points e~amined; however, in situ hrbridizations performed on paraffin sections.of El4.5
embryos showed apparent staining for Gadl in the anterior lens epithelium, lens fibers,
and retina (figure 5 E). The eye, however, is a known site for high nonspecific binding,
and there was faint staining evident in the eyes of control sections. Therefore,
immuofluorochemistry was utilized to verify that Gad67 was present within the eye at
this time·(figure 5 F). The Gad67 antibody specifically labeled the same structures as the
in situ hybridization probe.
Gad] is expressed in the dental lamina and palatal rugae and is transiently

expressed in the pharyngeal pouches.
In situ hybridization was performed on heads of wild-type embryos (El2.5-E13.5)
'

from which the mandible had been removed to allow for better visualization of the palatal
surface (figure 6). Expression of Gadl at E12.5 was seen as two intense stripes in the
epithelial dental lamina (figure 6 A). By El3.0, expression of Gad] was diminishing
within certain regions of the dental lamina (figure 6 B). By E13.5 Gad] expression
localized to sites of incisor development and to the palatal rugae (figure 6 C). Expression
in the region of future molar development was not detectable by whole mount in situ
hybridization at any of these stages.
.

.

In the pharyngeal region, Gad] expression was detected in the pharyngeal
pouches. _Expr~ssion was present in the second, third and fourth pouches (figure 6 D),
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Figure 6: Gadl is expressed in the dental lamina, palatal rugae and transiently in
the pharyngeal pouches. (A) A palatal view of Gad] expression ·at E12.0. The two ·
stripes of expression corresponded to the dental lamina (DL), the earliest morphological
structure indicating the future sites of tooth development~ _(B) At El2.5, regions of the
dental lamina were losing expression, and (C) by El3.5, the expression in the palatal
region was confined to the sites of future incisor eruption and to the palatal rugae (PR) .
. (D) Gad] expression was detectable in the second, third and fourth pharyngeal pouches
of E9.5 ·embryos. The first arch (1st A) is indicated.-(E) The strongest expression
appeared to be in the endodermal lining of pouch 3 (black arrow). There appeared to be a
diffuse ~tripe of expression i~ the arch mesenchyme between pouches 3 and 4 (white
arrow). Abbreviations: DL, dental lamina; MGE, medial ganglionic eminence; PR,
palatal rugae; VP, vibrissal placodes. Scale bar: (A-C), 1 mm; D, 600 µm; E, F, 100 µm
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with expression appearing to·be the strongest in the endoderm of pouch 3. There
appeared to be a stripe of less intense expression in the pharyngeal mesenchyrne passing
between pouches 3 and 4 (figure 6 E). In order to confirm the cellular localization of

Gad] signal, embryos that had been through the in situ hybridization protocol were
embedded in plastic and sectioned in the coronal plane; however, signal was too weak to
be visible after sectioning.

Gad] is expressed in the developing limbs from E9.0 to Ell.S.
In the limb buds, Gad] expression was detectable from ~9.0 through Ell.5
(figure 7). At E9.0 Gad] was detected in the pre-apical ectodermal ridge (AER) (figure 7
A, B). Expression was in both the forelimb and the hind limb buds of El0.5 embryos ·
(figure 7 C). Expression in the forelimb was maintained in the AER, and was becoming
visible on the dorsal surface of that limb (figure 7 D)~ The expression of q-adi in the
hindlimb at this stage was confined to the AER (figure TE). Gadl expression at El 1.5
was stil_l visible in both the forelimbs and hin~lilllb buds· (figure 7 F). AER expression at
this time was reduced, and the expression on the dorsal side of the forelimb bud had
become a more condensed ~ar (figure)7 G). Expression in the hindlimb bud at this stage
could be seen on both the dorsal (figure 7 F) and ventral (figure 7 H) surfaces of the limb.
Transverse sections through the forelimb bud of an El0.5 embryo revealed expression in
the mesenchyme (figure 7 I, J) and ectoderm (data not shown).
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Figure 7: Gadl is expressed in the apical ectodermal ridge and in both dorsal and
ventral limb cell populations. (A-H) Expression of Gad] was detectable in the
developing limbs from E9.0 to El 1.5. (A and Bi Gad] mRNA was present in the preapical ectodermal ridge of the fo~elimb (black arrows) in-E9~0 embryos. (C-E)
Expression of Gad] was also present in El0.5 embryos. (C) Low magnification image
illustrating forelimb (black arrow) and hindlimb (white arrow) development at this stage..
(D) Gad] expression w~s present in the definitive AER of the forelimb (black arrow) and
was also expressed in a ~ar-shaped pattern (white arrow) on the dorsal surface of the
forelimb. (E) In the El0.5 hindlimb, Gad] expression was visible in the apical
ectoderm. (F-H) Gad] expression continued until El 1.5. (F) Gad] expression was
detected in the forelimb (black arrow) and hindlimb (white arrow) of El 1.5 embryos. (G)
At this time, Gad] expression was still present in the AER of the forelimb. The
expression .on the dorsal· surface of the forelimb, that had earlier resembled a diffuse bar,
had become more condensed. (H) At Ell.5 in the hindlimb, Gadl was no longer visible
in the apical ectoderm, but was now detectable in a crescent that was visible from the
dorsal and ventral surfaces of the limb. (I) Transve~se plastic sections through the
forelimb of an El0.5 embryo shows Gad] expressing cells. (J) Closer magnification
revealed that these cells were present in the mesenchyme. Scale bar: A,C 1 mm; B, D,
E, G, H 500 µm; F 1.5 mm; I, 100 µm; J, 50 µm.
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Gadl is expressed in the developing tail bud.
Gad] mRNA was detected as early as E8.5 in the developing tail (figure 8 A).
Expression of Gad] remained in the tail bud from E8.5 through El 1.5 (figures 8 B, C,
D). At E12.5, expression in the tail bud began to diminish (figure 8 E), and expression
was no longer detectable by whole mount in situ hybridization at E13.5. When E9.5
embryos that had been through the whole mount in situ hybridization protocol were
embedded in plastic and sectioned, Gadl expression was evident in the paraxial
mesoderm, ventral neural tube, notochord and in the dorsal portion of the hindgut (figure
8 F). The highest level of Gad] expression was in the ventral neural tube. Sections
through the more distal region near the tip of the tail revealed Gadl expression in the
neural epithelium and throughout the tail bud mesenchyme (figure 8 G).

At E16.5, novel activation of Gadl is detectable in skeletal elements, nares and hair
follicles of Gadl-lacZ mice.
Six El6.5 embryos were skinned, stained and cleared. Of these six, three
embryos exhibited staining for lacZ and were assumed to be Gadl-lacZ hetrozygotes.
The three ·unstained embryos were assumed to be wild-type. In the presumed Gad] -lacZ
heterozygotes, staining was present in elements of the skull and mandible (figure 9 A).
Staining was present also in the axial skeleton. Within the forelimb, signal was present in
the radius, ulna and metacarpals (figure 9 B).' Positive signal was observed also in the
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Figure 8: Gadl is expressed in the developing tail. ·(A-G) Gadl mRNA was detectable
inthe tail region as early as E8.5, and expression was maintained until around the time of
caudal neuropore closure. (A) The ·earliest detectable Gad] signal appeared in the tail
region by E8.5. (B,C) At E9.5 and El0.5, the expression of Gad] was very intense in the
tail bud. (D) By El 1.5, the expression began to fade, and (E) by El2.5 Gad] expression
was confined to the distal tip of the tail. No expression was evident in the tails of whole
mount E13.5 embryos. (F and G) To localize the expression of Gad] at E9 transverse
sections through were cut through the tail. (F) These sections illustrate that, in the most
anterior range of Gad] expression at this time, Gad] is expressed in the paraxial
mesoderm, ventral neural tube, notochord and cells of the dorsal hindgut. (G) More
distally, Gad] is expressed throughout the tail bud mesenchyme and in the
·neuroepithelium. Abbreviations: ·hg, hindgut; m, mesenchyme; n, neuroepithelium; nc,
notochord; nt, neural tube; pm, paraxial mesoderm. Scale bar: A; 250 µm; B-B, 750 µm;
F, 75 µm; G, 100 µm.

B.
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Figure 9: E16.5 Gadl-lacZ heterozygous embryos reveal novel expression in skeletal
elements, riares and hair follicles. (A-C) Staining of skinned and cleared El6.5
embryos revealed expression in various skeletal elements. (A) Within the skull,
expression was evident in the maxilla (MX),. mandible (MN), frontal (F) and parietal (P)
bones. (B) The forelimb demonstr~ted staining in various elements, including the radius
(RD), ulna (UL) an~ metac~als (ML). Staining was present also in the ribs (R). (D)

When a whole.head with the s~rt intact was stained, signal was seen· in the vi~rissae
(black arrows), nares (one of which is outlined with a box), tongue (white arrow) and as
punctate spots, which are the pelage foliicles. (E, F) Sections through the nare that is
boxed in (D) revealed expression in the' epithelial pl~g (E) and epithelial lining of the
nares (F). (G-I) Sections through vibrissal follicles showed expression in the germinal
matrix (GM), papilla (P), outer root sheath (ORS) and hair shaft (HS). Scale bar= (AC), 1.5 mm; (D), 0.1 cm; E and F, 150 µm; (G-1), 250 µm.
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ribs (figure 9 C). Other sites of staining that were observed included the scapula,
humerus, femur, tibia, fibula, vertebrae and nasal bones. In some experiments, the skin
was not removed and analysis revealed Lacz marker expression in the vibrissal follicles,
pelage follicles, nares and tongue (figure 9 D). Coronal sections through the snout of an
E 16.5 Gad] -lacZ heterozygote revealed expression in the epithelium_ of the nares (figure
9 E, F). Additionally, staining was present in the epithelium of the developing vibrissal
follicles.

VGAT expression is confined to the CNS.
To define sites. of VGAT expression, whole mount in situ hybridization was
performed on E8.5 to _El2.5 mouse embryos. No expression was detected at E8.5 or E9.5
with either sense or antisense probes. VGATtranscripts became visible at El0 (figure 10
A-C) with visible signal in the· region. of the ventral mesencephalon, hindbrain and spinal
cord. Even after additional washes were added to our regular protocol, otocyst staining
(A, B) persisted in El0 sense strand controls (data not shown) and is considered
nonspecific. At El0.5 (figure 10 D-F) VGAT signal was found in the basal
telencephalon and spinal cord.. The spin~l cord expression remained and intensified
through El2.5. VGAT expression was widespread throughout the CNS at El 1.5 (figure
10 G-1), with strong expression in the medial ganglionic eminence and the ports

(figurelO I).
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Figure 10: VGAT expression is confinfd to the developing CNS.
(A, C) At ElO expression of VGAT first becomes visible in the lateral-ventral
· mesencephalon and in (B) the hindbrain, and spinal cord. (D, F) At El0.5 VGAT signal
becomes visible in the basal telencephalon. (E) Expression in the hindbrain and spinal
cord is still present, but at low levels. (G-1) Expression of VGAT at E 11.5. (G)
Increasing VGAT signal in the basal telencephalon and (H) in the spinal cord. (I) The
internal view of an embryo hemtsected at El 1.5 reveals VGAT expression in the medial
ganglionic eminence and the pons. (J) The lateral view of a hemisected E12.5 embryo
shows that VGAT signal is intense in the basal telencephalon. (K) Sense strand control
demonstrating a lack of nonspecific staining. HB, hindbrain; MGE, medial ganglionic
eminence; OT, otocyst; SC, spinal cord; BT, basal telencephalon; VM, ventral
mesencephalon;. Scale bar = 2 mm for panels C, F and I. For all others the scale bar is 1
mm.
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At El2.5, the expression pattern was similar to that seen at El 1.5~ although the
expression in the basal telencephal~n had become more intense (figure 10 J).
Hybridization to the sense strand of the prqbe produced no signal: (figure 10 K).
Discussion

Gadl is widely expressed during embryonic development.
Here, I report the novel expression of Gad] mRNA 'in several tissues between
E8.5 and E16.5. These sites of Gadl expression included the pharyngeal arches and
pouches, vibrissal placodes, dental lamina, palatal rugae, apical ectodermal ridges,
mesenchyme and ectoderm of the limbs and in the tail. This study identified the E8.5 tail
bud as the earli_est known site of Gad] expression. The skull, nares and vibrissae were
shown to activate Gadl-lacZ during development. Additional sites of Gadl expression
within the developing hair follicle were identified by histological methods. These sites
included the germinal matrix and the outer' root sheath. Pelage hair follicles were shown.
to express Gad] at a later stage than vibrissal follicles. This is consistent with the report
that the development of the vibrissal follicles precedes that of the pelage follicles (Hardy,
1992).
Additionally, the embryonic expression data presented here offer the surprising
results that.early expression of the mRNA for Gad] is predominantly outside of the CNS.
As early as E8.5, Gadl was expressed iq the tail bud and soon after in the pre-AER of the
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forelimb bud. Expression was observed in pharyngeal endoderm and mesenchyme, and
was later detected in the developing vibrissal placodes, dental lamina and palatal rugae.
Other reported sites of non-neuronal Gad] expression from El0.5 to El2.5 include the
olfactory placodes, lens placodes, olfactory pits, lens fibers, heart and blood vessels (Li et
al., 1995; Wray et al., 1996; Katarova et al., 2000). Our results complement these studies
and extend the earliest known expression of Gadl within the optic eminence and the
olfactory placodes to E9.0.
Although a few studies using adult animals have demonstrated expression of

Gadl in non-neuronal tissues, including the testis and ov~duct, pancreatic islets, adrenal·
cortex and kidneys (Chesselet et al., 1987; Tillakaratne et al., 1992), Gad] expression
has previously been examined mainly in adult rat brains. These studies of Gad]
expression in adult rat brain reveal Gad67 protein or Gadl mRNA in the cerebral cortex,
hippocampus, hypothalamus, thalamus, pineal gland, zona limitans intrathalamica and
cerebellar cortex (where both Gad67 protein and Gadl mRNA are detected in all of the
Purkinje cells) (Wolff, et al. 1984; Wuenschell, et al. 1986; Julien et al., 1987;
Rosenstein et al., 1990; Kaufman et al., 1991; Willcutts and Morrison-Bogorad, 1991;
Esclapez et al., 1993; Behar et al., 1994; Esclapez et al., 1994; Dupuy and Houser, 1996).
In situ hybridization assays performed on adult mouse brain sec~ions confirmed these
earlier findings, with Gad] being expressed strongly in neurons throughout the cerebral
cortex, in the reticular nucleus of the thalamus, the ventromedial nucleus of the
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hypothalamus, in the CA3 field and dentate gyms of the hippocampal formation and in
the purkinje cell layer of the cerebellum.
Analysis of CNS expression in El2.5 whole mounts gave results consistent with
the reports of Wray et al. (1996) and Katarova et al.( 2000), with expression visible in the
lateral ganglionic eminence, medial ganglionic eminence, dorsal thalamus, pons,
cerebellum and nasal epithelium. Together with the expression study of Gad] and Gad2
in the mid-gestational mouse recently reported by Katarova et al. (2000), these results
provide a complete picture of Gad] expression in the E8.5 to El4.5 mouse embryo.

Gadl is expressed in ectodermal signaling centers.
Gad] is expressed in _the AER, the dental lamina and the vibrissal placodes.

These are all known ectodermal signaling centers that provide required developmental
cues (Hardy, 19Q2; Iseki et al., 1996; Chiang et al., 1999)~ The fu.rtction of each of these
signaling centers is to stimulate condensation and proliferation of the underlying
mesenchyme at the early stages of organogenesis.
Development of the AER has been reviewed.~y multiple authors (Cohn and
Tickle, 1996; Johnson and Tabin, 1997; Schwabe et al., 1998; Ng et al., 1999). The
AER is a cuboidal epithelium that develops by ElO and is responsible for the
deyelopment of the limb's proximodistal axis. The AER expresses sue~ factors as
fibroblast growth factor 4 (FGF4), FGF8, FGFlO, T-box 3 (Tbx-3) and bone
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morp~nogenic protein-2 (BMP-2), while maintaining the proliferative, undifferentiated
state of the cells that underlie it, in the region termed the progress zone (Summerbell et
al., 1973).
The dental lamina is a thickening of the oral epithelium which is first detectable
by histological methods at E 11.5 (St Amand et al., 2000). The formation of the dental
lamina is considered to be the initial stage of tooth organogenesis. The lamina produces
signals that are required for induction of the underlying mesenchyme (Vainio et al.,
1993). The dental lamina subsequently develops into the enamel knot, a putative
signaling center guiding tooth organogenesis (Thesleff et al., 1995).
The vibrissal placode is a thickening of the epithelium that is induced by the
underlying mesenchyme (reviewed by [Hardy, 1992]). The placode is responsible for
transmitting a signal that generates a dermal condensate with hair inductive properties. In
response to the dermal signal, keratinocytes proliferate, invaginate into the mesenchyme
and reorganize to form a mature follicle. After the epithelium has invaginated, it forms a
connective tissue cap over the papilla, and the deepest part of the epithelial downgrowth
forms the germinal matrix that is responsible for generating the hair (Rugh, 1994).
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Gadl and GABA may be involved in carbohydrate metabolism and cell signaling in
non-CNS cells.

It is _ intriguing that the AER, the dental lamina and t~e vibrissal placodes express
..

Gad]. What is the function of Gad] in these tissues? In m~mals, the sole known
function of Gad] is the production of GABA. In lower organisms, Gad function has
been linked to homeostatic functio_ns. For example, survival of the bacterium Listeria

monocytogenes in gastric fluids is enhanced by an intracellular pH buffering action of
Gad (Cotter et al., 2001). A similar mechanism exists in plant cells (reviewed by [Barker
et al., 1998]). Gad has also been shown to protect Saccharomyces cerevisae from
oxidative damage caused by the oxidan~s peroxide and diamide_(Coleman et al., 2001).
If the role of Gad] in n~:m-CNS cell populations is to produce GABA, what is
GABA's function? At this point there are two potential answers. GABA may play a role
in oxidative metabolism of carbohydrates by means of a "shunt" (reviewed by
[Waagepeterson et al., 1999]). This shunt involves the catabolism of GABA by GABAketoglutarate transaminase (GABA-T), yielding succinic semialdehyde. The succinic
semialdehyde must be oxidized to succinic acid by succinic semialdehyde
dehydrogenase, and the succinic acid may then enter the Kreb's cycle. This shunt allows
energy to be obtained from glutamate and bypasses another metabolic pathway which
must produce ammonia in order to convert glutamate ~o a usable Kreb's cycle
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intermediate. Ammonia has been shown to interfere with energy metabolism by
inhibiting the Kreb's cycle (Butterworth, 1998; Haghighat et al., 2000). Therefore, by
allowing for energy production without the production of ammonia, Gad] may allow
proliferatiµg cells to sustain a high metabolic rate. The loss of Gad] function could, thus,
result in decreased levels of cellular proliferation.
The other alternative is that GABA is serving a function as a signaling molecule.
In the pancreas, GABA that is proquced in the Pcells is thought to inhibit glucagon
secretion by pancreatic a. cells (Rorsman et al., 1989). GABA has also been found to
promote release of testosterone from the Leydig cells of the testes (Ritta et al., 1987). If
GABA is serving a function as a signaling molecule, how is it getting out of the cells that
produce it? The VGAT in situ data that I present here demonstrates that the
VGATNIAAT is not found outside of the CNS. This means that if GABA is being
produced in these non-neuronal cells, it is probably not packaged into vesicles for release.
Another way for GABA to be released is through the sodium- an_d chloride- dependent
GABA transporters: GAT-1, GAT-2, GAT-3, GAT-4/BGT-l (reviewed by [Borden,
1996]). It has been shown that the activity of these transporters can be reversed, thereby
releasing GABA from the cytoplasmic pool, in response to excitatory stimuli such as
kainic acid, N-methyl-D-aspartate or glutamate {Pin and Bockaert, 1989; Turner and
Goldin, 1989; Hofmann and Mockel, 1991; During et al., 1995; Del Arco et al., 1998).
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It has been shown that Gad67 expres_sing amacrine cells of the retina can release
GABA through a reversal of the .high affinity trans.porter in response to excitatory amino
acid stimulation, while Gad65 expressing cells cannot. Although there is no literature in
which the non-neuronal expression pattern of the GAT transporters has been explored,
Zimmerman (1984) has shown by [3H]GABA uptake studies that palatal mesenchymal
cells have a high affinity GABA uptake system that is dependent on Na+ concentration.
This suggests that the GAT transporters are expressed outside of the CNS.

Future Directions
In the future, it will be important to assay for the presence of the GAT transporters
in the GadJ-expressing non-neuronal tissues. This will give some clue as to whether
GABA can be released from these cells as a signaling molecule, either autocrine or
paracrine. If the GAT transporters are present, it will be necessary to assay for the
presence of GABA receptors in the signaling centers and in underlying mesenchyme.
This will provide information as to which cells respond to the GABA signal.
The expression of Gad] during early development suggests a potential role for
GABA signaling in organogenesis of multiple structures. However, it is important to
note that, during embryogenesis, Gad] can be post-transcriptionally regulated by
alternative splicing (Bond et al., 1990; Szabo et al., 1994; Chessler and Lernmark, 2000).
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This study used a probe that does not discriminate between the adult and
embryonic transcripts that produce the truncated Gad25 and Gad44 proteins. A step to
take in the future is to utilize ant~bodies to Gad67 and GABA in E8.5 embryos to ensure
that full-length, enzymatically-active Gad67 is being produced. It has been shown that
tissue nonspecific alkaline phosphatase,. an enzyme that is necessary for generating
pyridoxal 5'-phosphate, a co-enzyme necessary for Gad67 function, is present in the
neural tube as early as E8.5 (Narisawa et al., 1997).

.Chapter 4: Analysis of defects during Gadl null mouse development.
Introduction
The notion that neurotransmitters could play a role in the development of nonneuronal cell types is not a new one (Lauder and Zimmerman, 1988). Although little is
known about the functions of neurotransmitters outside of the central nervous system,
research in this field is advancing. Targeted inactivation of tyrosine hydroxylase, the
enzyme that catalyzes the initial step in the catecholamine biosynthetic pathway, disrupts
the production of dopamine, noradrenaline and adrenaline (Zhou arid Palmiter, 1995).
Tyrosine hydroxylase null mice demonstrate impaired fetal development and a 90 %
death rate between days El 1.5 and E15.5. This late gestational lethality is linked to
cardiac failure.
Inactivation of the dopamine ~-hydroxylase gene results in an inability to produce
noradrenaline or adrenaline (Thomas et al., 1995). These mice usually die in utero, with
only about 5% reaching maturity, with the predominant defect appearing to be perturbed
cardiogenesis stemming from the production of disorganized and atrophied
myocardiocytes. Although administration of L-threo-3,4-dihydroxyphenylserine (DOPS)
through maternal drinking water allowed mutants to survive, the pups exhibited runting
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(89% of control by body weight), increased spleen size (10% greater than in controls) and
twice as much brown adipose tissue (by weight) (Thomas and Palmiter, 1997). On the
other hand, targeted deletion of the dopamine D 2 receptor reveals that dopamine act~ on
lactotrophs and melanotrophs in the pituitary, regulating the expression of prolactin and
a.-melanocyte stimulating hormone, respectively (Saiardi et al., 1997). Additionally, loss
of the dopamine D2 receptor class causes overproliferation of lactotrophs and thyrotrophs
in the adult pituitary (Saiardi et al., 1997), suggesting that dopamine signaling plays an
anti-proliferative role in these cells.
Another neurotransmitter that has been studied extensively for its potential role in
the development of non-neuronal tissues is serotonin (5-hydroxytryptamine or 5-_HT).
Serotonin was localized by immunohistochemistry, and was found to be present in the
palatal epithelium, tongue, nasal septum, maxillary process, mandibular process and
dental papilla (Lauder and Zimmerman, 1988).
Subsequently, serotonin transporter rnRNA expression has been studied by in situ
. hybridization, with observed localization to the cardiovascular system, intestinal tube,
tongue, oral epithelium, respiratory epithelium, retina, tooth primordium, snout and
.

.

.

vibrissal follicles (Hansson et· ai.,". 1999). Functionally, it has .been shown in culture
'

.

:.

.

,.

.

~ ~

systems th~t serotonin stimulates the migration of cranial neural- crest cells and of
mandibular ectomesenchymal cells that are derived from the cranial neural crest cells
(Moiseiwitsch and Lauder, 1995). Furthermore, Lauder et al. (2000)_ have investigated
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the effects of 5-HT2A, 5-HT28 and 5-HT2c receptor antagonists on embryonic
development~ The 5-HT2Aantagonist, kitanserin, had no significant effect on
development. However, addition of mianserin (5-HT2N 2c receptor antagonist) or
ritanserin (5-HT 2N 2812c receptor antagonist) resulted in neural tube defects, forebrain
.hypoplasia, olfactory placode hypoplasia, maxillary arch hypoplasia, mandibular arch
hypoplasia and_ failed lens invagination.
Teratological studies suggest that benzodiazepines, which potentiate
GABA function, are capable of inducing cleft palate (Wee, 1983: Zimmerman, 1984;
Laegrid et al. 1990; Jurand and Martiri, 1994) as well as causing a delay in bone
mineralization (Miller and Becker, 1975). Teratogenic studies with antituberculosis
drugs, such as cyclophosphamide (McClure et al., 1979), indicate that disruption of the.
normal metabolism of vitamin B-6 (a co-factor essential for Gad65 and Gad67 enzyme
function) also results in cleft palate and poor mineralization of craniofacial bones.
Additionally, the GAB AA receptor antagonist picrotoxin has been shown to inhibit the
mineralization of the mandible in rats (Ben-Shach~ et al., 1988; Ben-Shachar et al.,
1988). A recent study showed that administration of vigabatrin, which inhibits GABA
catabolism resulting in accumulation of GABA, to female mice causes cleft palate,
. skeletal deformations, poor ossification, exophthalmia, exencephaly, and a-number of
other defects. Thus, teratological studies in which normal GABA signaling pathways are
perturbed offer evidence that GABA is necessary for normal palatogenesis, bone
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mineralization and is possibly necessary for other aspects of non-neuronal cell
development. Targeted inactivation of Gad] offered strong genetic evidence that a
reduction of GABA produces phenotypes including cleft palate, bloating an~ a narrowed
maxilla (Asada et al., 1997; Condie et al., 1997) .
.We have reported the presence of Gadl transcripts outside of the CNS during
early development (Maddox and Condie, 2001). Sites of Gad] expression outside of the
CNS include the vibrissal placodes, nares and portf ()nS of the skuJI. The development ·of
these structures in wildt:ype animals has been ·characterized:

Developm~nt of ihe vibrissae
Hair follicle development is guided by interactions of the dermis and .the
epidermis. The nature of these interactions has not been determined, but (Dhouailly,
1973) established that the types of fol11des initiated in embryonic skin grafts are
governed by the origin of the dermis. Tissue recombination experiments have revealed
that there are three morphogenetic signals involved in vibrissal development (reviewed
in [Sengel and Mauger, 1976; Hardy, 1992; Thesleff et al., 1995; Oro and Scott, 1998]).
First, the embryonic dermis instructs the overlying ectoderm to initiate placode
formation. Next, the ectodermal placode responds with a signal that generates a
mesenchymal condensate capable of inducing hair follicle development. Finally, the
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condensed mesenchyme then responds with a signal to the cells of the placode,
stimulating them to proliferate, invaginate into the dermis and reorganize to form a
mature follicle.
Many genes have been implicated at various stages of hair follicle development
and cycling. These genes include, among others, Fgf Receptors (1-4), Fgf-4, Fgf-5, Fgf7, Bmp-2, Bmp-4, Notch, and Delta-I (which encodes a ligand for the Notch receptor)
(reviewed in [Rosenquist and Martin, 1996; Stenn and Eilertsen, 1996; Widelitz et al.,
1997]). In situ hybridization techniques have revealed expression of sonic hedgehog

(Shh) in placodes of the epidermis, with Ptcl transcripts enco<;ling a putative Shh receptor
present in adjacent mesenchymal cells (Bitgood and McMahon, 1995; Iseki et al., 1996;
Oro et al., 1997; Motoyama et al., 1998). Subsequently, Shh expression has been shown
to be necessary for hair follicle development (Chiang et al., 1999).

Development of the nares
By day E8.5 the olfactory placodes have formed. The olfactory vesicles develop
by El0.5, and the olfactory pits develop by day El 1. By day El 1.5 deep olfactory
pouches (vomeronasal/Jacob's organs) are formed., By day E12 the olfactory pouches
narrow to the tube-like vomeronasal organ, and by day El2.5 the olfactory nerves form.
At around day E13.5, the nasal capsule and septum become pre-cartilaginous. By day
E15 the palatine processes meet medially, and the nasopalatine duct is separated from the

61
posterior choane. At E16, the palate is completed, and the nares are plugged temporarily.
The nares usually open prior to parturition (Rugh, 1994).
pevelopment of the skull
The skull of a vertebrate animal is composed of bones of endochondral and
membranous origin. The endochondral bones are formed first as cartilage, which will
later ·ossify. Membranous pones

form from direct deposition of bone matrix between two

epithelial layers, with no c~ilaginous precursor. Using the quaiVchick chimera system,
(Le Douarin, 1984; Couly et al., 1992; Couly et al., 1993) have shown that three sources
contribute to skull formation: somitic mesoderm, paraxial cephalic mesoderm and neural
crest ectomesenchyme. The bones of somitic mesodermal or paraxial cephalic_
mesodermal origin begin with a cartilaginous precursor. These bones include the
basioccipital, exoccipital, sp~enoid and otic capsule (nomenclature for bones follows the
style of [Rugh, 1994]). Bones of neural crest origin may form by either endochondral or
intramembranous ossification. Among the neural crest'."derived bones with cartilaginous
precursors are the pterygoid, malleus, incus, stapes and alisphenoid. Membranous bones
of neural crest origin include the frontal, parietal, s·quamosal, presphenoid, nasal,
premaxilla, maxilla, vomer, palatine, jugal and mandible (reviewed in [Depew et al.,
1999]).
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Analysis of the non-CNS tissues that normally express Gadl during early
embryogenesis revealed defects in development of the vibrissae, the external nares and
cranial morphology and ossification. Other sites of Gadl expression outside of the CNS
included the olfactory region, eye, apical ectodermal ridge and tail bud. Loss if the
Gad] gene did not appear to affect the development of these structures.
Results

Gadl mutants exhibit impaired vibrissal growth and reduced vibrissal
pigmentation.
We h&ve shown that Gad] is expressed in the developing vibri.~sae and is
confined to the epidermal placode (Maddox.and Condie, 2001), a known source of
developmental signals (Bitgood and McMahon, 1995; Iseki et al., 1996; Oro et al., 1997;
Motoyama et al., 1998) (figure 11 A). Plastic sections cut-in-the:coronal plane through
the snout of Gad] -lacZ heterozygous embryos that had been stained for Lacz revealed
that Gadlwas activated in the germinal matrix and outer root sheath of.the developing
follicle (figurel 1 B). Therefore, vibrissal development was analyzed in newborn litters
from intercrosses of Gadl heterozygous specimens. The pups from 3 litters were sorted
into three categories of vibrissal length based on visual analysis: normal, intermediate
and short. 24 pups were born from these matings. There were 7 wild-type pups, which
were all scored as having normal vibrissae. Thirteen of the pups were heterozygotes~
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Figure 11: Vibrissal development and pigmentation are impaired in Gadl mutant
newborns. (A) Gadl expression was confined to the vibrissal placodes, which are
believed to be an important signaling center in hair organogenesis. (B) Plastic sections
reveal that Gadl/lacZ is expressed in the germinal matrix (GM) and outer root sheath
(ORS) of the developing hair follicle but not in the papilla (P). (C) The lateral
nasal/maxillary vibrissae (white arrows) and submental vibrissae (black arrows) were
easily identified in the wild-type specimen. (D) The lateral nasal/maxillary vibrissae
(white arrows) were shorter, and the submental vibrissae (black arrows) appeared to be
missing in the mutant embryos. (E) Wild-type vibrissae_ were darkly pigmented, and
pigmentation was present in the epidermis surrounding the hair shafts (black arrow). (F)
The vibrissae of mutant specimens were ·pigmented to a lesser degree, and pigmentation
was not observed in the epidermis:surrounding the hair shafts. Scale bar: A, 700µm; B,
20µm; C and D, 2mm; E and F, 1mm.

A

+/+
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Of the heterozygotes, nine were scored as having normal vibrissae,a-nd 4 fell into
the intermediate range. Four mutant pups were born and all were scored as having
abnormally short vibrissae (Table I). The vibrissae of wild-type newborns (figure 11 C)
were markedly longer than were those of their mutant littermates (figure 11 D). A closer
analysis of wild-type (figure 11 E) and mutant (figure 11 F) vibrissae revealed that the
wild-type vibrissae were more darkly pigmented, often with pigment present in the
epithelium around the hair follicle. Mutant vibrissal fibers were less darkly pigmented,
and also lacked pigmerit in the peri-vibrissal epithelium. The smaller labial and
submental hairs were not visible in the Gad] mutants.

Gadl mutant embryos are born with a greater proportion of occluded nares.

During development, the nares open at E14.5, but are temporarily plugged again
from E16.5 until just prior to birth (Rugh, 199:4). These epithelial plugs usually re-canalize before birth (Kumoi et al., 1993; Rugh, 1994). After finding that Gad] is
expressed in the region of the extemal,nares (figure 12 A), newborns were examined for
defects in nasal development. As mentioned above, the external nares of wild-type mice
usually re-canalize just prior to the time of birth, leaving the nasal passages open (figure
12 B). In contrast, Gad] mutant embryos are born with closed nares (figure 12 C).
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Table I: Gad] mutant newborns have shorter vibrissae than their wild-type littermates.
Three Gad]+/- females were intercrossed with G~dl +/- males, and the pups were
harvested at newborn stage. From these three matings, there were 24 pups which were
visually scored for vibrissal length: normal length, intermediate length, and shortened
length. 16 pups were scored as having vibrissae of normal length. 4 pups were scored as
having vibrissae of intermediate length, and 4 pups wei;e scored as having vibrissae
which were noticeably shortened. Subsequent genotyping showed that that the group of
newborns scored as having normal .vibrissae included 7 wild-type newborns and 9 Gad]
heterozygous newborns. The 4 newborns that were scored as having vibrissae of
intermediate length were all Gad] heterozygotes. The 4 newborns that were scored as
having shortened vibrissae were all Gad] mutants, indicating that Gad] mutant newborns
are reliably identifiable in that they exhibit shortened vibrissae.

Genotype

Normal length

Intermediate length

Shortened length

Gadl +/+

7

0

0

Gadl +/-

9

4

0

Gadl -/-

0

0

4
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Figure 12: Gadl mutants are born with a greater frequency of occluded external
nares than are wild-type littermates. (A) Ga~l is expressed in the epithelial plugs

(black arrows) that grow to seal the nasal passageways during the last week of gestation.
This plug usually re-canalizes before the time of parturition. (B) The Gadl mutant pups
are often born with the epithelial plug still intact, occluding their airway. These
newborns struggle to breathe and are often cyanotic (Asada et al., 1997; Condie et al.,
1997). (C) Wild-type pups are usually born with open nares, as seen in this newborn.
Black arrows indicate the position o:f"the external nares. Scale bar: A and C, 0.5 mm;
B, 200 µm.
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Pups were scored as having either of their nares open or closed (Table II) and then
genotyped by polyin~rase chain reaction (PCRt Of 7 newborn wild-type pups examined,
all had at least one open nare. Three of tp.e wild-type specimens had bilateral openings
in the nares and 4 of the wild-type specimens had unilateral openings. Of 7 ·newborn
mutants examined, only one exhibited bilateral opening of the nares, and only one
exhibited unilate~al ~pe~ing of the ~ares; while

5exhibited bilaterally closed nares.

Mutant newborns· were found to have a significant increase in the occurrence .of nasal
occlusion (Fisher's exact test, p<.01 ).

Gadl mutants have skeletal abnormalities.

It was noted in the initial report of the Gad] knockout that there appeared to be
narrowing of the· maxilla in mutant animals (Condie et al., 1997). In order to quantify any differences in skull shape, newborn wild-type and mutant animals were prepared as
·alcian blue/alizarin red stained skeletons. The skulls of seven wild-type and seven
mutant animals were then measured lengthwise from the posterior limit of the
basioccipital to the base of the incisors or laterally across the palate by using Zeiss
Morphometrix software (figure 13 A, B). The dentaries, the two bones which fuse to
form the mandible, were measured to determine whether any differences in the jaw size,
could be observed. The palatal area was also calculated (figure 13 C).

68
Table II: Gadl mutants are born with an increased proportion of occluded nares as
compared to wild-type littermates. The number of open nares were counted for 7 wildtype and 7 mutant newborns. The wild-type newborns demonstrated a total of 10 open
nares and 4 closed nares. The mutant newborris, on the other hand, demonstrated 3 open
nares and 11 closed ·nares. Mutant newborns wete, found to have a significant increase in
the occurre·nce of nasal occlusion (Fisher's exact test, p < .01).

Genotype
Wild-type
Mutant

Bilateral Openings

Unilateral Opening

Bilateral Occiusions

3

4

0

1

1

5
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Figure 13: Morphometric analysis indicates Gadl mutant skulls are broader than
the skulls of wild-type littermates. Skulls from newborn wild-type and Gadl
homozygous mutants were measured (A) from the posterior limit of the basioccipital to
the base of the incisors and (B) laterally across the palate from zygomatic process to
· zygomatic process. (C) A pentagram with sides across the anterior end of the maxilla,
running from the either side of the maxilla to the base of the zygomatic arches and from
the base of the zygomatic arches to the middle of the presphenoid was traced, and the
Zeiss Morphometrix system was used to calculate palatal area. The parameter measured
in (B) was found to be the only parameter that was significantly different (student's t-test,
p<.007). The same skull is shown in all panels. Scale bar = 1 mm.

B.

A.

C.
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Measurements were standardized against the length of the ulna; (Standardized
measurements are shown in Table III.) The measurements for each group were then
en~ered into the NCSS97 statistics software and co~pared. The average skull width was
0.362 cm for the wild-types and 0.319 cm for the mutants. These means indicated that
skulls of Gad] mutant specimens were significantly narrower than those of their wildtype littermates (student's·t-test, p < .007). There were no statistical differences in the
anteroposterior length of the skull, the jaw measurements or the palatal area.
The alcian blue/alizarin red skeleton preparations can also be used to qualitatively
identify bone ossification defects (Waymire et al., 1995; Depew et al., 1999; Brault et al.,
2001). In the ventral view, most of the bones of the wild-type skulls have ossified (figure
14 A), as indicated by deep red staining. (Regions of the skull that have not ossified .
completely are pink, whereas bone which has not yet begun to mineralize stains blue.)
Several bones appeared to-ossify poorly in the Gad] mutant mice (figure 14B). These
poorly ossified bo_nes are all of neural crest origin (Couly et al., 1992; Couly et al., 1993).
The dentaries were also examined, but no differences were observed.
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Table Ill: Skulls of Gadl mutant$ are wider than_are those of their wild-type
littermates. Skull parameters such as skull length, skull width and dentary length were
measured using the Zeiss Morphometrics package. The length of the ulna was measured
and used to standardize size after a student's t-test determined no difference in the mean
ulna length between the two groups. Skull width was found to be significantly decreased
in the Gad] mutant animals (student's t-test, p<.007*). Measurements are standardized
averages expressed in centimeters.
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Figure 14: Gadl mutant skulls exhibit poor ossification. (A) Gadl wild-type and (B)
mutant littermate. Both were prepared with alcian blue (non-mineralized cartilage) and
alizarin red (mineralized bone) staining~ The Gad] mutant demonstrates poor
ossification (decreased red staining) of the premaxilla (PM), maxilla (M), palatine (P),
pterygoid (PT), and alisphenoid (AS). Delayed ossification of the presphenoid (PS) is
demonstrated by the greater degree of blue staining. Scale bar = 1 mm.
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Other sites of early Gadl expression demonstrate no discernable phenotype.

Other s!tes of Gad] expression during early embryogenesis included the eyes,
limb buds, pharyngeal pouches and tail. These structures were examined for defects in
the Gadl mutant background. No sig11ificant_ differences were detected in any of these
structures.
Discussion

The vibrissae, nares and skull are shown to require Gad] function for normal
development. Sites of Gad] expression within the developing hair follicle and nares
were identified by histological methods. These sites included the germinal matrix and the
outer root sheath of the vibrissal follicle and the epithelial plugs of the nares.

Gadl function is necessary for normal vibrissal development.
The defective vibrissal growth observed in Gad] mutants suggests a role for
GABA in hair development. Our expression pattern of Gad] in the vibrissal placode may
give some clues as to this function. The placode is a thickening of the epithelium and is
~esponsible for transmitting a signal that generates a dermal condensate with hair
inductive properties (reviewed by [Hardy, 1992]). In response to the dermal signal,
keratinocytes in the epithelium proliferate, invaginate into the mesenchyme and
reorganize to form a mature follicle. After the epithelium has invaginated, it forms a<
connective tissue cap over the papilla. Here, it is shown that Gadl-lacZ activity -is
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present in the deepest part of this epithelial downgrowth, the germinal matrix. Hairs are
formed of differentiated cells that are produced from the proliferation of stem cells in the
germinal matrix (Rugh, 1994).
GABA could have a proliferative effect on the cells of the germinal matrix.
GABA has been shown to increase proliferation in many neuro_nal cell types. For
instance, GABA has been shown to have trophic effects on monoamine neurons,
increasing their survival and growth (Liu et al., 1997). In cortical slice-cultures, GABA
has also been shown to increase proliferation in the progenitor neurons of the ventricular
zone (Haydar et al., 2000). In a review of tissues outside of the CNS that contain GABA,
skin keratinocytes were identified as being GABA-ergic and it was hypothesized that

Gadl function or GABA may be a regulator of keratinocyte proliferation (Erdo and
Wolff, 1990).
An addidonal finding of the present study is that Gadl -Lacz is activated in the
outer root sheath. A recently discovered, mu,ltipotent stem cell population exists in the
upper portion of the outer root sheath (Oshima et al., 2001). To replenish the
proliferative cell-population of the hair follicle,the stem cells migrate down into the
germinal matrix, where they must receive a stop signal before they can begin to
proliferate (Oshima et al., 2001). As discussed earlier, GABA is capable of exerting
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chemotactic (Behar et al., 1994; Behar, 1996), proliferative (Liu et al., 1997; Haydar et
al., 2000) and anti-migratory (Behar, 1996; Behar et al., 1998; Fueshko et al., 1998;
Behar et al., 2000) effects on various classes of neurons. It will be of great interest to
investigate whether this stem cell population expresses GABA receptors.
Vibrissal follicles begin to develop at E12.5, with the dome-like placodes
appearing in a caudal to rostral direction (Hardy, 1992). Gadl expression mimics this
pattern, suggesting that Gad] may be involved with initial placode formation. The
vibrissal placodes become innervated in a caudal to rostral wave as the placodes develop
(Gunhan-Agar et al., 2000). It has been shown that the vibrissal follicles become densely
innervated, suggesting that target-deri~ed c~es are responsible for guiding enervation
(Gunhan-Agar et al., 2000). Nervous tissue or extracts of nervous tissue have been shown
to activate the development of feather follicles .in chick skin (reviewed in [Hardy, 1992]).
Skin taken from chick embryos younger than

~

days of gestation does not develop feather

follicles in standard culture medium, but if that skin is cultured with a piece of spinal
cord or .with extracts taken from nervous tissue, feather follicles will develop. It has been
shown that, once the feather follicles have begun to form, they will continue to develop
even if the neural tissue or extract is removed. Once a hair follicle has formed, the rate of
hair growth is not impacted by loss of enervation (Lillesaar and Hildebrand, 1999).
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Therefore, the hypoplastic whisker phenotype seen in the Gadl mutants may be due, not
to the absence of proper enervation during hair growth, but to abnormal induction during
the early phases of hair follicle morphogenesis.

Gadl function is necessary for normal development of the nares.
In the nares, Gadl was expressed in a population of cells that usually disappear
before the time of birth (Kumoi et al_., 1993; Rugh, 1994). In embryos, apoptosis is
usually employed to remove such unwanted cells (Wyllie, 1987; Steller, 1995). Several
reports have indicated that G.Al3A signaling can play a role in neuronal cell ap(_)ptosis.
Stimulation of GA.BAA receptors by the addition of muscimol has bee.p_ shown to cause
cell death in hippocampal neuron cultures (Honegger et al., 1998). GABAA receptors
have been implicated in the Cl- excitotoxic neurodegeneration of cultured chick retinal
neurons (Chen et al., 1998)-~ The administration of the GA.BAA potentiators, ethanol,
diazepam, clonazepam, pentobarbitol, phenobatbitol or lorazepam to pregnant mice has
been shown to produce high levels of cell death (Ikonomidou et al., 2000). The
persistence of the cells in the epithelial plugs of the Gadl mutant suggests that GABA
plays a role in inducing apoptosis in these ce~ls.

Gadl function is necessary for normal skull development.
This analysis extends the earlier observations of (Condie et al., 1997) and (Asada
et al., 1997). In addition to a dysmorphic maxilla, the Gad] mutants exhibited widening
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between the zygomati~. processes. Wid~µing of the skull may result because the palatine
bones of the Gad] mutants are not fused, allowing lateral flexion of the skull. Gad]
mutants also demonstrated poor ossification of many neural crest-derived bones. This
finding is the first genetic evidence to suggest that Gad] is involved in ossification and
complements the teratological studies that have suggested disruption of normal GABA-.
ergic function results fo poor bone mineralization (Miller and Becker, 1975; Wee, 1983;
Zimmerman, 1984; Laegreid et al., 1990; Jurand and Martin, 1994). Analysis of the
dentaries, however, did not reveal any defects. This conflicts somewhat with the findings
of Ben-Shachar et al., (1988, A and B) who report that the GABAA receptor agonist,
picrotoxin, inhibits mandibular ossification in a rat model. This may simply be a
reflection of the poor sensitivity inherent to the alcian blue/alizarin red staining
procedure, an in~ication that picrotoxin is not a specific antagonist, or an indication of a
species specific requirement for Gad] in the rat mandible.

Gadl function is not required for normal development of the eye, limb bud,
pharyngeal pouches or tail.
Gad] is expressed early in the development of the eye, pharyngeal pouches, limb

bud and tail; however, Gad67 does not appear to be necessary for normal development of
these structures. _There are two possible· expl,anations why the eye, pharyngeal pouches,
limb bud and tail develop normally in Gad] mutant specimens. It has been proposed
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that, iri the dopamine-P-hydroxylase knockout mouse, neurotransmitter transfer across
the placenta may account for variable phenotypes (Thomas et al., 1995). Trans- ·
placentally derived GABA may be sufficient for normal development. The lack of a
phenotype in these structures may also be accounted for by the presence of Gad2, the
second isoform_ of glutamic acid decarboxylase, since these two genes are often coexpressed, even in tissue outside of the CNS (Katarova et al., 2000). A line of Gad2
knockout mice have been generated (Kash et al., 1997; Kash et al., 1998; Kash et al.,
1999), and important information should be obtained upon crossing Gad] and Gad2 null
mice. Analysis of the Gad] and Gad2 double mutants will reveal redundancies of
function between the two Gad isoforms in these tissues.

Chapter 5: Defective tooth development and impaired remodeling of the palatal
shelves in the Gadl null mouse.

Introduction
Early attempts at understanding the role of y-aminobutyric acid (GABA) in the
processes of palatogenesis focused on a teratological approach. It was found that GABA
· acts as a powerful inhibitor of palatal shelf rotation (Wee, 1983; Zimmerman, 1984).
Additionally, it was discovered that GABA occurs endogenously within the palatal shelf
mesenchyme and that the mesenchymal cells of the palate are equipped with a highaffinity GABA uptake system (Zimmerman 1984). Genetic studies have shown tha~
mutants that lack one or more GABA receptor subunits (Culiat, 1993; Culiat, 1994;
Culiat et al., 1995; Romanies, 1997) or one of the·two isoforms of glutamic acid
decarboxylase 67, whic~ is encoded by the Gad] gene, exhibit a highly penetrant cleft
palate phenotype (Asada et al., 1997; Condie et al., 1997).
Normal palatogenesis may be divided into three phases: shelf formation, shelf
elevation, and shelf fusion (Greene and Pratt, 1976). In mice, as in other mammals, the
palatal shelves stem from the paired maxillary processes. The palatal shelves are
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currently believed to elongate through the proliferation of cell populati~ns at the tips of
each shelf (Jelinek and Dostal, 1974; Nanda and Romeo, 1975). Next, the process of
palatal shelf elevation occurs as the palatal shelves of E14.5 embryos undergo a complex
reorientation, rotating from positions lateral to the tongue to positions superior to the
tongue (Ferguson, 1988) (figure 15). The reorientation is believed to occur by a "flip up"
mechanism in the anterior one third of the secondary palate. This mechanism has been
hypothesized to be derived from forces intrinsic to the palatal shelves (Ferguson, 1994),
including hydration of glycosaminoglycans (most notably hyaluronic acid) within the
· palatal shelves, contraction of palatal shelf mesenchymal ~ells and the production of
collagen bundles (J:>ratt et al., 1973; Ferguson, 1978) .. The reorientation process in the
'

,·

'

.

(

posterior two-third~ of the palate is mediated by a· remodeling of the palatal shelves
(Yasuda and Fujimoto, 1986). The final stage of palatogenesis is shelf fusion. The
process of fusion has been shown to be· mediated by apoptosis and an epithelial to
mesenchymal transition along the palatal seam (Fitchett and Hay, 1989; MartinezAlvarez, et al. 2000), forming the continuous field of mesenchyme that is the secondary
palate.
Disruption of any one or more of these fundamental stages (palatal shelf
formation, palatal shelf elevation and palatal shelf fusion) may result in palatal clefting
(Ferguson, 1987; Ferguso!1, 1988). The teratological and genetic studies that have
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Figure 15: Normal palatogenesis occurs in three stages. (A) Palatal shelves (PS) of
E13.5 mouse embryos begin to grow downward from the maxillary processes. The
shelves originally assume positions lateral to the tongue (T). (B) The palatal shelves of
El4.0 embryos elevate and assume positions superior to the tongue. (C) By El4.5, the
palatal shelves and the nasal septum (NS) come· together and begin to fuse, forming the
separate nasal cavity (NC) and oral cavity (OC). MC, Meckel's Cartilage. Figure
modified from Richman (1996).

A.

E13.5

B.
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.E14.5
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established a connection between GABA and palatogenesis do not explain the
mechanisms by which GABA might act to induce cleft palate. In order to clarify the role
of GABA in palatogenesis, a series of studies focusing on the Gadl mutant mouse has
been performed. The first extensive histological characterization of the novel cleft palate
·phenotype observed in the Gadl null mouse is reported here. Gadl mutants were shown

to suffer from impaired palatal shelf formation and delayed palatal shelf elevation. The
expression pattern of Gad] during normal palate development was analyzed .. Gad],
. which we have previously shown to be present in the palatal rugae and dental lamina, was
also found to be activated i~ the palatal groove and the enamel knot. ·

We examined tooth development histologically and found it to be impaired in

Gad] mutant specimens. Comparisoi;is were m3:de· between rates of cell proliferation and
cell death in the palatal groove of wild-type specimens and Gad] mutants. Decreased
cell death:in the palatal groove ofmutant specimens was noted. Finally,it was shown
that injection of the GABANc receptor specific agonist muscimol into pregnant Gad]
intercrossed mice resulted in c1 restored ability of the mutant palatal shelves to form and
elevate, permitting fusion to occur. These results indicate that palatal shelf formation and
elevation in Gad] mutant mice is delayed. The delayed palatal shelf development is
potentially caused by hypoplastic tooth development and decreased apoptotic activity in
the palatal groove of Gad] mutant mice. We also show that the cleft palate phenotype is
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rescued by muscimol, supporting the hypothesis that GABA signaling through the

GABAAJc receptors is required for normal palatogenesis.
Results

Histological comparison of wild-type and mutant specimens reveals defects in the
timing of palatal shelf formation and elevation in the Gadl mutant.
As mentioned, the three critical stages of palatogenesis. are palatal shelf
formation, elevation and fusion. Mutant specimens and wild-type littermates were
collected and histologically analyzed to determine whether one or more of the necessary
phases of palatogenesis were defective in !he Gad] mutants (figure 16). The wild-type
specimens (figure 16 A-C) demonstrated normal palatal shelf formation. Wild-type
embryos analyzed at El 4.5 demonstrated elevated palatal shelves that were coming into
apposition along the midline (figure 16 A). Wild-type specimens sectioned ~t El6.5
(figure 16 B) and newborn stage (figure 16 C) demonstrated palatal shelf fusion. The
mutant specimens, however, demonstrated abnormal palatal s~elf development (figure 16
D-F). · Analysis of sectioned mutant embryos harvested at El4.5 revealed _short, poorly
formed palatal shelves (figure 16 D) .. The palatal shelves of the mutant specimens had
also failed to elevate at this.time. Mutant specimens that ·were analyzed at the E16.5 time
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Figure 16: Gad] mutants demonstrate abnormal palatal shelf development and
delaye~ palatal shelf elevation. Hematoxylin and eosin stained sections of wild-type
. and Gad]-/- homozygous 1:11utants at El4.5, El6.5, and newborn (PO) stages, showing a
developmental delay in palatal shelf elevation and fusion in G'adl mutants. (A-C) Wildtype embryos sectioned at El4.5, E16.5. and PO, respectively, showing the normal
progression of palatal shelf elevation and fusion. (D-F) Gadl -/- homozygous mutants
sectioned at E14.5, E16.5, and PO stages, respectively, showing· a developmental delay in
palatogenesis. Black arrows indicate palatal shelves. NC: nasal cavity. NS: nasal
septum. OC: oral cavity. Scale bar, = .5 :rinn.
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point demonstrated malformed palatal shelves that had not yet elevated., although some
appeared to be beginning the elevation process (figure 16 E). The palatal shelves of
newborn mutants were often of a more normal shape and had elevated to a position
superior to the tongue (figure 16 F). On the rare occasion when mutant palatal shelves
were observec;l to appose, it appeared that the process of fusion had begun.
Gad] is expressed during early stages of tooth organogenesis and in the enamel

knot.

It has been reported in previous chapters that Gad] expression was detected in the
dental lamina, the precursor of the enamel knot, by whole mount in situ hybridization as
early as _El2.0. The aforementioned results were extended by our collaborators who
utilized radioactive in situ hybridization in order to view sectioned tooth structures.
Radioactive in situ hybridization was performed on coronal sections, and the presence of

Gadl expression in the ~dontogenic epithelium at El2.5 was confirmed. Additionally,
radioactive in situ hybridization revealed expression in the incisive epithelium (figure 17
A, B) and in the developing molars (figure 1iC, D) as early as·El 1.5. Sections through
older embryos revealed Gad] in the developing enamel knot at E135 (figure 17, E and F)
and at E14.5 in the fully developed primary enamel knot and dental papilla (figure 17 G,
H).
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Figure 17: Gad~ is expressed in the dental lamina and enamel knot of developing
· incisors and molars. (A-D) Coronal paraffin sections through the snout of Ell.5 wild-

type embryos. (A) Section through the anterior maxilla. White arrows indicate the
thickened dental lamina of the incisors. The epithelium of the vomeronasal organ (VO)
is also indicated. (B) Expression of Gadl in the dental lamina is indicated by white
arrows. (C) The epithelium overlying the first molar is shown by black arrows. (D) A
section through the level of the first molars. The white arrow indicates Gad] expression
in the epithelium of the dental lamina.~ (E and F) Sections through an E13.5 embryo. (E)
At this stage, the teeth were in bud stage, and the enamel knot (EK) was just beginning to
form. (F) Radio-labeled probe detects Gad] signal in the earliest stages of enamel knot
formation. (G and H) Sections through an E14.5 embryo. (G) The tooth bud had
reached cap stage, and the primary enamel knot (PEK) had formed. (H) Gad] signal is
concentrated in the primary enamel knot and dental papilla. Hybridizations were
pe~ormed by Martyn Coboume. Scale bar= (A-D), 25 µm.; (E-H), 50 µm.
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Dental development is impaired in Gadl mutant specimens.
('

Wild-type and mutant specimens were observed histologically for tooth
development at El3.5, E14.5, El5.5 and newborn stages. Teeth develop from pharyngeal
epithelium and the underlying neural crest-derived ectomesenchyme (Imai et al., 1996).
The earliest knowri _Illarker for pr~sumptive dental _ectoderm is Pitx2, and the expression
of Pitx2 is detectable in the stomodeal ectoderm as early as E8.5 (Mucchielli et al., 1997).
.

.

The first morphological sign of tooth development is the formation of the dental
placodes, local thickenings of the stombdeal epithelium, that then invaginate to form the
dental laminae (St ~and et al., 2000). rhe dental lamina produces factors that are
necessary for the condensatio~ of the underlying ectomesenchyme (Vainio et al., 1993;
Bei and Maas, 1998). The dental lamina eventually gives rise to the enamel knot, a
signaling center regulating odontogenesis (Jernvall et al., 1994; Jernvall et al., 1998).
There were no recognizable differences between the tooth buds of E13.5 embryos.
.

.

The progression of tooth development beginning at E14.5, however, appeared to be
retarded in the Gad] -/- mutants. Please see figure 18 for an overview of normal tooth
development. At this time, the molars of wild-type specimens had formed an enamel
knot and had progressed to the cap stage (figure 19 A). It has been suggested that the
formation of the enamel knot is essential for tooth development to progress past the bud
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Figure 18: Morphological stages of tooth development. Tooth development cannot be
detected histologically until El 1.5, when the dental lamina, which is a thickening of the
oral epithelium, begins to form (St Amand et al., 2000). At E13.5, the tooth has reached
bud stage. The dental lamina has invaginated more deeply into the underlying
mesenchyme, which has begun to condense. By E14.5, the tooth bud has taken on a
concave shape and a putative signaling center, known as the enamel knot, has begun to
form (Jemvall et aL, 1994; Jemvall et al., 1998)~ Although the enamel knot expresses
growth stimulatory signals, the cells of the knot -do not proliferate and may undergo
terminal differentiation (Bloch-Zupan et al., 1998; Jemvall et al., 1998; Kettunen et al.,
1998). The enamel knot undergoes apoptosis, and secondary enamel knots begin to form
at the bell stage (El5.5) (Jemvall et al~, 1994). These secondary enamel knots form the
tips of the cusps in the adult teeth (Jemvall and Thesleff, 2000). Figures are courtesy of
Gene expression in tooth (WWW database), http://bite-it.helsinki.fi. Developmental
Biology Programme of the University of Helsinki, 1996.

E10.5

.

!oral ectoder'3

E14.5
cap stage

~

::YT\...,_

pral ectoder~

k-w lanin~

E11.5
dental lamina

~
E15.5

..

E13.5
bud stage

(Q)

E16.5

h.ftll ~,,.r.1on.i0,

~

.

•

89
Figure 19: Dental development is impaired in Gadl mutant specimens. (A-D)
Hematoxylin and eosin stained paraffin coronal sections through the 1st molars of El4.5
and ElS.5 wild-type and Gad] mutant embryos. (A) E14.5 wild-type and (B) Gad]
mutant molars. Note the delay in development of the mutant tooth buds. (EK) indicates
the enamel knot, a putative signaling center during tooth development. (C) E15.5 wildtype and (D) mutant molars exhibiting lack of the dental papilla (DP) and smaller
mesenchymal condensations around the mutant tooth buds. Scale bar = 0.1 mm.
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stage (Jernvall and Thesleff, 2000). Consistent with this, the molars of mutant embryos·
showed impaired er:iam~l knot formatio~ and remained· in.the bud stage (figure 19 B),
which is the stage most commonly arrested in targeted disruption of genes associated
with tooth development (Jernvall and Thesleff, 2000).
At E15.5, the molars ·of wild-type animals were approaching bell stage and had
developed a prominent dental papilla (figure 19 C). Of the 5 mutant embryos observed at
this stage, the molars of 2 mutant embryos .had progressed to the early cap stage, but were
smaller than those of the wild-type littermates, and the condensation of dental
mesenchyme around the tooth primordia was much reduc·ed (figure 19 D). ·Molars of the
other three mutants were morphologically normal and only slightly smaller than those
seen in the wild-typ·e specimens. At the newborn stage, 5 wild-type embryos were
histologically analyzed for molar development. The average width of the dental papilla,
when measured across the papilla ,just dorsal to the stellate reticulum, was 51.8 µm. The
average for the 10 mutant newborns that were analyzed was 43.7 µm. This difference
was found to be statisticaily significant.by the use of a student's t-test (p<.01).

Thus, there was a significant reduction in the average width of the dental papilla
of Gad] mutants. This phenotype was, however, highly variable. In some instances, the
teeth were indistinguishable from wild-type, and in some instances, the width of the
papilla was reduced by almost half (Table IV).
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Table IV: The dental papilla of newborn Gad] mutants demonstrates a significant
decrease in mean width. (A) The width of the dental papilla was measured just above
the stellate reticulum in newborn wild-type and mutant"pµps. The average width of the
papilla in wild-type pups was 51.8 µm. In mutant pups, the average was 43.7 µm. This
data showed a significant decrease in the mean width of the dental papilla in Gad]
mutant pups (student's t-test, p < .01). (B) A box plot of the tabular data shown in (A)
revealed that there were no statistical outliers in the data set.
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Regions of the palate that normally express Gadl demonstrate normal cell
proliferation but reduced cell de~th in the Gadl mutant. ·
As discussed in chapter one, Gadl expression was detected in the palatal ·rugae as
early as El2.5 by whole mount in situ hybridization. Martyn Cobourne performed
similar experiments using in situ hybridization to tissue sections. By this technique, the
thickened epithelium (figure 20 A) along the entire palatal groove was seen to express

Gad] at E13.5 (figure 20 B), as the palatal shelves were forming. As GABA has been
shown to have strong proliferative effects on many neuronal subtypes (LoTurco, 1995;
Liu et al., 1997; Haydar et al., 2000), we hypothesized that differences in cell
proliferatfon in the palatal groove region might contribute to the cleft palate phenotype of
the Gad] mutant mouse. To determine whether levels of cellular proliferation within the
palatal groove differed between wild-type (figure 20 C) and mutant (figure 20 D)
specimens, BrqU assays were performed. A large proportion of cells in both the wildtype and mutant palates were found to be proliferating, but no striking differences in
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Figure 20: Regions of the palate that normally express Gadl demonstrate normal
· cell proliferation but reduced cell death in the Gad] mutant. (A-F) All sections were
cut in the coronal plane from paraffin-embedded E13.5 embryos. (A) A wild-type embryo
section illustrates the thickened epithelium of the palatal groove (black arrow). (B)
Radioactive in situ hybridization sh?_ws Gad] expression in the epithelium of the palatal
groove (white arrow) of a wild-type embryo. BrdU labeling of (C) wild-type and (D)
Gad] mutant embryos sectioned at 6 µm. The palatal shelves (PS), palatal groove (white

arrow) and tooth buds {TB) demonstrated no differences in proliferation. (E) _Sections
from w1ld-type specimens exhibited TUNEL signal in the_palatal groove (white arrow)
and at the lateral margin of Gad] expression (*). (F) Mutant sections had fewer TUNELpositive cells in the palatal groove (white arrow) or adjoining epithelium(*). Three
dimensional recoilst~ctions were generated from the Timel sections of a serially
sectioned -(G) wild-type_ and (H) mutant embryos. TUNEL-positive cells·are represented
in yellow. Note the dramatic decrease in TUNEL-positive cells in the mutant
reconstruc.tion. (Panels A and Bare courtesy of M<:1-ftyn Cobourne). Scale bar= (A, B, G,
H) 25 µm; C and D, 70 µm; E and F, 50 µm.
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proliferation were identified between the wild-type and mutant specimens. To ascertain
whether the level of cell death differed between wild-type and mutant specimens,
TUNEL assays were performed (figure 20 E-H). Cells in the palatal groove and a
population of ~ells at the lateral edge of tissue expressong Gad] were often TUNELpositive in wild-type specimens (figure 20 E, G). TUNEL treated sections of mutant
specimens demonstrated a near absence of TUNEL positive cells in the palatal groove or
. adjoining epithelium (figure 20 F, H).

The cleft palate phenotype of Gadl mutant mice is rescued by administration of the

GABAAJc receptor specific agonist muscimol.
We hypothesized that supplying pups from Gadl +/- intetcrosses with muscimol,
a GABAA and GAB.Ac receptor specific agonist, during the critical period of
palatogenesis (embryonic days 13.5-El5.5) co.old rescue the cleft palate phenotype
(please see Table V). Three doses of nmsciniol were admin~stered~ The first dose was
given on E13.5. An additional dose was ~iven on El 4.5 and El5.5, and the pups were
.

'·

.

~

allowed to develop to El 7 .5. Thirty-two wild-type and 48 heterozygous embry"os were
examined. No occurrence of palatal clefting was observed. Mutant embryos that were
examined at El 7.5 all possessed cleft palates (22 of 22). From injected litters, 15
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Table V: Muscimol injectio'ns rescue the Gad] mutant cleft palate phenotype.

Gad] hetrozygotes were crosse_d to generate litters with Gadl mutant embryos.
Pregnant females were injected on days El3.5, E14.5-and E15.5 with either carrier (PBS)
or 4mg/kg mµscimol From the control mating, where PBS injections'were given, there
were no cleft palates observed in the wild-type or heterozygote pups. The mutant pups,
however, demonstrated 22 cleft_.palates in 22 observed specimens.
Wild-type and mutant pups taken from pregnant females that had been injected
with muscimol demonstrated normal palates, as seen in the control group. Nine mutants
were taken from injected females. Tbese, unlike the mutants from the control group, did
not demonstrate cleft palate. Muscimol was found to significantly decrease the
occurrence of deft palate in the mutant embryos (Mantel-Haenszel test, p < .005).

Control Group

Muscimol Treated Group

Genotype

Frequency of Cleft·

Genotype

Frequency of Cleft

Wildtype

0/32

Wildtype

0/15

Heterozy2ote

0/48

Heterozygote

0/24
(

Mutant

22/22

Mutant

0/9
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wild-type and 24 heterozygous embryos were examined. All of the wild-type and .
heterozygous embryos taken from injected females demonstrated normal palatogenesis.
There were 9 mutant embryos that were analyzed for cleft palate. No occurrences of
. palatal clefting were observed. Analysis of these ·data by the Mantel-Haenszel test
indicated that Gad] mutant pups born of muscimol injected Black 6/J females
demonstrated a significant reduction in the occurrence of the cleft palate phenotype
(p < .005).

Scanning electron microscopic analysis of the surface of the palates _of rescued
mutants revealed that the rescued palatal shelves had fused, although there did appear to
be an abnormality in the formation of the palatal rugae (Figure 21 A-C). A histological
analysis was performed on three of the rescued palates (figure 21 D-F). The sections
revealed that, although apposition and fusion of the palatal shelves had occurred as in
wild-type specimens, fusion with the nasal septum was not as substantial.
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Figure 21: The cleft palate phenotype of Gadl mutants is rescued by the
administration of the GABAAJc receptor agonist, muscimol. (A-C) Scanning electron
micrographs of El 7 .5 embryos. (A) Palate from a wild-type embryo.- demonstrating a
normal palate with unbroken first (black arrow) and second rugae_(white arrow). The
third ruga was qfte~ variable in wild-type specimens. (B) Mutant embryo demonstrating
clefting of the secondary palate (white arrow). (C) A rescued mutant palate
demonstrating lack of palatal clefting. The first ruga (black arrow) and second ruga
(white arrow) are broken. (D-F) Ei7.5 embryos. (D) Sections through the.snout of a
'

'

'
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wild-type embryo revealed that the palatal shelves have fused, creating a separate ·nasal
cavity (NC) and oral cavity (OC). The nasal septum (NS) was strongly fused to the
palatal shelves. (E) Sections through the snout of a mutant embryo. The secondary
palate was cleft, leaving the oronasal cavity undivided in mutant embry?. (F) Rescued
mutant embryos demonstrated fused palatal shelves and ~eparation of the oral and nasal
cavities. Note a narrowed region of attachment between the nasal septum to the palatal
shelves. Scale bar= A-C, 200 µm; D-F, 500 µm.
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Discussion

Gadl function is necessary for normal palatal shelf formation and elevation.
In order to gain a better understanding of the defective morphology of the Gad]
homozygous mutants, wild-type and mutant specimens were analyzed by histological
methods. Analysis of the wild-type sections revealed that at E14.5 the palatal shelves of
wild-type specimens had elevated and th:at the ~helves had come into apposition along the
midline. The palatal shelves of ~14.5 mutant embryos were less well developed than
those seen in wild-type specimens, being both shorter in length and somewhat
malformed. The palatal shelves of the mutant embryos had failed to undergo elevation at
E14.5.
Although the palatal shelves of El6.5 wild-type specimens were undergoing the
process of fusion, the palatal shelves of El6.5 mutant embryos had failed to complete the
elevation process. At the newborn stage wild-type embryos exhibited both palatal shelf
elevation and fusion of the palatal shelves along the midline, while all of the Gad]-/mutants observed at this stage exhibited only palatal shelf elevation. Only three mutant
specimens had palatal shelves of sufficient length to come into apposition along the
midline. Those mutants had begun the process of palatal fusion at the anterior end of the
palate, but' a substantial cleft at the posterior end of the palate remained. The histological
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analysis performed here indicated that the disruption of palatogensis in the Gad] mice
occurred during the first two critical stages of palatal shelf development: palatal shelf
formation and palatal° shelf elevation. This data suggests that Gad] function is necessary
for the critical processes of palatal shelf formation and palatal shelf elevation.

Gadl function is necessary for normal tooth development.
In situ evidence indicated that Gad] was expressed in the odontogenic epithelium as
early as El2.0, ahd by E13.5, became restricted to the putative signaling center of tooth
development, the enamel knot. It has been suggested that the formation of the enamel
knot is essential for tooth development to progress past the bud stage (Jernvall and
Thesleff 2000). Consistent with this, the molars of mutant embryos showed impaired
enamel knot formation and remained in the bud stage for an extended period. The molars
of wild-type animals were approaching _bell stage at El5.5 and had developed a
prominent dental papilla. The condensations of dental mesenchyme around the tooth
primordia were much reduced in mutant specimens, and the average width of the dental
papillae of Gad] mutant specimens was shown to be significantly reduced as compared
to wild-type littermates. These results suggest that Gad] function is necessary for the
normal transition-of the tooth rudiment from bud stage to cap stage. Th~se results also
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suggest that Gad] function is required for proper development of the dental papillae. The
..

.

highly variable phenotype suggests that some additional factor or factors may be involved
in tooth development. It has been proposed that, in the dopamine-P-hydroxylase
knockout mouse, neurotransmitter transfer across the placenta may account for variable
phenotypes (Thomas et al., 1995). Similarly, GABA from the maternal bloodstream may
cross the placenta and affect the development of fetal GABA-ergic tissues.
The results reported here suggest that Gad] is important for tooth development.
Our data suggests that the loss of Gadl impairs the formation of the enamel knot. It will
be interesting to look for Gadl and GABA receptor expression in the tooth at_later stages
of development and to look for molecular markers of enamel knot formation in the Gad]
mutants.
Tooth defects could contribute to palatal clefting.
Recently a study involving mice with a targeted deletion of the transcription
factor Msx-1 has suggested that normal tooth development is necessary for normal
palatogenesis to occur (Satokata and Maas, 1994). The Msx-1 mutant mice exhibit a cleft
palate phenotype, even though Msx-1 expression is confined to the tooth (Satokata and
Maas, 1994). Additionally, mice null for Pitx2, the transcription factor that is expressed
in the presumptive dental epithelium before the formation of the dental lamina, exhibit
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cleft palate associated with dental hypoplasia (Lin et al., 1999; L~ et al., 1999). Thus, the
hypoplastic dentition of the Gad] mutant mouse may be responsible 'tor, or contribute to,
the impaired palatogenesis observed in the Gad] mutant mouse.
Loss of Gadl in the palatal groove does not affect cellular proli_feration, but leads to
decreased cell death.

Radioactive in situ hybridization experiments also demonstrated that Gad] was
expressed in the thickened epithelium of the palatal groove at E13.5. ·The role of GABA
as a proliferative factor necessary for neuronal proliferation is well documented (Liu,
.

.

.

.

1997; Haydar, 2000; LoTurco, 1995). We hypothesized that Gadl mutants wo~ld exhibit
decreased cellular proliferation in the palatal groove. However, analysis of BrdU-labeled
tissues revealed similar levels
of proliferation i:q. both wild-type. ·:and mutant specimens.
.
'

Thus, the hypothesis that loss of Gad] function leads to decreased cellular proliferation in
the palatal groove of Gad] mutant mice was not supported. This surprising finding was
verified by a recent report that discovered no centers of heavy proliferation in the palatal
region of the E13.5 mouse (Shigemura et al., 1999).
The aforementioned study and others did, however, discover several sites of
defined apoptosis in the palatal groove, palatal rugae, dental lamina and tooth buds of
E13.5 embryos (Vaahtokari et al., 1996; Shigemura et al., 1999). TUNEL analysis
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performe1 on paraffin-sectioned wild-type specimens revealed TUNEL-positive cells in
·. the thickened palatal groove epithelium. In contrast, few TUNEL-positive cells were
observed in the palatal groove epithelium of Gad] mutant mice.
Decreased cell death in the palatal groove may contribute to palatal clefting.
It has been noted that the axis around which the palatal shelves reorient is the
palatal groove (Luke, 1984). The formation of this groove is suspected to be closely
associated with palatal shelf elevation (Sakamoto et aL, 1989), and thickening of the
epithelium in the region of the palatal groove has been implicated in undercutting the
attached base of the palatal shelf, thus aiding elevation (Ferguson, 1981; Peters et al.,
1998). Recent stu_dies ha:,e demonstrated the ability of GABA to in~uce apoptosis in
hippocampal neuron culture (Honegger et al., 1998), cultured postnatal hippocampal cells
(Xu et al., 2000), cultured chick retinal ueurons (Chen, et al. 1998) and subsets of
neurons in the brains of cultured mouse embryos (Ikonomidou et al., 2000). The decrease
in the level of cell death in the palatal groove of Gad] mutant mice suggests that GABA
plays a role in inducing apoptosis in cells of the palatal groove epithelium. A loss of
apoptotic remodeling in the Gad] mutants may contribute to the deformity of the palatal
shelves. This may contribute to the delay of the elevation of the palatal shelves by a
"tethering" phenomenon similar to that reported in the Pax9 knockout mouse (Peters et
al., 1998).
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Injection of muscimol rescues Gadl ·mutant cleft palate phenotype. ·
The cleft palate phenotype was rescued in Gad] mutant pups harvested from
females that had been injected with the GABANc agonist muscimol at El3.5. The
rescuing effect of muscimol was restricted to a short period between E13.0 and E14.0.
As muscimol is a GABAA and GABAc receptor specific agonist, this rescue strongly
suggests that a loss of GABA signaling through the GABANc receptor subtypes is the
causative factor in the perturbed palatogenesis of the Gad] knockout _mouse.
Additionally, the observations that the palatal shelf phenotype is only capable of being
rescued by musciritol during a short period of time suggests that the critical period for
signaling is brief. Rescue of the Gad] mutant cleft palate phenotype by muscimol
complements the many teratological (Wee, 1983; Zimmerman, 1984; Laegreid et al.,
1990; Jurand and Martin, 1994) and genetic (Asada et al., 1997; Condie et al., 1997)
studies that have suggested GABA is involved in palatogenesis. Additionally the
muscimol rescue experiment supports other studies showing that the GABAA receptor ~3
subunit is required for normal palatogeriesis (Culiat, 1993; Culiat, 1994; Culiat et al.,
1995; Romanies, 1997).

Comprehensive Summary
The studies presented in this thesis showed that Gad] was widely expressed
outside of the CNS of developing embryos. Expression of Gad] in these novel sites,
which included epithelial signaling centers such as the AER, dental lamina and vibrissal
placodes·, suggested that Gad] function might be necessary for the normal development
of these structures. Subsequent phenotypic analysis. of Gad] mutants showed that, for
normal development of the vibrissae, nares and skull to occur, Gad] function is required.
The expression pattern of Gad] in the germinal matrix lead to the conclusion that Gadl
function might me necessary for normal cellular proliferation in the vibrisssae, Y1hile the
expression pattern in the nares suggested a role for Gadl in normal apoptosis.
'

Gad] mutants were shown to suffer from impaired. palatal shelf formation and
delayed palatal shelf elevation. The expression pattern of Gad] during normal palate
development was analyzed, and Gad] was found to be activated: in the enamel knot of the
tooth and in the palatal groove. Tooth development was examin~d histologically and
found to be impaired in Gad] mutant specimens. Comparisons were made between rates
of cell proliferation and cell death in the palatal groove of wild-type specimens and Gad]
mutants, and decreased cell death was noted in mutant specimens. From these studies, it
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was concluded that Gad] function is required for normal odoontogenesis and for normal
cell death to occur in the palatal groove. These studies, therefore, provide a mechanisitc
~asis for understanding the cleft palate phenotype observed in the Gad] knockout mice.
Additionally, it was shown that injection of the GABANc receptor specific agonist .
muscimol into pregnant Gad] intercrossed mice resulted in a restored ability of the
mutant palatal shelves to form and elevate, permitting fusion to occur. This experiment
supported the work of Romanies et al. (1997) and our hypothesis that GABA signaling is
required for normal palatogenesis. From this work, it was concluded that impaired
GABA signaling is responsible for impaired odontogenesis in the Gadl mutant mice.
These studies demonstrate a novel requirement for Gad] function in the
developmeritof several non~CNS tissues. These exciting findingS show that novel
GABA-signaling pathways operate in the development of non-neuronal cell-types and
also suggest that Gad] function as a mediator of metabolic processes may be much more
important duri~g development that was previousJy anticipated .. Togeth~r these studies
form a strong foundation for understanding the role of Gad] outside of the central
nervous system.

Significance
This work identifies novel sites of Gad] expression during the development of
non-CNS tissues and demonstrates that Gad] function is required for normal
development of the vibrissae and nares and for normal ossification of the skull. Linkage
of the loss of Gad] to the development of craniofacial defects provides a platform for
further research elucidating the genetic lesions underlying craniofacial dysmorphism.
Additionally, palatogenesis has long been a model of epithelial-mesenchymal
interactions. Although much work has been performed on this topic, the basic cellular
mechanisms governing palatogenesis remain a mystery. The experiments reported here
provide important insights into the mechanisms that potentially drive palatogenesis.
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