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Abstract  
The ionotropic GABAA receptor is one of the most prominent inhibitory neurotransmitter 

receptor in the central nervous system (CNS). It is clinically important due to its association with 

benzodiazepine, barbiturates, ethanol, and general anesthetics. The arrangement and composition 

of the subunits comprising the GABAA receptors affect its pharmacological properties. The 

zebrafish has at least twenty-two different subunits which may arise from 8 gene families (α1-6b, 

β1-4, γ1-3, δ, ε, π, ρ1-3a, ζ). This thesis focuses in depth on methods utilized, ie RNA extraction,  

probe synthesis, and in situ hybridization. Moreover, the gene expression of the α1 and β2 

subunits in the brain and retinas of the adult zebrafish was analyzed. In the brain, we found 

expression of the α1 subunit in the dorsal telencephalic area, ventral telencephalic area, and the 

preglomerular nucleus and the β2 subunit in the periventricular gray zone, torus longitudinalis 

and immediate area surrounding the vulva cerebelli, corpus mamillare, lateral recess, and areas 

of the caudal zone of periventricular hypothalamus. In the retinas, the α1 and β2 antisense probe 

showed specific staining in the outer nuclear layer and inner nuclear layer. We controlled using 

the sense probe of each subunit. The α1 sense probe did not show staining in the brain or retina, 

but the β2 probe did. 

      i 



Introduction 
The γ-aminobutyric acid - Synthesis  

The γ-aminobutyric acid (GABA) is the most prominent inhibitory neurotransmitter in the 

central nervous system (CNS) of vertebrates and acts upon GABAA and GABAB receptors. The 

former is an ionotropic receptor which mediates fast inhibition while the second is a 

metabotropic receptor coupled to a G-protein. GABAA receptors are homo- or heteropentamers. 

In mammals, there are nineteen genes encoding for GABAA receptor subunits. The zebrafish 

(Danio rerio) genome comprises at least twenty-two genes for GABAA receptor subunits (Cocco 

et al., 2017). The production of GABA, a γ-aminoacid, starts in the Krebs cycle (Fig. 1). The first 

step is conversion of α-ketoglutarate, an intermediate of the Kreb’s cycle, into L-glutamic acid 

by the glutamate dehydrogenase. Then, one of two isoforms of glutamic acid decarboxylase 

(GAD), GAD65 or GAD67, decarboxylates L-glutamic acid at the α-carbon level. These 

mammalian GAD isoforms are differentially expressed and exhibit distinct regions of occurrence 

(Roberts, 1968). GAD65 is dominant at the axon terminals while GAD67 is centralized at GABA 

producing neurons (Kaufman et al. 1991, Pinal 1998). This suggests a need for independent 

regulation of both isoforms and may create distinct GABA populations at the sub-cellular level, 

with distinct final uses. The zebrafish has three types of proteins which resemble the mammalian 

GAD. Two, gad1a and gad1b, are homologous to GAD67 and gad2 is the homologue of GAD65.   

Inhibition and Excitation  

When GABA binds to a GABAA receptor either phasic or tonic inhibition occurs. This primarily 

depends on the membrane location of the GABAA receptor, which can be postsynaptic or extra-

synaptic. Ultimately, GABAA receptor localization depends on the subunit composition of the 

receptor itself (Olsen and Sieghart, 2008). Phasic inhibition at postsynaptic sites is characterized 

as rapid, transient, point to point activity. The overall process, from synaptic transmission, to 

GABA release and hyper-polarization, transpires over a millisecond timescale (Farrant, 2005). 

Despite a large scale release of GABA, the GABAA receptors are only exposed to the ligand for 

a brief period of time due to its high diffusion rate. In addition, the time GABA is bound will 
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vary among synapses for numerous reasons, such as the number and arrangement of postsynaptic 

receptors in relation to transmitter release site, vesicle size and content, and synaptic cleft 

geometry (Farrant, 2005). Accordingly, the ion pore closes once GABA dissociates. The massive 

GABA release coupled with its varying binding time will create an ambient concentration of 

GABA in extra-synaptic sites. Indeed, a constant, low level of GABA will cause the receptors to 

remain open for a longer period of time than during phasic inhibition. This process is termed 

tonic inhibition and it is temporally distinct from localized concentrated phasic inhibition events. 

GABAA receptor composition also aids in mediating tonic and phasic inhibition. As will be later 

discussed, certain receptor subtypes exhibit different GABA affinity and subcellular location 

which influence inhibition type. 

 Conversely, GABA may also induce excitation. This phenomenon is resultant from an 

outward flux of anions causing membrane depolarization rather than inward flux of anions 
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Figure 1. GABA shunt diagram depicting GABA synthesis starting conversion of α-
ketoglutarate, originating from Kreb’s cycle, by glutamate dehydrogenase (Ippolito and 
Piwnica-Worms, 2014). This results in L-glutamic acid which undergoes decarboxylation by 
glutamic acid decarboxylase (GAD) in order to produce the final product, GABA. GABA is 
then converted into succinic semialdehyde (SSA) by the aminobutyrate aminotransferase 
(ABAT, also referred to as GABA-T). SSA is the substrate of SSA dehydrogenase, which 
produced succinic acid. The latter compound enters again the Krebs cycle, where everything 
started (Cooper, 1985). Image taken from: Basic Neurochemistry: Molecular, Cellular and 
Medical Aspects. 6th edition. Philadelphia: Lippincott-Raven; 1999. 



causing the hyperpolarization of inhibition. This may occur when there is a down-

regulation of KCC2 chloride ion transporters which would result in a low chloride 

gradient. The binding of GABA and thus the opening of GABAA receptors under low 

chloride ion gradient conditions would cause an outward flux of anions (Sigel 2012). This 

was observed in early postnatal life of rats, where GABA exerts an excitatory effect, 

possibly until glutamatergic synapses are fully developed (Cherubini et al., 1991; Rivera et 

al., 1999). In addition, excitation is known to occur during early development and post 

neural injury (Coull et al. 2005, Ben Ari et al. 2007). 

GABAA Receptor and the Cys-loop Superfamily 

The GABAA receptor is a member of the Cys-loop ligand-gated superfamily along with 

“nicotinic acetylcholine receptors, (nAChRs), glycine receptors (GlyRs), inotropic 5-HT 

receptors (5HT3Rs), and a Zn2+ activated ion channel” (Olsen and Sieghart 2008, Sigel, 2012). 

The prevailing structural motif of this superfamily is a β-loop of thirteen amino acid residues in 

the extracellular amino-terminus domain (Schofield et al., 1987). Two cysteine residues, bound 

by a disulfide bridge, border this loop (Betz, 1990). Indeed, nAChRs and GlyRs share a highly 

conserved topology with GABAA receptors (Betz, 1990), most likely due to the shared 

evolutionary history of the receptors’ subunits (Grenningloh et al., 1990). 

GABAA Receptor Structure 

The GABAA  receptor is composed of five subunits to create a homo- or heteropentamer. In 

the case of the zebrafish, at least twenty-two different subunits which may arise from 8 

gene families (α1-6b, β1-4, γ1-3, δ, ε, π, ρ1-3a, ζ) combine to form the receptor. The arrangement 

and composition of the subunits can vary, but the most common combination is α1-β2-α1-β2-

γ1 (Minier 2004). 

The main components of the GABAA receptor include a hydrophilic, extracellular N-

terminal domain containing the aforementioned Cys-loop, followed by four hydrophobic 

transmembrane α-helices (M1, M2, M3, M4). The second α-helix, M2, contains a high 
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proportion of uncharged amino acid residues, creating a hydrophilic environment for the 

lining of the ion channel (Bertz, 1990). It is important to note that all subunits are involved 

in the construction of the ion channel, which is therefore lined by five M2 α-helixes (Sigel, 

2012). In this α-helix a conserved octapeptide stretch, Thr-Thr-Val-Leu-Thr-Met-Thr-Thr, 

is found (Seeburg et al., 1990). In addition, the M2 protein ends with a positively charged 

amino acid residue which may assist in ion selection (Bertz, 1990). The next distinct 

structural attribute is the intracellular loop between M3 and M4 α-helices. Due to its 

location, the intracellular loop is the structure most involved in interaction with 

cytoplasmic elements (Chen, 2007).   

GABAA Receptor Subunit Arrangement and Composition 

All five subunits contribute to the intracellular loop, an area most involved in protein 

interaction. Furthermore, the contribution of each subunit type is variable and their 

differences affect the behavior of the receptor. For instance, the mammalian subunit γ2 

contains an idiosyncratically high number of cysteine residues in the intracellular loop, 5 of 

which are covalently adjoined to fatty acids. This palmitoylation increases hydrophobicity, 

which aids in GABAA receptor clustering and cell surface stability (Chen, 2007). 

Arrangement and composition of GABAA receptors also affect their pharmacological 

properties. For example, a receptor composed of α6-β2-α6-β2-γ1 exhibits a >100 fold higher 

affinity for GABA compared to a receptor with two α1 subunits (Minier, 2005). Indeed, 

even when the receptor incorporates a single α6 subunit, GABA affinity increases. Minier's 

study also revealed a higher furosemide sensitivity when the heteropentamer is composed 

of two α6 rather than α1 subunits. Further consequences of variation within the α subunit 

family are exemplified with benzodiazepine interactions. Benzodiazepine sensitive α 

subunits, α1-α3 and α5, differ from insensitive subtypes, α4 and α6, by containing a histidine 

at a conserved position rather than arginine (Rudolph, 1999). 
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Subunit Distribution: At the Cellular and Subcellular Level 

Subunit composition and arrangement greatly affect the properties of the GABAA receptor. 

The next question is to ask if there are distinct locations, at the cellular and subcellular 

level, of GABAA receptor subtypes. A plethora of studies demonstrated that postsynaptic 

receptors are composed of α1-α3, β, and γ2 subunits, while extrasynaptic receptors contain 

α4-α6 and δ subunits (Fritschy, 2014). As aforementioned, the α6 subunit exhibits higher 

affinity for GABA compared to α1. In addition, α6 containing receptors remain open longer 

and do not show reduced sensitivity to GABA over long exposures (Sieghart, 2007). These 

characteristics indicate α6 containing GABAA receptor subtype aids in mediating tonic 

inhibition. Likewise, α1-containing receptors have a shorter open time, lower GABA 

affinity, reduced sensitivity to GABA binding, and therefore mediate phasic inhibition.  

On a larger scale, subunits have distinct and overlapping regions of occurrence in the brain. 

For instance, Laurie et al. (1992) found α1 to be expressed ubiquitously in the olfactory 

bulb, thalamus, striatum, and cerebellum in the adult rat brain. Further delineation in the 

striatum region revealed α1 restricted to the caudate and α2 in the globus pallidus. They also 

found restricted localization of β1 in the olfactory bulbs, while β2 was ubiquitously 

expressed in the cerebellum, thalamus, medial septum, and the globus pallidus of the 

striatum. Furthermore, the δ and γ2 subunit exhibited unique regions. The δ subunit was 

restricted to thalamus, the caudate of the striatum and granule cells in the cerebellum while 

γ2 was found in the olfactory bulbs, medial septum, and globus pallidus of the striatum. 

The only region of δ and γ2 concurrence was in the granule cells of the cerebellum. Similar 

patterns of subunit distribution in the mouse brain were discovered by Hörtnagl et al. 

(2013). They found that α6 typically does not co-occur with other α subunits; its only area 

of expression was the cerebellum. The rest of α subunits covered the olfactory bulbs, 

amygdala, hypothalamus, thalamus, basal ganglia, hippocampus, or cerebral cortex.. In 

addition, δ and γ subunits did not typically co-occur (Hörtnagl et al., 2013). 
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Brain Anatomy 

The mature zebrafish brain, like most teleosts, may be divided into five distinct sections (1) 

telencephalon (2) diencephalon (3) mesencephalon (4) metencephalon and (5) myelencephalon. 

The telencephalon (forebrain) is the most anterior brain region and includes the olfactory bulbs. 

It can be further divided into ventral and dorsal telencephalic regions. The telencephalic ventricle 

is centrally located within this region. Moving posteriorly, the next major brain section is the 

diencephalon, which does not exhibit distinct boundaries with the telencephalon or the 

mesencephalon. It can be further divided into five regions: epithalamus, dorsal thalamus, ventral 

thalamus, posterior taberculum and the hypothalamus. This region is responsible for the 

endocrine system. The mesencephalon (midbrain) region contains an outer white layer, the 

tectum opticum, which surrounds the periventricular grey zone. This region also houses the tectal 

ventricle and is responsible for processing visual input. The metencephalon (hind brain) contains 

the cerebellum, which is further divided into the vestibulolateral region, the corpus cerebelli, and 

the valvula cerebelli. The most posterior region, the myelencephalon, is the brain stem. The 

spinal cord emerges from this region. 

Retina Anatomy  

Zebrafish, like most vertebrates, have image-forming camera eyes. From the outermost to the 

innermost layer, the retinal anatomy (Fig. 9) is as follows: photoreceptor layer (PhL), outer 

limiting membrane (OLM), inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell 

layer (GCL), and optic fibre layer (OFL). The first synaptic layer is the OPL, where the 

photoreceptors and bipolar cells meet. Their signal transmission is modulated by adjacent 

horizontal cells. The next synaptic layer is the IPL, where amacrine cells modulate transmission 

between bipolar and ganglion cells. 

In situ hybridization  

The primary method in this thesis is in-situ hybridization using digoxigenin (DIG)-labeled cRNA 

probes. We were interested in finding all subunit variants, so we designed primers to include all 

subunit splice variants. We then produced probes using the primers which exhibited the most 
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specific binding. The probes were then inserted into plasmid DNA of E. coli in order to be cloned 

at a high magnitude. We then cut the plasmid using restriction enzymes nearest to the inserted 

DNA. RNA polymerases then created “run-off” transcripts of the probe and labeled every 

20-25th nucleotide with DIG-UTP. We used the antibody, anti-digoxigenin to attach the DIG-

labeled probes. In order to visualize probes we used NBT/BCIP (5-bromo-4-chloro-3-indolyl-

phosphate/nitro blue tetrazolium) for the color detection of alkaline phosphatase activity. The 

alkaline phosphatase, conjugated to the anti-DIG antibody, removes the phosphate group from 

BCIP. The resulting compound reacts with NBT and form blue insoluble precipitates. 

Objectives  

Most GABAA receptor subunit studies have focused on mammalian brains (Wisden 1992; 

Somogyi 1996; Laurie 1999;Hörtnagl, 2013). However, one of the most widely utilized 

study specimen in the field of behavioral neurobiology is the zebrafish (Danio rerio). The 

presence of GABAergic neurons in the adult brain of D. rerio was first demonstrated by 

Kim et al. (2004). Their study revealed distribution patterns of GABAergic neurons in the 

brain of adult zebrafish. They found GABAergic neurons in the inner cellular layer of the 

olfactory bulbs, the frontal and central regions of the telencephalon, and the ventral zone 

of the hypothalamus, and localized in the stratum album centrale and stratum 

periventricular of the tectum stratum. In regards to GABAergic activity in the retina, 

GABA populations have been identified in amacrine, horizontal, bipolar and 

interplexiform cells (Zhang, 2003). Correspondingly, GABAA receptors have also been 

identified on these neural cells in the vertebrate retina. Zhang et al. (2003) study identified 

differential distribution of GABAA receptor subunits in the retina of the salamanders and 

Grünert (1999) study found differential distribution of various subunits within the IPL of 

the rat retina. 

Cocco et al. 2017 study measured mRNA levels of 23 subunits of the GABAA receptor 

(α1, α2a, α2b, α3, α3-like, α4, α5, α6a, α6b, β1- β 4, γ1- γ 3, δ, ζ, ρ1, ρ2a, ρ2b, and ρ3a) in the 
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zebrafish brain, grouped brain areas, and retinas. The most highly expressed subunits were 

α1, β2, γ2 and δ in the brain, and α1, α6a, and γ2 in the retinas. 

The primary goal of this thesis was to elucidate distribution patterns of the four most 

highly expressed and one unique GABAA receptor subunit in the adult D. rerio brain and 

retina. However, due to time constraints and procedural complications, only α1 and β2 

were able to be completed. Being so, this thesis focuses in depth on the methods utilized 

(RNA extraction, gel electrophoresis, in-situ hybridization, probe synthesis) in addition to 

the gene expression of α and β subunits. 

Aims 
• elucidate gene expression patterns of the α1 and β2 subunits in the adult zebrafish brain and 

retina  
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Material and Methods 

Zebrafish Handling  

This experiment in its entirety follows current Swedish law and authorized by the Uppsala 
Ethics Committee, permit with Diarienummer C55/13, hold by Svante Winberg. All 
zebrafish used derived from third generation of AB strain. Animals were fed daily with 
flakes for tropical fish (Sera san, Heisenberg, Germany) and Artemia. 

Tissue Sampling  

Adult zebrafish were captured and individually anesthetized with 5% benzocaine. Fish 

were euthanized by severing the spinal cord. Samples being used for RNA extraction were 

then incubated with RNAlater overnight then stored in -20°C freezer and thawed when 

ready to use. 

Animals used for in situ hybridization were decapitated and heads fixed with 4% PFA, pH 

7.4. (The 4% PFA solution was prepared either by myself or my supervisor, Arianna 

Cocco, within two weeks of use). Samples were then placed in ice box on shaker for 7 

hours, then washed with 1x PBS (Phosphate-buffer saline, solution prepared by myself or 

my supervisor, Arianna Cocco) three times for 5 mins on shaker. After the first wash, the 

excess tissue was removed from the brain and eyes. Samples were then soaked overnight 

in 30% sucrose in PB (Phosphate-buffer; prepared by myself or my supervisor, Arianna 

Cocco) buffer diluted with DEPC treated water. Brains and eyes were then embedded in a 

1:1 Tissue-Tek® O.C.T. Compound (Sakura®, USA) and 25% sucrose solution, by 

placing samples in dry ice until O.C.T. became completely opaque.  

RNA extraction  

Entire brain and eye samples were preserved with RNAlater (Qiagen; Hilden, Germany). 

Eye pairs were combined into single sample, whereas brains were kept separate. After 

RNAlater removal, tissues were mechanically homogenized with a pestelin 300µl of 

TRIzol® (Thermo Fisher Scientific, Waltham, MA, USA). TRIzol® contains phenol and 
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guanidine thiocyanate which aids in the denaturation of macromolecules and RNase 

deactivation. Post homogenization, 60 µl of bromochloropropane and 18 µl of sodium 

acetate were added to the homogenate. Samples were then mixed by inversion and kept on 

ice for 15 min. In order to fully remove unhomogenized tissue, samples were centrifuged 

at 10,000 rpm for 5 min. The total RNA containing aqueous solution was then transferred 

to a fresh tube, 300 µl of Lysis Solution and 360 µl of 95% ethanol were added, and 

samples were thoroughly mixed. The Lysis Solution (Thermo Fisher Scientific, Waltham, 

MA, USA) is used to lysate the cells while the ethanol removes RNA from solution and 

aid binding to column membrane. After mixing, 700 µl of samples were loaded into the 

silica membrane column tubes. Before discarding flow through, samples were centrifuged 

at 8500 rpm for approx. 30 sec. If sample exceeded column tube volume limit of 700 µl, it 

was ran again until the entire sample was filtered through column. Before discarding flow 

through, samples were centrifuged at 8500 rpm for approx. 30 sec. Samples were then 

washed once with 700 µl of wash solution #1, twice with wash solution #2 and then 

centrifuged at 8500 rpm for approx. 30 sec after each wash. Flow through was also 

discarded between washes. Columns were placed in fresh tubes for RNA elution. Samples 

were first centrifuged at maximum speed for 1 min and then eluted RNA with 30 µl of 

elution solution. Waited 10 min, then eluted again with same volume. Did not pool RNA 

solution from each elution because this would result in a diluted sample. RNA used for 

both δ and ζ probe synthesis. α and β probes were previously produced and will not be 

discussed in this thesis. Protocol adapted from Eyster and Brannian, 2009 and solutions 

described (Lysis Solution,Wash Solution #1 and #2 ) given in GenElute TM Mammalian 

Total RNA Miniprep Kit. 

cDNA synthesis  

First strand cDNA synthesis performed with first elution from RNA extraction described 

in Table 1. A positive reverse transcriptase (RT+) and a negative reverse transcriptase 

(RT-) master mix was assembled with the following reagents: 6 µl of reaction mix (4 µl of 
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5x reaction mix and 2 µl of Maxima Enzyme Mix) and 14 µl of diluted RNA template 

(adequate volume to reach 2 µg of template RNA and appropriate volume of water to 

reach 14 µl). After components were added, samples were manually mixed and let sit at 

+4°C for approximately 1.5 hr. Samples were then incubated for 10 min at 25°C, 15 min at 

50°C, and then synthesis was terminated by 5 min at 85°C.   

Primer Pair Design  

NCBI primer blast (Ye, 2012) and Ensemble Genome Browser (Bronwen et al. 2016) were 

used for developing primer pairs of subunit genes. Each primer pair was subunit specific 

and did not discriminate against any splice variants. We designed primer pairs based on 

length, annealing temperature, and GC content/melting temperature, and amplicon size. 

The length influences specificity of primer pairs. Longer sequences ensure specificity but 

may also be problematic during annealing phase of PCR.  

Therefore, each primer was designed to be least 20 bp long. Annealing temperature affects 

the specificity as well as the DNA stability during PCR. A high annealing temperature will 

deter primer binding while a low annealing temperature can lead to unspecific binding due 

to base pair mismatches. GC content is a strong indicator of primer melting temperature. 

GC paring in very stable due to guanine and cytosine sharing three hydrogen bonds, which 

requires a high temperature to break. Accordingly, high GC content lead to a higher 

melting temperature. Primer pairs selected maintained a range of 50-57% GC content. 

Amplicon length was also considered because probe production called for a minimum 

length of 100 bp. 

Sequences were sent to Thermo Fisher Scientific(Uppsala, Sweden) for synthesis.   

Delta Primer Specificity 

In order to test for primer specificity, we ran PCR for RT+, RT-, and no template control 

(NTC) reactions using the cDNA of each sample (Brain 1-2, Eyes 1-2) with all potential 

primers (𝛿1-4). Duplicates were made for each primer-reaction type combination. Each 
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PCR reaction was conducted with the following reagents: 4 µl of template (Brain 1-2, 

Eyes 1-2) 5 µl of 10x PCR buffer minus Mg2+, 1 µl of 10 mM dNTP mixture, 1.5 µl of 50 

mM MgCl2, 2.5 µl of 10 mM primer mix (Either 𝛿1, 𝛿2, 𝛿3, or 𝛿4), 0.18 µl of Taq DNA 

Polymerase (5U/µl), 2.5 µl of 1% W-1, and 33.33 µl of nuclease-free water (ThermoFisher 

Scientific). For the NTC reaction, water replaced the DNA template in the reagent 

mixture. Each gel made for testing primer specificity was composed of 0.8 % agarose, has 

100 bp generuler (unlabeled lanes), uses gel red as a nucleic stain, and ran at 60 V 85 mA 

for ~2 hrs. 

Probe Production 

The TOPO® TA Cloning® (Invitrogen, Thermo Fisher Scientific) reaction was performed 

with the following reagents: 3 µl of PCR product (separate for each subunit primer), 1 µl 

of salt solution, 1 µl of molecular grade water, and 1 µl of Topo vector. Prepared mix was 

then incubated at room temperature for 10-15 mins. Afterwards, 2 µl of each cloning 

reaction was added to a vile of TOPO1F’ E. coli cells, then incubated on ice for 30 mins. 

Next, each sample was exposed to 30 sec heat shock in 42°C water bath and then 

immediately placed on ice. After, 250 µl of room temperature S.O.C. medium was added 

to each sample, which were then shaken at 200 rpm for 1 hr at 37°C. Cloning reaction mix 

was spread evenly on a prepared, warmed selective plate. Each kanamycin selective plate 

was warmed to 37°C in an incubator in advance and prepared with 40 µl of 40mg/mL X-

gal and 40 µl of 100 mM IPTG. Incubated plates overnight at 37°C. 

The next day, we analyzed transformants via standard white/blue colony screening. If the 

PCR product was incorporated into the plasmid, the E. coli colony would appear white. 

Likewise if the PCR product was not incorporated into the plasmid, the colony would 

appear blue. The basis of white/blue screening relies on the bacteria to successfully digest 

lactose. Successful lactose digestion indicates the lac z gene on the plasmid can be 

expressed and X-gal, lactose chemical analogue of lactate, is digested. When digestion of 

X-gal occurs, a chromo-reaction occurs resulting in a blue coloration of the colony.   
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In order to ensure insertion of plasmid, a colony PCR was performed using 3 white and 3 

blue colonies from both brain and eyes of δ1 and δ2 plates (Fig. 6). The following reagents 

were used to create a master mix for colony PCR: 126 µl of 10X PCR buffer minus Mg, 

25.2 µl of 10 mM dNTP mixture, 37.8 µl of 50 mM MgCl2, 63 µl of 10 µM (forward and 

reverse) primer mix (δ 1 or δ 3), 4.41 µl of Taq DNA polymerase (5U/µl), 63 µl of 1 % 

W-1, and 310.59 µl of molecular grade water. We used a pipet tip to collect colonies from 

each selective plate and then added it to 25 µl of PCR master mix. The thermal profile 

began with initial incubation at 94°C for 3 min, then conducted 35 cycles of three stages; 

94°C for 45 sec, 58.2°C for 30 sec and 72°C for 90 sec. The final stage was incubation at 

72°C for 10 min. 

Patch plates were prepared with three replicates of each primer pair derived from white E. 

coli colonies. Plates were incubated overnight at 37º C. Samples from patch plate then 

used to inoculate 2 ml of kanamycin or ampicillin (respective of selective plate antibiotic) 

treated LB medium. The liquid culture was then grown overnight in 37º C incubator with 

200 rpm shaking. The next day, plasmid extraction via lithium mini-prep was performed.   

Plasmid Extraction via Lithium Miniprep  

From the 2 ml inoculated culture described above, 1.5 ml of liquid culture was transferred 

to fresh tubes. Samples were then centrifuged at 10,000 g for 20 sec. The supernatant was 

removed via vacuuming with a glass pipet and 100 µl TELT solution was added. Samples 

were then vortexed until cell were completely resuspended. Afterwards, 100 µl of 1:1 

phenol/chloroform was added to each sample, vortexed for 5 sec, and let sit at room 

temperature for 10 mins. Samples were then centrifuged at 1500 g for 1 min. At least 75 µl 

of the upper aqueous phase was removed and placed in fresh tubes and 150 µl of 100% 

ethanol was added. Solution was mixed well and let to sit for approx. 5 min. Samples were 

then centrifuged for 5 min at maximum speed and supernatant was discarded by inversion. 

Next, samples were washed three times with decreasing volumes of ice cold 100% ethanol 

(1 ml, 400 µl, 200 µl) by centrifugation for 5 min at maximum speed. Ethanol was 
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discarded after every wash. The samples were then dried by sitting with open cap for 

approx. 30 min.  Protocol adapted from Engebrecht et al. 2001. 

Plasmid Extraction via Alkaline Lysis  

Another plasmid extraction method, alkaline lysis, was used to compare yield efficiencies 

to lithium lysis. The alkaline-SDS solution lyses cells and denatures DNA (chromosomal 

and plasmid) as well as proteins. The NaOH molecules destroy the hydrogen bonds  of 

DNA resulting in ssDNA. Subsequent exposure to potassium acetate neutralizes solution 

allowing hydrogen bonds to reform of the plasmid, but not the chromosomal DNA. 

Annealing discrimination is based on size and structure of the DNA molecule. The large 

chromosomal DNA cannot reanneal as efficient as the covalently closed plasmid DNA, 

and thereby precipitates and removed via centrifugation (Engebrecht et al. 2001) 

Before alkaline lysis, 2 ml of LB medium with kanamycin was inoculated with E. coli 

cells containing subunit PCR insert, harvested from previously made patch plates. 

Inoculant was then placed in 37°C incubator overnight. The next day, samples were 

pelleted by centrifugation at maximum speed for 20 sec. Supernatant removed by 

vacuuming with pasture pipet. Samples were then vortexed until completely resuspended 

in 100 µl of GTE (glucose/Tris/EDTA) solution and let sit for 5 mins at room temperature. 

Afterwards, 200 µl of NaOH/SDS was added to each sample, gently mixed manually, 

incubated on ice for 5 min. Then, 150 µl of potassium acetate solution was added to each 

sample, which were then vortexed briefly before placing on ice for 5 min. In order to 

pellet cell debris and chromosomal DNA, samples were centrifuged for 3 min at 

maximum speed. Supernatant was then transferred to fresh tube, 800 µl of 95% ethanol 

added, and let to sit for 2 min at room temperature for nucleic acid precipitation. Next, the 

nucleic acid precipitant was pelleted by centrifugation at maximum speed for 5 min and 

washed with 70% ethanol twice. First with 400 µl then 200 µl of ethanol added and spun 

for 5 min at maximum speed. Ethanol removed via inversion between washes. Samples 
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were let to sit with cap open for approximately 30 mins in order to fully evaporate/remove 

remaining ethanol. The pellet was then resuspended in 50 µl of water and plasmid 

concentration was measured with NanoDrop. Protocol adapted from Engebrecht et al. 

2001. 

Plasmid Digestion   

In order to synthesize desired probe in plasmid, we performed plasmid digestion with 

restriction enzymes, NotI and BcuI (SpeI). DNA contains two strands, sense and antisense. 

The antisense strand contains anticodons and serves as a template for mRNA during 

transcription. In order to capture this strand for probe synthesis, the plasmid must be 

cleaved so that the promotor is positioned near and upstream from the PCR insert (Fig. 2).    

DIG-labeled Probe synthesis  

After successful plasmid digestion, we used DIG RNA Labeling Kit (SP6/T7) from Roche 

to produce digoxigenin-UTP labeled probes for in-situ hybridization. This procedure uses 

one of two promotors, Sp7 or T7, which are located near the PCR insert in the plasmid 

(Fig. 2). Transcribing from these promotors produce “run-off” transcripts due to cleavage 

from restriction enzyme as described above. The DIG-UTP becomes integrated into the 

produced RNA probe at each 20-25th nucleotide. The reaction included the following 

reagents: 4.2 µl of 10x NTP labeling mixture, 4.2 µl of 10x transcription buffer, 2.1 µl of 

protector RNase inhibitor and 4.2 µl of polymerase (Sp6 or T7). After manually mixing a 

briefly centrifuging, samples were incubated in a water bath for 2 hr at 37°C. Reaction 

was terminated with the addition of 2 µl of 0.2 M EDTA (pH 8.0).   

Probe Purification   

RNA probes were precipitated by adding 2.5 µl of LiCl 4 M and 75 µl of 99.5% ethanol 

and letting sit overnight at 4°C. The next day, samples were pelleted by centrifugation at 

16000 rpm for 30 mins at 4°C then washed twice with 80 % ethanol. Waste was discarded 

between washes. Each wash was centrifuged at 16000 rpm for 5 min at 4°C. After the 
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second wash, samples were air dried for approximately 30 mins. Samples were then 

diluted in 30-40 µl of molecular grade water. 

 

In-situ Hybridization   

Samples (see Methods: Tissue sampling) were removed from -80ºC and thawed at room 

temperature for approximately 30 min.  Afterwards, samples were fixed by placing slides 

vertically in a cuvette with 4% PFA, pH 7.4 for 5 min. Slides then underwent three 5 min 

1x PBS washes. Each wash was performed in a fresh cuvette. Samples were then treated 

with proteinase K (4 µg/mL) by placing 250 µl directly on slides and letting sit for 15 min. 

After dab drying slides, sections were fixed again with 4% PFA, pH 7.4 to deactivate the 

proteinase K and subsequently washed twice with 1x PBS. The slides were then vacuum 

dried and 400 µl of pre-hybridization buffer was added to each slide. Pre-hybridization 

buffer (Table 1) was incubated at 85ºC for 5 min, then placing directly on ice for 5 min 
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Figure 2 Polylinker site of plasmid DNA in TOPO1F’ E. coli. Blue highlighted restriction 
enzymes used, red box shows restriction site, and purple highlights promoter regions. Image 
modified fromTOPO® TA Cloning® Kit, Five-minute cloning of Taq polymerase-amplified 
PCR products. Document Part Number:250184, Publication Number: MAN0000047, Revision: 
A.0. 



directly before use. Samples were incubated for two hours at room temperature. The pre-

hybridization buffer was then removed via vacuum and 100 µl of hybridization buffer was 

added to each slide. The hybridization buffer (Table 1) was incubated at 85ºC for 5 min, 

then placed directly on ice for 5 min directly before use. A coverslip was glued on to each 

slide to ensure each section was fully coated with the hybridization solution. Samples 
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Table 1. Contents and function of solutions used in in situ hybridization protocol. Reagents are expressed 
by total volume percentage.  
* Solution prepared with Milli-Q water. 
** Solution prepared with DEPC treated water 

In-situ Hybridization Solutions

Solution Contents Function

B1* 
• 50% malic acid 0.1 M  
• 3% NaCl 0.15 M 

• equilibrate

B2
• 10% 10x blocking reagent 
• 90% B1

• decreases background

B3*
• 10% Tris-HCl 1M  
• 2% NaCl 5M

• dilution of NBT/BCIP

B4
• 12 mg tretramisole hydrochloride : 50 mL B3 
• 0.5 mL NBT/BCIP : 25 mL B3

• color detection of probe

B5*
• 1% Tris-HCl pH 8.0 
• 0.2% EDTA pH 8.0, 0.5 M

• terminates NBT/BCIP reaction

Pre-hybridization 
buffer** 

• 5% 20x SSC 
• 50% formaminde 
• 5% Denhardt’s solution 
• 1% sperm DNA (boiled at 100°C for 10 mins then placed on ice)  
• 1.25% yeast (Saccharomyces cerevisiae) DNA

• Bind non-targeted DNA to reduce 

potential unspecific probe binding

Hybridization Buffer 
• same as pre-hybridization buffer with added 600 µg/mL probe • hybridize DIG-labled probes with 

targeted mRNA in fixed tissue

Antibody Solution
• 1 µL anti-digoxigenin : 1500 µL B2 • allows for detection of DIG-labeled 

probes

20x SSC, pH 7.0*
• 17.53% NaCl 

• 8.53% trisodium citrate
• used to dilute pre-hybridization buffer 



were then placed flat on tray lined with 5x SSC soaked tissues and incubated overnight. 

The next day, the coverslips were removed by placing samples in 5x SSC and peeling the 

glue away. Sections were then soaked once in 5x SSC for 1 hr and twice in 0.2x SSC for 

30 min. Washes were implemented in 61ºC water bath. The final wash was done in 0.2 

SSC at room temperature for 10 min. After sections were dabbed dry, slides were washed 

with B1 buffer (Table 1) four times. Each wash was performed on a mechanical shaker for 

5 mins. Sections were then vacuum dried before adding 400 µl of B2 buffer (Table 1). 

Slides were let to sit for approximately 1 hr 30 min at room temperature. Afterwards, 

slides dried with vacuum and 400 µl of antibody solution was added. Sections left 

overnight in 4ºC refrigerator. The next day, samples were washed three times by adding 

400 µl of B1 on top of slides and let sit for 5 min. Solution removed by dabbing in 

between washes. After final B1 wash, slides placed in cuvette with B3 solution (Table 1) 

on top of mechanical shaker for 5 min. After blotting away solution, slides were placed 

face down in tray with NBT/BCIP solution (Table 1). Due to NBT/BCIP solution’s 

sensitivity to air and light, the tray was covered in aluminum foil and closed with a fitted 

lid. Sections were left in the dark for approximately 4 hrs before stopping the reaction by 

washing slides twice with B5 solution. B5 washes implemented on mechanical shaker for 

5 min each. Above protocol adapted from Schaeren-Wiemers and Gerfin-Moser, 1993.   

Protein modeling 

Exported FASTA files from NCBI and used PyMol online software to create protein 

models. Chimera software was used to view and edit protein models (Fig. 10).   
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 Results 

RNA extraction   
RNA gel showed two strong bands at the 1000 bp and 600 bp and a faint band slightly 

above the 10000 bp band (Fig. 3). With the exception of two samples, Brain 2.2 and Eyes 

2.2, the A260/A280 ratios indicate generally pure RNA. The A260/A230 ratios are slightly 

lower than the accepted 2.0 for nucleic acid purity (Table 2).   

Primer Specificity  

If primers are specific, a single band of the desired amplified region will appear on the gel. 

Likewise, unspecific primers will produce multiple bands on the gel. The following is an 

in depth look at the primer specificity in each tissue.   

Brain 1 Specific binding was strongly exhibited by the δ1 primer. This is shown by the 

single band at the correct length of the PCR product (469 bp) in lanes 1-2 and by the lack 

of bands in the RT- control (lanes 3-4) and the NTC (lanes 5-6). δ2 primer is also highly 

specific, even though there appears to be minor nonspecific binding exhibited in lanes 3-4. 

Primers δ3 and δ4 also exhibited strong specific binding in lanes 1-2, but showed several 

bands of unspecific binding in lanes 3-4. Stronger bands are due to differential affinities of 

the probe (Fig. 5).  

Eye 1 In this tissue sample, the most specific primer was δ3, which displayed no 

unspecific binding in lanes 1-2 and virtually none in lanes 3-6. Minor unspecific binding 

can be seen in lanes 1-2 of the δ1 primer near 200 bp. δ4 displayed high levels of specific 

binding in lanes 1-2 in addition to high levels of unspecific binding in lanes 3-4. Multiple 

primer-dimers are visible near 25 bp in δ1 lane 5, δ2, lanes 2-6, and δ3, lanes 2 and 6. δ2 

also exhibited many bands in the RT+ lanes inferring unspecific binding. (Fig. 5)  

Brain 2 δ1 and δ3 primers displayed the most specific binding in Brain 2. This is shown 

with a strong band at the correct PCR product length, 469 bp and 500 bp respectively, and 

lack of significant bands in lanes 3-6 for both primers. The band displayed in lane 5 of δ3 

�19



is most likely a primer-dimer. δ2 and δ4 show many areas of unspecific binding in lanes 

3-4. (Fig. 5)  

Eye 2  δ1 and δ3 were also the most specific in this tissue. As in Brain 1 and Brain 2, δ4 

exhibited multiple bands in the RT- control. (Fig. 5)  

In situ Hybridization   

Brain The α1 antisense probe showed specific staining in the dorsal telencephalic area, 

ventral telencephalic area, and the preglomerular nucleus of the caudal terculum in the 

brain (Fig. 7). The α1 sense probe did not show staining (not pictured). β2 sense and 

antisense probe showed staining (not pictured).   

Retinas The α1 and β2 antisense probe showed specific staining in the outer nuclear layer 

and inner nuclear layer. In addition, β2 was more heavily stained in the GL than α1 (Fig. 1 

and 2). The sense probe of α1 did not show staining, but the β2 sense probe did (not 

pictured).  
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Figure 3. Gel electrophoresis image 
showing total RNA derived from the 
brain and eyes of mature zebrafish. 
Samples are the same as in Table 2.  

Gel composed of 0.8% agarose. Samples 
were denatured by heat; incubated at 
70°C for 1 min. Loaded 1.5 µg of each 
sample from second elution as described 
in “RNA extraction”. Gel Red used as 
nucleic acid stain.  

Table 2. Average concentration (ng/µl), 260/280, and 260/230 values of two Nanodrop 
measurements from RNA extraction of two brains (Brain 1 and Brain 2) and two eye pairs (Eye 
1 and Eye 2). Only second sample was eluted twice; Brain 2.2 and Eyes 2.2 measurement 
derived from second elution.

Sample
Average Conc. 

(ng/µl)
Average 
260/280

Average 
260/230

Brain 1 260.06 1.97 1.66

Eyes 1 226.34 1.94 1.94

Brain 2 438.51 1.90 1.90

Brain 2.2 45.96 1.06 1.06

Eyes 2 333.90 1.92 1.92

Eyes 2.2 74.605 1.48 1.48
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Figure 4. Gel electrophoresis 
image of isolated plasmid from δ1 
and δ3 originating from Brain 2. 
Lanes indicate replicates on patch 
plates. Arrow indicates band length 
of 3000 bp.  

Gel composed of 1% agarose. 
Samples were denatured via heat 
before loading. Gel red used as 
nucleic acid dye and samples were 
run at 60 v 75 mA for 3hrs. 

Table 3 Average plasmid 
concentrations from Brain 2 δ 
primer testing, δ1 and δ3. Three 
replicates taken from patch plates 
derived from original white/blue 
screening selective plate. 

Subunit Replicate
Average Concentration 

(ng/µl)

Delta 1 1 408.76

Delta 1 2 506.64

Delta 1 3 474.63

Delta 3 1 427.44

Delta 3 2 534.73

Delta 3 3 431.04
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Figure 5 Gel electrophoresis 

images testing primer specificity 

(δ1-4) in each sample (Brain 1-2, 

Eyes 1-2). Lanes 1-2 are +RT 

reactions, lanes 3-4 are –RT 

reactions, and lanes 5-6 are 

NTC reactions.  

Specific primer pairs exhibit a 
single band in lanes 1-2 and no 
bands in lanes 3-6.  
Despite the lack of reverse 
transcriptase included, DNA 
polymerase used in the PCR 
could synthesis DNA which 
would then be amplified by the 
primers. Bands in lanes 3-4 
suggest primers amplify  DNA  

Due to differential affinity of 
primer (stronger signal in RT+ 
than RT-) no other bands are 
seen in lanes 1-2.  
Each gel is composed of 0.8 % 
agarose, has 100 bp generuler 
(unlabeled lanes), uses gel red 
as a nucleic stain, and ran at 60 
V 85 mA for ~2 hr.  
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Figure 6 Gel electrophoresis images of white/blue screening of E. coli colonies. Confirmation 

of PCR product insert seen by band at respective size of each product. (A) Strong band indicates 

presence of PCR insert. Lanes 1-3 are white colonies and lanes 4-6 are blue colonies. Gel 

composed of 1.3 % agarose, has 100 bp generuler (unlabeled lanes), uses gel red as a nucleic 

stain, and ran at 60 V 75 mA for 2 hr 30 min   



�25

Figure 7 Image of DIG-labeled mRNA α1 (lower) and β2 (upper) probe staining 
of adult zebrafish brain. The α1 subunit is expresses in the dorsal telencephalic 
area (DTA), ventral telencephalic area (VTA), and the preglomerular nucleus 
(PG) are labeled. The β2 subunit is expressed in the periventricular gray zone 
(PGZ), Torus longitudinalis (TL) and immediate area surrounding the vulva 
cerebelli (VC), corpus mamillare (CM), lateral recess (LR), and areas of the 
caudal zone of periventricular hypothalamus (HC). 
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Figure 8 Image of DIG-labeled mRNA α1 antisense probe 

staining of adult zebrafish retina. The outer and inner nuclear 

layer and the ganglion layer exhibit staining. 
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Pigmented epithelium 

Photoreceptor layer

Ganglion Layer

Outer Plexiform Layer

Inner Plexiform Layer

Inner Nuclear Layer

Optic Fiber Layer

Outer Nuclear Layer

Figure 9 Image of DIG-labeled mRNA β2 antisense probe staining of adult zebrafish 

retina. The outer and inner nuclear layer and the ganglion layer exhibit staining. 
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Figure 10 Protein model of GABAA 

receptor α1 subunit. Cystine residues 

highlighted in purple. Red arrow 

pointing to the two cysteine residues 

separated by 13 amino acid residues in 

the extracellular N-terminal tail, the 

main feature of the Cys-loop ligand-

gated superfamily. 



Discussion 
Primer Specificity Testing Conclusions 

In order to produce reliable in situ hybridization results, the probe must be specific. This begins 

with testing primer specificity in both tissue types (Fig. 5). A specific primer would result in a 

single PCR product in the positive reverse transcriptase reactions of the appropriate length and 

no products in the negative reverse transcriptase reactions or in the no template control reactions. 

Bands which exhibit a different length than the targeted PCR product in RT+ lanes indicate the 

primer is capable of amplifying an untargeted region. The RT- reaction does not contain reverse 

transcriptase, and therefore should not contain any DNA. However, it is possible for genomic 

DNA to have been extracted alongside RNA and subsequently used as a template for the primers. 

In addition, Taq polymerase may exhibit reverse transcriptase activity, thereby creating more 

DNA template in the RT- lanes (Tse, 1989). The NTC lanes and do not contain any cDNA 

template. Accordingly so, these lanes do not exhibit bands except for the intermittent primer-

dimer around 50 bp (Fig. 5 Eyes 1, δ1, lane 5 and δ3, lanes 2 and 6; Brain 2, δ2, lanes 3-6, and δ3 

lane 5; Eyes 2 δ2, lanes 3-6 and δ3, lane 6). Primer-dimers are formed when primers attach to 

each other (due to high level of complementary bases) and are subsequently amplified during 

PCR. Furthermore, all lanes in each sample exhibited a similarly sized (around 25 bp) blurry 

band at the end of the gel. This is most likely caused by excess primers that were not depleted in 

PCR.  

Unspecific binding may also result from several other factors involved in PCR or inherent to 

primer pairs. Annealing temperature used in the PCR can affect the level of non-targeted binding. 

During the annealing phase of PCR, primers bind to the DNA template. Stronger bonds form 

between the primer and template when there is a high rather than low sequence complementary. 

At high temperatures, primers must be highly specific in order to bind, while at low temperatures 

partial annealing can be tolerated and primers may bind when not entirely complementary to the 

template. A lower than optimum temperature causes an increase in untargeted binding which 

leads to amplifying undesired regions. Likewise a higher than optimum temperature, results in a 

decrease in untargeted binding as well as targeted binding, which results in lower amplification 
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of the desired region. Internal properties of primers, such as length and composition, lead to 

different optimum annealing temperatures.  

For probe synthesis we chose the primers δ1 and δ3. Despite these primers exhibiting very low 

levels of unspecific binding, there is highly specific binding overall. Due to time constraints, we 

were not able to run in situ hybridization of the δ subunit in time for this thesis. However, we 

were able to run in situ hybridization for the sense and antisense probes of the α1 and β2 in the 

brain and retina.  

Retina Conclusions 

GABA is fundamental for proper retinal processing. Indeed, GABA immunoreactivity has been 

exhibited in the optic nerve and inner plexiform layer just 2-2.5 days post fertilization (Kim, 

2004). At the cellular level, GABA has been identified in horizontal cells, bipolar cells, and half 

of amacrine cells in the retina (Wässle, 1997). Cocco 2016 study suggests subunit combination 

of GABAA receptors in the retina could be α1-β2/3-γ2 or α6a-β2/3-γ2. This findings are based on the 

most highly expressed subunit mRNA in the retina. This thesis substantiates the presence of α1 in 

the outer nuclear layer, inner nuclear layer and the ganglion cell layer of the adult zebrafish 

retina (Fig. 8 and 9). β2 also exhibited specific staining, however due to the same resultant 

staining with the β2 sense probe, the former assertion cannot be fully trusted. Reanalysis with 

another β2 antisense probe in a different primer placement could result in more specific staining.  

Brain Conclusions 

The α1 subunit of showed sufficiently specific staining in the dorsal telencephalic area (DTA), 

ventral telencephalic area (VTA), and the preglomerular nucleus (PG). Since the sense probe did 

not produce staining, we can presume the staining results of α1 are accurate.  

The β2 subunit is expressed in the periventricular gray zone (PGZ), Torus longitudinalis (TL) and 

immediate area surrounding the vulva cerebelli (VC), corpus mamillare (CM), lateral recess 

(LR), and areas of the caudal zone of periventricular hypothalamus (HC). The sense probe also 

revealed staining in these areas, therefore we cannot presume antisense probe staining is 

accurate.  
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Conclusions 

In order to interpret the in situ hybridization results, it is impertinent to first understand mRNA 

localization. mRNA localization describes how mRNA is asymmetrically distributed in the cell 

(Buxbaum, 2015). The probes hybridize with mRNA available in fixed tissues, therefore it does 

not explicitly convey but rather is a strong indicator of protein presence. Our findings in the 

retina reveal that α1 and β2 mRNA is localized to the cell bodies and not the dendrites of retinal 

neurons since staining is seen in the INL, ONL, and GCL and not the IPL or OPL.  

Understanding the  composition and arrangement of  GABAA receptor is key to predict behavior 

and emergent pharmaceutical properties of the main neurotransmitter receptor in the central 

nervous system. It is a clinically important receptor due to its association with benzodiazepine, 

barbiturates, ethanol, and general anesthetics (Chen, 2007). This thesis aids to elucidate 

distribution pattern of one the key and most widely expressed subunit in the brain and retina of 

the zebrafish and provides groundwork for further elucidation of the delta subunit distribution.  
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