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Abstract 21 

γ-aminobutyric acid (GABA) is an abundant neurotransmitter that plays multiple roles in 22 
the vertebrate central nervous system (CNS). In the early developing CNS, GABAergic 23 
signaling acts to depolarize cells. It mediates several aspects of neural development, 24 
including cell proliferation, neuronal migration, neurite growth, and synapse formation, as 25 
well as the development of critical periods. Later in CNS development, GABAergic 26 
signaling acts in an inhibitory manner when it becomes the predominant inhibitory 27 
neurotransmitter in the brain. This behavior switch occurs due to changes in 28 
chloride/cation transporter expression. Abnormalities of GABAergic signaling appear to 29 
underlie several human neurological conditions, including seizure disorders. However, 30 
the impact of reduced GABAergic signaling on brain development has been challenging 31 
to study in mammals. Here we take advantage of zebrafish and light sheet imaging to 32 
assess the impact of reduced GABAergic signaling on the functional circuitry in the larval 33 
zebrafish optic tectum. Zebrafish have three gad genes: two gad1 paralogs known as 34 
gad1a and gad1b, and gad2. The gad1b and gad2 genes are expressed in the developing 35 
optic tectum. Null mutations in gad1b significantly reduce GABA levels in the brain and 36 
increase electrophysiological activity in the optic tectum. Fast light sheet imaging of 37 
genetically encoded calcium indicator (GCaMP)-expressing gab1b null larval zebrafish 38 
revealed patterns of neural activity that were different than either gad1b-normal larvae or 39 
gad1b-normal larvae acutely exposed to pentylenetetrazole (PTZ). These results 40 
demonstrate that reduced GABAergic signaling during development increases functional 41 
connectivity and concomitantly hyper-synchronization of neuronal networks. 42 

Significance Statement 43 

Understanding the impact of reduced GABAergic signaling on vertebrate brain 44 
development and function will help elucidate the etiology of seizure initiation and 45 
propagation and other neurological disorders due to the altered formation of neural 46 
circuits. Here, we used fast light sheet imaging of larval zebrafish that neuronally 47 
expressed a genetically encoded calcium indicator (GCaMP) to assess the impact of 48 
reduced GABA levels through null mutation of gad1b during brain development. We show 49 
that reduced GABA levels during development result in increased functional connectivity 50 
in the brain. 51 

Key words: light sheet imaging, epilepsy, seizure disorders, neuronal networks, 52 
synchronization, neural development  53 
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Introduction 54 

 In the functionally mature brain, GABAergic interneurons gate information flow and 55 
mediate network dynamics in a variety of contexts, including the processing of sensory 56 
information (Yokoi et al., 1995; Isaacson and Strowbridge, 1998; Flores-Herr et al., 2001; 57 
Schoppa and Urban, 2003; Lee and Zhou, 2006; Arevian et al., 2008; Popova, 2015), 58 
motor control (Beck and Hallett, 2011), and cognition (Tepper et al., 2008; Tremblay et 59 
al., 2016; Koyama and Pujala, 2018; Swanson and Maffei, 2019). In humans, reduction 60 
in GABAergic signaling is implicated in several pathologies of the central nervous system, 61 
including altered sensory processing (Vucinic et al., 2006; Arevian et al., 2008; Puts et 62 
al., 2015), aberrant motor control (Solimena et al., 1990; Kim et al., 1994; Levy et al., 63 
1999; Lynex et al., 2004; Beck and Hallett, 2011; Puts et al., 2015), seizure disorders 64 
(Ben-Ari, 2006; Glykys et al., 2009; Galanopoulou, 2010; de Curtis and Avoli, 2016; Wang 65 
et al., 2017), Tourette syndrome (Puts et al., 2015), autism spectrum disorder (Abrahams 66 
and Geschwind, 2008; Geschwind, 2009; Gaetz et al., 2014; Robertson et al., 2016), and 67 
schizophrenia (Wu and Sun, 2015). Despite the impact on human health, the effects of 68 
reduced GABAergic signaling on the development and function of inhibitory circuits in a 69 
live brain are poorly understood. 70 

Genetics offers an unbiased approach to investigating neural function; however, it has 71 
been challenging to establish a model system to study the developmental and 72 
physiological effects associated with the genetic reduction of GABA synthesis. In 73 
vertebrates, GABA is synthesized from glutamic acid by the enzyme glutamic acid 74 
decarboxylase (GAD, IUBMB Enzyme Nomenclature EC 4.1.1.15) (Erlander et al., 1991). 75 
In mammals and most vertebrates, the majority of GAD protein exists as two molecularly 76 
distinct forms, known as GAD67 and GAD65, encoded by the GAD1 and GAD2 genes, 77 
respectively (Legay et al., 1986; Erlander and Tobin, 1991). In humans, homozygous 78 
mutations in the GAD1 gene are associated with seizures and hypertonia, presumably 79 
due to reduced synaptic GABA (Lynex et al., 2004; Chatron et al., 2020); however, high-80 
resolution cellular imaging and developmental studies are not feasible in people. No 81 
mutations have been reported for the human GAD2 gene. Although mice are an excellent 82 
genetic model for studying mammalian neural development and function, the role of the 83 
Gad1 gene has been difficult to study as animals homozygous null for Gad1 die at birth 84 
due to cleft palate (Asada et al., 1997; Condie et al., 1997), likely caused by central 85 
nervous system (CNS) dysfunction (Oh et al., 2010). While transgenic and conditional 86 
workarounds have been developed to study Gad1 gene function in the pancreas (Yoon 87 
et al., 1999), these approaches have not been widely used to perturb GABA synthesis in 88 
the brain. Recently, a conditional approach has been used to effect global knockdown of 89 
GAD67 in adult mice, which resulted in increased motor activity and impairment of 90 
acoustic startle responses as assessed by behavioral assays (Miyata et al., 2021). Mice 91 
homozygous mutant for Gad2 are viable, maintain normal levels of GAD67 and GABA in 92 
their brains, and exhibit normal general behavior, including locomotor activity (Asada et 93 
al., 1996). 94 

Here we use larval zebrafish homozygous null for gad1b and calcium imaging to assess 95 
the impact of reduced GABAergic signaling on the function of intrinsic circuits in the optic 96 
tectum of the larval zebrafish. The optic tectum of the larval zebrafish is well suited for 97 
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experiments investigating the functional behavior of circuits. The zebrafish larval tectum 98 
integrates and processes visual information for export to premotor targets (Nevin et al., 99 
2010). The tectum is accessible to electrophysiological recordings, and the entirety of the 100 
tectum can be imaged at cellular resolution for many hours in the live, intact, non-101 
anesthetized larva (Niell and Smith, 2005; Del Bene et al., 2010; Tao et al., 2011; Gabriel 102 
et al., 2012; Nikolaou et al., 2012; Hunter et al., 2013; Muto et al., 2013; Naumann et al., 103 
2016; Vanwalleghem et al., 2018; Burgstaller et al., 2019; Kramer et al., 2019; Liu et al., 104 
2019b; Forster et al., 2020; Wu et al., 2020), which permits assessment of the dynamics 105 
of large neuronal populations in response to different challenges. Owing to work by 106 
several labs over the last 30 years, including efforts to generate zebrafish brain atlases 107 
(Ronneberger et al., 2012; Randlett et al., 2015; Marquart et al., 2017; Kunst et al., 108 
2019a), much is known about cell type diversity and functional connectivity in the 109 
zebrafish optic tectum (Nevin et al., 2010; Thompson et al., 2016; Hildebrand et al., 2017; 110 
Helmbrecht et al., 2018; Kunst et al., 2019a), which facilitates cell type identification in 111 
imaging data. Additionally, recent work has established that spontaneous activity in the 112 
optic tectum of the zebrafish larva reveals significant features of the functional 113 
connectivity of different circuits (Marachlian et al., 2018). Although the patterns of 114 
spontaneous activity are similar to those of visually evoked responses and are organized 115 
according to the tectum’s retinotopic map, the formation of the basic circuits does not 116 
require visual input or intrinsic retinal activity (Niell and Smith, 2005; Ramdya and Engert, 117 
2008; Grama and Engert, 2012; Avitan et al., 2017; Pietri et al., 2017). 118 

Unlike mice and humans, zebrafish have three gad genes that encode glutamic acid 119 
decarboxylase. In addition to gad2, zebrafish have two copies of the gad1 gene, which 120 
are gad1a and gad1b (Grone and Maruska, 2016; Lai et al., 2016; Lai et al., 2017). While 121 
it is known that gad1b is expressed by neurons in the larval zebrafish optic tectum 122 
(Higashijima et al., 2004; Yu et al., 2011; Barker and Baier, 2015; Forster et al., 2017), 123 
gad1a expression has not been assessed. 124 

In this study, we test the hypothesis that gad1b-null mutations result in a localized 125 
expansion of the activity in tectal micro-circuits involving gad1b-expressing neurons. We 126 
imaged gad1b-null mutant larvae expressing a calcium reporter with a light-sheet 127 
microscope and quantified the activity level and connectivity between different regions by 128 
measuring the correlations in activity. We then compared the connectivity to wild-type 129 
larvae and wild-type larvae treated with PTZ. We see an altered pattern of activity in the 130 
optic tectum of the gad1b-null mutants. Compared to wild-type larvae, the gad1b-null 131 
mutants show increased connectivity between regions on the same side of the brain and 132 
regions on opposite sides. 133 

Materials and Methods 134 

Genetic nomenclature 135 

Specific references to genes for humans, mice and zebrafish follow gene nomenclature 136 
conventions appropriate for each organism (Mullins, 1995; Bult et al., 2019; Bruford et al., 137 
2020). Human gene symbols are in upper-case italicized characters. Mouse gene 138 
symbols are italicized, with only the first letter in upper-case. Zebrafish gene symbols are 139 
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in lower-case italicized characters. Protein symbols for human and mouse are denoted 140 
by upper-case letters not italicized. Protein symbols for zebrafish are not italicized, and 141 
the first letter is in upper-case.  142 

Zebrafish care and maintenance 143 

Adult and larval zebrafish (Danio rerio) were obtained from lines maintained in the 144 
University of Georgia Zebrafish Facility following standard procedures (Westerfield, 145 
2007). Embryos and larvae were staged using standard staging criteria (Kimmel et al., 146 
1995; Westerfield, 2007). Wild-type fish of the WIK strain and nacre(mitf)w2/w2 were 147 
originally obtained from the Zebrafish International Research Center (ZIRC). Crystal 148 
zebrafish (nacrew2/w2, albb4/b4, roya9/a9) (Antinucci and Hindges, 2016) were obtained from 149 
Dr. Hindges. Fish mutant for scn1lab (Baraban et al., 2013; Grone et al., 2017) were 150 
obtained from Dr. Scott Baraban. Fish transgenic for TgBAC[gad1b: loxP-DsRed-loxP-151 
GFP] (Satou et al., 2013) were obtained from Dr.Shin-ichi Higashijima. Fish transgenic 152 
for Tg[elavl3:GCaMP5g] (Ahrens et al., 2013a; Ahrens et al., 2013b) were obtained from 153 
Dr. Ahrens. Zebrafish mutant for gad1a or gad1b were generated as previously described 154 
(VanLeuven et al., 2018; O'Connor et al., 2019). All adult fish were maintained in an 155 
Aquatic Habitats (Apopka, FL) multi-rack system. Habitat water consisted of reverse 156 
osmosis filtered/sterilized water to which sodium bicarbonate and other salts (Instant 157 
Ocean, Aquarium Systems, Inc., Mentor, OH, USA) were added to maintain pH from 7.0-158 
7.4 and conductivity between 400 and 430 µS. All experimental procedures were 159 
conducted in accordance with National Institutes of Health guidelines for use of zebrafish 160 
in research under protocols approved and overseen by the University of Georgia 161 
Institutional Animal Care and Use Committee. 162 

Genotypes used for calcium imaging 163 

Since pigmentation interferes with calcium imaging, pigmentation in the larvae used for 164 
imaging was reduced using both genetic and pharmacological means. nacre(mitf)w2/w2, 165 
Tg[elavl3:GCaMP5g] larvae were used as controls for experiments in which neural activity 166 
was perturbed using PTZ. We were not able to generate a line of fish in which the gad1b 167 
mutant allele was on a nacre background. Therefore, it was necessary to treat gad1b-/-; 168 
Tg[elavl3:GCaMP5g] larvae with 0.003% PTU in egg water starting at 18 hpf to suppress 169 
pigmentation. The solution was changed once daily until 5dpf. Fish were moved back into 170 
egg water before imaging. As a control for possible effects of nacre(mitf)w2/w2, larvae 171 
harboring Tg[elavl3:GCaMP5g] but otherwise wild-type were imaged after exposure to 172 
PTU as outlined above. No significant differences in calcium activity were observed 173 
between mitf+/+, Tg[elavl3:GCaMP5g] larvae reared in 0.003% PTU and nacre(mitf)w2/w2, 174 
Tg[elavl3:GCaMP5g] larvae either in the absence or presence of PTZ. 175 

Colorimetric in situ hybridization 176 

Whole mount and section mRNA in situ hybridizations were performed as previously 177 
described for zebrafish larvae treated with 0.003% PTU (Thisse and Thisse, 2008). 178 
Section in situs included an antigen retrieval step added as described in James et al. 179 
(2016). Color development was done using NBT/BCIP substrate. 180 
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HPLC-ECD sample preparation 181 

Adult and 7 dpf larval zebrafish were anesthetized in 0.4% Tricaine-S (MS 222; tricaine; 182 
pH 7.4) (Westerfield, 1993) and then placed on a pre-chilled metal block. For larval 183 
samples, single heads were removed, rinsed with 40 μL of Hank’s Final solution 184 
(Westerfield, 1993) and then placed in a pre-weighed 1.5 mL microcentrifuge tube to 185 
record the wet mass in milligrams (mg). For adult samples, the heads were removed and 186 
brains were dissected out with forceps and rinsed with ~40 μL of Hank’s Final solution. 187 
Adult brains were briefly blotted on a piece of filter paper and then placed in a pre-weighed 188 
1.5 mL microcentrifuge tube to record the wet mass in mg. For these preparations, we 189 
either added 200 μL of 0.2 N perchloric acid to detect catecholamine neurotransmitters 190 
or 200 μL of 18.2 Ω Milli-Q Water to detect amino acid neurotransmitters. Once the 191 
solution is added to the tube and samples are fully immersed into the solution, the tubes 192 
were immediately frozen on dry ice and stored at -80°C until they were run in HPLC with 193 
electrochemical detection (HPLC-ECD). Samples were normalized and run as described 194 
previously (Ross and Filipov, 2006; Coban and Filipov, 2007). 195 

High Performance Liquid Chromatography with Electrochemical Detection (HPLC-196 
ECD) 197 

Concentrations of brain amino acids were determined using high performance liquid 198 
chromatography with electrochemical detection (HPLC-ECD; Waters Alliance equipment 199 
e2695 and 2465, Milford, MA). Brains were removed, homogenized in 200 ml of MilliQ 200 
water, and centrifuged (13,200 x G at 4° C for 10 min) prior to sample supernatant 201 
collection. Sample supernatants were made electrochemically active with a derivatizing 202 
agent 10 min before sample injection (20 ml) into the HPLC-ECD for detection of 203 
glutamine, glutamate, and GABA (Monge-Acuña and Fornaguera-Trías, 2009). The 204 
analytes were separated on a C18, 5 µm base deactivated reverse‐phase column (4.6 µm 205 
× 250 mm; Xterra Shield RP18, Waters) using an isocratic flow rate of 0.5 mL/min. The 206 
mobile phase with a final pH of 4.5 (adjusted with 1 M phosphoric acid) consisted of 0.1 207 
M monosodium phosphate and 0.5 mM EDTA with 25% methanol (v/v) water (Monge-208 
Acuña and Fornaguera-Trías, 2009). Prior to statistical analysis, amino acid levels were 209 
normalized to tissue weight. 210 

PTZ dose response assay 211 

For assays with wild-type, gad1b+/-, gad1b-/-, gad1a-/-, we either performed a gad1b 212 
heterozygous incross and post-hoc genotyped each fish from each per treatment group 213 
or we crossed several zebrafish of known genotype (wild-type, gad1b-/- or gad1b-/- x wild-214 
type). Each experimental replicate was performed on separate occasions. For assays 215 
with ga2404 +/- and ga2404 -/- we crossed several zebrafish of known genotype (gad1a 216 
-/- or gad1a x wild-type) and performed the experiment on three rounds of larvae from 217 
these crosses on one day. Embryos were grown in standard egg water (Westerfield, 218 
1993). 219 

To perform the assay, we divided 7 dpf larvae of the desired genotype into six petri dishes 220 
each with 15-20 fish and labeled each dish corresponding to the dose that would be 221 
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assayed. Larvae were allowed to acclimate for 30 min. We remove as much egg water 222 
as possible and pour 15 mL of pre-measured PTZ, a known GABAA receptor antagonist, 223 
diluted in standard egg water at the following concentrations into the appropriately labeled 224 
dish: 0 mM (egg water only control), 1 mM, 2.5 mM, 5 mM, 10 mM and 15 mM (positive 225 
control). Once the solution is bath applied to the dishes, we began a timer for 10 minutes 226 
and monitored all dishes for abnormal behavior as defined by stage II and stage III 227 
seizure-like behavior (Baraban et al., 2005). To control for double counting of responding 228 
fish, when we saw a fish that exhibited abnormal behavior, we removed that fish and 229 
placed it in a separate dish. At the end of 10 minutes, we counted how many fish 230 
responded with stage II or stage III behavior and how many fish did not respond at each 231 
treatment group. 232 

Extracellular Electrophysiology 233 

Zebrafish of the desired genotype were grown to 7 dpf and immobilized with 250 μM of 234 
α-bungarotoxin in 1X E3 media with 1 mM HEPES (Westerfield, 1993). Once paralyzed, 235 
we moved single larvae to the lid of a 35 mm non-tissue-culture-treated petri dish (Corning 236 
Inc., Tewksbury, MA) and oriented the fish laterally. Once properly positioned, we added 237 
warm, but not hot, 0.4% agarose in 1X E3 media onto the fish and let it cool for ~2 238 
minutes. We added ~3.5 mL of 1X E3 media to the lid and then inserted a sharp glass 239 
pipet microelectrode (15-20 MΩ impedance), loaded with 2-3 μL of normal Ringer’s 240 
solution (116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl2, 5.0 mM HEPES, pH 7.2) into the 241 
optic tectum (TeO). The optic tectum was chosen to facilitate comparison with previously 242 
published data obtained from larval zebrafish (Baraban et al., 2005). A chloride-coated 243 
silver wire (0.010” A-M Systems, Inc., Sequim, WA) reference electrode was placed 244 
touching the surrounding solution. Field recordings were collected using Molecular 245 
Devices’ Axoclamp software and data were digitized at 10 kHz, low-pass filtered at 1 kHz, 246 
and analyzed with CLAMPEX 10.4 software (Axon Instruments, Sunnyvale, CA). We 247 
performed field recordings from each fish for 20 minutes. 248 

Calcium imaging with light sheet microscopy 249 

Calcium imaging was performed on a custom-built light sheet microscope (Supplemental 250 
Fig. S2). The system is a modified version of the OpenSPIM setup (Pitrone et al., 2013), 251 
as described in our previous work (Liu et al., 2019a).  The microscope is controlled 252 
through a custom-written LabVIEW program using a Dell Precision 5810 Tower with 253 
32GB RAM and a quad-core Intel(R) Xeon(R) E5-1603 v3 processor. We followed the 254 
protocol described by Huisken lab (Kaufmann et al., 2012; Weber et al., 2014). 255 
Transgenic zebrafish larvae (elavl3:GCaMP5g; gad1b:RFP;  mitfaw2/w2) at 5 to 7 day 256 
post-fertilization (dpf) of development were immobilized using 100μM of alpha-257 
bungarotoxin. The fish were then immersed in a 0.2% agarose solution, and inserted into 258 
a 1cm cut FEP tube. The tube was then sealed with 3% agarose gel and sealed with 259 
parafilm. Each fish was imaged at approximately the same horizontal plane referenced 260 
from the dorsal surface of the tectum (Supplemental Fig. S3) continuously for 2 to 10 261 
minutes under the same laser power (10mW, 99.21 W/cm2 at the sample). Imaging data 262 
was collected at 33-50 frames per second (fps) for each single channel. 263 
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For experiments imaging PTZ-induced neural activity, larvae were treated with 15 mM of 264 
PTZ for 40 min before mounting for light-sheet imaging. 265 

Image Analysis 266 

For frequency analysis, the image time series was first registered using the method 267 
described in ref (Guizar-Sicairos et al., 2008). Whole frame average intensities were 268 
computed for each image time series. The first 100 frames (4.4 seconds) were omitted 269 
from this computation because the LSM excitation light initially activates neural activity in 270 
the larvae. Then fluorescence intensity changes (∆F/F) were calculated using the sliding 271 
window method described (Patel et al., 2015; Liu and Baraban, 2019). This method 272 
involves finding the median value in the window interval before each data point (𝐹𝐹𝑡𝑡0), 273 
subtracting the mean (𝐹𝐹µ) of the data points below the median from the original data 274 
point(𝐹𝐹𝑡𝑡0−∆𝑡𝑡), then normalizing by dividing this result by the same mean value. This 275 
process is described by the following equation: 276 

∆F/F =
𝐹𝐹𝑡𝑡0 − 𝐹𝐹µ

𝐹𝐹µ
 277 

Next, we performed a Fourier Transform on the one-dimensional fluorescence traces to 278 
get the frequency spectra.  Then we calculated the absolute value of the real part of the 279 
frequency spectrum and normalized it to the maximum value of the frequency spectrum. 280 
This analysis was performed for three fish each from three different groups (control, PTZ-281 
treated, gad1b null).  282 

In order to compare across the changes in neural activity within the optic tectum of the 283 
zebrafish larva, we register our image times series to the zebrafish brain atlas (Kunst et 284 
al., 2019b) and find the position of the imaged plane in 3D using cross-correlation.  Then 285 
the masks of regions of interests are downloaded from the brain atlas website 286 
(https://fishatlas.neuro.mpg.de/). We apply the non-rigid image registration method 287 
(Garyfallidis et al., 2014) to segment these ROIs in our data and extract the signal of each 288 
ROI by taking the average of the image intensity in each ROI’s region. Afterward, we 289 
calculate the correlation values between these ROIs using the extracted signals. 290 

We adapted the sliding-window framework (Zalesky et al., 2014; Hindriks et al., 2016) to 291 
analyze the dynamic connectivity of the regions of interest. Specifically, we use a tapered 292 
window of length 20 s. We slide the window in time at a temporal resolution of 3s over the 293 
5-min interval and get a continuous series of snapshots of the ROIs signals. For each 294 
snapshot, we calculate a correlation matrix for the ROIs using Pearson correlation. 295 
Finally, we get a series of correlation matrices (regions × regions × windows).  296 

We consider two regions to be connected if the corresponding correlation is larger than 297 
0.6. The frequency of connections between the two sides of brains and within each side 298 
of the brain are summarized. 299 
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EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES 300 

For the HPLC-ECD experiments with 7 dpf larval samples, we assayed 5 replicates, in 301 
this case 5 single larval heads. For the adult samples, we used 5 male and 5 female 302 
brains to account for potential gender differences across the genotypes tested. The 303 
selection of 5 biological replicates came from discussions with HPLC experts to capture 304 
sufficient amounts of data for proper statistics. Results of these experiments were 305 
analyzed and plotted using GraphPad Prism (La Jolla, CA). We plotted normalized values 306 
from all replicates for each genotype with the mean and standard deviation. We 307 
performed a one-way ANOVA to test statistical significance across the groups. 308 

For the PTZ dose response assay, we used 15-20 7 dpf zebrafish per treatment group 309 
for each genotype tested. When we assayed a gad1b heterozygous incross, we randomly 310 
sorted zebrafish into pools of 20 with the assumption that ~5 fish per genotype would be 311 
in each treatment group. When we assayed crosses of known genotypes, we used 20 312 
zebrafish per treatment group when assaying the gad1b allele and 15 zebrafish per 313 
treatment group when assaying the gad1a allele. The gad1b heterozygous incross 314 
resulted in unequal numbers of each genotype for that experiment, thus the resulting N 315 
value is not the same across each genotype. However, each of the 10-minute assays 316 
were performed 3 times for each genotype. Taking all experiments into account, we 317 
assayed at least 42 larvae for each genotype at each PTZ treatment which provides more 318 
than sufficient biological and technical replicates for statistics. Gender is not determined 319 
in 7 dpf larvae, so we did not consider sex differences in this experiment. Results of these 320 
experiments were plotted using GraphPad Prism (La Jolla, CA). Due to unequal numbers 321 
across the genotypes, we plotted the percentages of responding fish of each genotype at 322 
each dose with standard deviation across the three trials. We performed no additional 323 
statistical analyses on these data. 324 

For the electrophysiology experiments, we used at least ten fish per genotype or 325 
treatment group. This is the standard number of replicates used in the field to capture any 326 
natural variation that occurs across a population. The raw trace data is reported, so there 327 
were no statistical analyses performed on these data. 328 

For the analysis of brain connectivity, eight wild-type fish, nine PTZ treated wildtype fish, 329 
seven gad1b mutant fish and five PTZ treated gad1b mutant fish were analyzed. Using 330 
the sliding window framework, we calculated the frequency of the functional connectivity 331 
within and between the two half sides of brains for each single run of each fish. To test 332 
whether there is any difference of the connectivity frequency between different groups, 333 
we applied the Wilcoxon rank sum test (Mann and Whitney, 1947) for each two different 334 
groups and calculate the P-values based on the corresponding Mann-Whitney U statistics. 335 

Results 336 

Zebrafish homozygous null for gad1a or gad1b exhibit reduced levels of GABA in 337 
the brain and increased neural activity. 338 
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CRISPR-Cas9 mediated genome editing was used to generate sets of indels in the gad1a 339 
and gad1b genes in zebrafish. Two indels, allele ga2404 for gad1a and allele ga2303 for 340 
gad1b, were predicted null mutations and selected for this study (Figure 1A). Zebrafish 341 
heterozygous for mutations in gad1a or gad1b were crossed to generate homozygous 342 
mutant lines. Zebrafish homozygous for gad1aga2404 or gad1bga2303 have normal gross 343 
body morphology, are viable and fertile. 344 

High performance liquid chromatography with electrochemical detection (HPLC-ECD) 345 
was used to assess the levels of GABA, glutamine, glutamate, and monoamine 346 
neurotransmitters in the brains gad1aga2404 and gad1bga2303 mutant zebrafish compared 347 
to wild type fish (Fig. 1B, Supplemental Tables 2-4). Levels of GABA, glutamine and 348 
glutamate were assessed separately from serotonin (5-HT), 5-Hydroxyindoleacetic acid 349 
(5-HIAA), dopamine (DA), norepinephrine (NE), and 3-Methoxy-4-hydroxyphenylglycol 350 
(MHPG) because of different requirements in sample preparation. Amino acid and 351 
monoamine neurotransmitter data for adult brains was obtained using 20 individual brains 352 
for wild-type, gad1a-/- and gad1b-/-, and 10 brains for gad1b+/-, with equal numbers of 353 
brains for each sex. Brain samples were age and sex matched between genotypes. Brain 354 
weights ranged from 1.2 mg to 7.2 mg (mean = 4.2 mg sd = 1.3) for wild-type fish, 0.7 to 355 
4.0 mg (mean = 2.0 mg sd=0.8) for gad1a-/-, 1.1 mg to 7.4 mg (mean = 3.9 mg sd = 2.0) 356 
for gad1b+/-, and 1.0 to 7.0 mg (mean = 3.5 mg sd=1.5) for gad1b-/-. Decreased levels of 357 
GABA were measured in the adult brains of fish mutant for gad1a or gad1b. The average 358 
normalized concentration of GABA in adult wild-type brain was determined to be 921 359 
ng/mg of tissue (sd = 261) compared to 678 ng/mg of tissue (sd = 256) for fish 360 
homozygous mutant for gad1aga2304, 743 ng/mg of tissue (sd=221) for fish heterozygous 361 
mutant for gad1bga2303, and 652 ng/mg of tissue (sd = 135) for fish homozygous mutant 362 
for gad1bga2303 (Fig. 1B). Zebrafish heterozygous for gad1aga2404 were not tested. Male 363 
and female fish exhibited comparable levels of GABA within genotypes (data not shown). 364 
Comparable levels of glutamate, glutamine, serotonin (including 5-Hydroxyindoleacetic 365 
acid), dopamine, and norepinephrine (including 3-Methoxy-4-hydroxyphenylglycol) were 366 
measured in the adult brains of all genotypes (Fig. S4). These data support that 367 
gad1aga2404 and gad1bga2303 are functional null mutations for gad1a and gad1b, 368 
respectively. 369 

Determining neurotransmitter levels in 7 dpf larvae was more challenging because of the 370 
small amounts of tissue obtained from each animal. It was not practicable to dissect out 371 
the brains; therefore, for these experiments, heads were dissected just posterior to the 372 
otocyst and anterior to the pectoral fins as these were clearly identifiable morphological 373 
features that could be easily used to guide cuts. Cuts were made at an angle to avoid the 374 
swim bladder and yolk and to try to minimize the amounts of non-neural tissues included 375 
in the sample. The average amount of tissue collected from single 7 dpf larval zebrafish 376 
heads was 0.20 mg (sd = 0.14), with no significant differences between genotypes (data 377 
not shown). HPLC-ECD analyses were performed using pools of 10 larval heads for each 378 
genotype (N = 5 pooled samples / dataset). The average amount of tissue in each pool 379 
was 2.52 mg (sd = 0.46). Decreased GABA levels were measured for gad1b-/- larvae but 380 
not gad1a-/- larvae (Figure S5). The average normalized concentration of GABA in wild-381 
type larvae was determined to be 20.9 nM/mg of tissue (sd = 2.3) compared to 8.2 nM/mg 382 
of tissue for gad1b-/- larvae (sd = 1.7). The average normalized concentration of GABA in 383 
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gad1a-/- larvae was determined to be 24.4 nM/mg of tissue (sd = 4.2). Comparable 384 
concentrations of glutamate and glutamine were measured across all genotypes 385 
(Supplemental Table 4, Figure S5). Monoamine neurotransmitters were not assessed for 386 
7 dpf larvae. These results indicate that Gad1b enzymatic activity produces a large 387 
percentage of the GABA found in the 7 dpf larval zebrafish brain. 388 

Larval zebrafish harboring mutations in gad1a or gad1b are sensitive to pharmacological 389 
perturbations in GABA signaling (Figure 1C). Larval zebrafish of different gad genotypes 390 
at 7 days of development (7 dpf) were exposed for 10 min to different doses of the 391 
proconvulsive compound pentylenetetrazole (PTZ), which is a non-competitive GABA 392 
antagonist, and scored for the first appearance of Stage II or Stage III motor behaviors 393 
during the 10-minute exposure interval. As first described by Baraban (2005), Stage II 394 
behavior is characterized by a rapid, tight circular swim trajectory and Stage III behavior 395 
is characterized by a loss of posture and mobility for 1-3 s. During these experiments, all 396 
larvae exhibited normal swimming behavior in the absence of PTZ and in a visually and 397 
sonically neutral environment. Larvae mutant for gad1a or gad1b were more sensitive to 398 
PTZ than were wild-type larvae (Figure 1B).  Notably, almost half of the gad1b-/- larvae 399 
and about 7% of the gad1a-/- larvae, but none of the wild-type larvae, exhibited Stage II/III 400 
motor behavior when exposed to 1 mM PTZ. These results suggest that GABA levels are 401 
reduced in the gad1aga2404 and gad1bga2303 mutant lines, with the greater reduction 402 
associated with gad1bga2303. 403 

Extracellular electrophysiology was used to measure local field potentials in the optic 404 
tecta of gad1aga2404 or gad1bga2303 homozygous mutant 7 dpf larval zebrafish to compare 405 
to those recorded from wild-type larvae, wild-type larvae exposed to 15 mM PTZ, and 406 
larval zebrafish homozygous mutant for scn1ab (Figure 1D). Ten larvae were used for 407 
each condition. Larvae homozygous mutant for gad1aga2404 or gad1bga2303 exhibited 408 
increased electrographic activity in the optic tectum compared to wild-type larvae, with 409 
the larger increase associated with mutations in gad1b. The pattern of activity observed 410 
in gad1b-/- larvae was most similar to that observed for wild-type larvae treated with 15 411 
mM PTZ than for 7 dpf larvae homozygous mutant for scn1a. The scn1a gene encodes 412 
for a subunit of the Nav1.1 voltage-gated sodium channel (Grone et al., 2017). Notably, 413 
both gad1b mutant larvae and wild-type larvae treated with 15 mM PTZ exhibited 414 
increased amplitude of high-frequency discharges punctuated with high-amplitude, low 415 
frequency discharges. These results show that gad1b gene function plays a more 416 
significant role than gad1a for normal neural signaling in the optic tectum. Additionally, 417 
these results indicate that GABAergic neurons in the optic tectum mediate activity in a 418 
relatively large set of neural circuits with similar properties, the existence of which is 419 
revealed in the similar electrographic features observed for both gad1b mutant larvae and 420 
wild-type larvae treated with 15 mM PTZ, but not in scn1a mutant larvae. 421 
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 422 

Figure 1. gad1b mutant larvae exhibit increased neural activity. (A) Location of 423 
CRISPR-Cas generated indels the gad1a and gad1b genes. (B) GABA and glutamate 424 
levels in the brains of gad1b+/+, gad1b+/-, and gad1b-/- fish as measured by HPLC with 425 
electrochemical detection. Samples were normalized and run as described previously 426 
(Ross and Filipov 2006, Coban and Filipov 2007); N=10 animals/genotype. (C) PTZ dose 427 
response assay on 7 dpf gad1a and gad1b mutant larvae. Fish were sorted into groups 428 
of 10-20 per genotype for each treatment group and assayed for stage II and stage III 429 
behavioral phenotypes for 10 minutes. Assays were performed three times each. N>42 430 
for each genotype at each dose. (D) Representative traces of extracellular recordings 431 
made from 7 dpf gad1b-/- mutant larvae compared to wild-type (WT), gad1a-/-, scn1b-/-, 432 
and WT larvae exposed to 15 mM PTZ. N>10 for each genotype/treatment. 433 
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 434 

Figure 2. gad1a and gad1b expression in the larval zebrafish brain. (a-c). 3dpf RNA 435 
whole mount in situ hybridization of gad1b, gad1a, and gad2. (d-f) 5dpf whole mount in 436 
situ hybridization. Dashed line outlining optic tectum. (g). Section of gad1b expression in 437 
the optic tectum. Dashed line outlining hemitectum.  (h). Schematic of larval zebrafish 438 
highlighting optic tectum in green. (i) Section of 5dpf in situ hybridization in the optic 439 
tectum. (j) schematic of a hemitectum showing examples of cell bodies and their neurite 440 
patterns in the neuropil. FB: forebrain, OT: optic tectum, HB: hindbrain, NP:Neuropil, SPV: 441 
stratum periventricular 442 
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gad1b and gad2 gene are expressed by most GABAergic neurons in the developing 443 
zebrafish optic tectum. 444 

Expression of gad1a, gad1b and gad2 in the optic tectum was assessed by mRNA in situ 445 
hybridization at 3 dpf and 5 dpf both in whole-mount and in horizontal sections cut through 446 
the optic tectum (Fig. 2). Connections between retina and optic tectum become functional 447 
between 3-4 dpf (Stuermer, 1988; Burrill and Easter, 1994; Easter and Nicola, 1996, 448 
1997; Niell and Smith, 2005). By 5 dpf, larvae track and capture prey indicating a 449 
functional visual system (Niell and Smith, 2005). Anatomically, the larval tectum has two 450 
distinct regions, one composed of neuronal cell bodies, known as the stratum 451 
periventriculare (SPV), and the other a superficial neuropil that is organized into layers 452 
(Fig. 2 H,J). The neuropil contains the dendrites and axons of tectal neurons, a sparse 453 
mixture of tectal interneurons and afferent axons arriving at the tectum, mostly from the 454 
retina (Nevin et al., 2010; Kunst et al., 2019a). 455 

At 3 dpf, gad1a, gad1b and gad2 exhibit distinct patterns of expression in the developing 456 
brain (Figure 2). gad1a is predominantly expressed by cells in a longitudinal domain 457 
adjacent to the ventral midline that extends from the hypothalamus through the 458 
tegmentum and also in clusters of cells in the hindbrain. No appreciable expression is 459 
detected in neurons in the telencephalon or in the optic tectum. gad1b is predominantly 460 
expressed by clusters of cells in the telencephalon, diencephalon, optic tectum, and 461 
hindbrain. gad2 expression overlaps with gad1a and gad1b in the brain, but gad1a and 462 
gad1b are mostly expressed by separate cells in the forebrain, midbrain and hindbrain. 463 

In the larval optic tectum at 5 dpf, gad1b and gad2 are expressed by cells in the neuropil 464 
and SPV. Notably, gad1b and gad2 are expressed by neurons with cell bodies located 465 
superficially in the neuropil between the stratum opticum (SO) and the stratum fibrosum 466 
et griseum superficiale (SFGS) laminae, likely superficial interneurons (SINs), and also in 467 
a subset of neurons with cell bodies located in the deep layers of the neuropil. These 468 
latter neurons are likely GABAergic pyramidal neurons (PyrNs) (Nevin et al., 2010; Kunst 469 
et al., 2019a; DeMarco et al., 2020). gad1b and gad2 expression in the SPV is detected 470 
in clusters of cells, some of which are likely periventricular interneurons (PVINs). The SPV 471 
is comprised of radial glia and at least 19 different types of neurons (Nevin et al., 2010; 472 
Robles et al., 2011; Kunst et al., 2019a; DeMarco et al., 2020). Of these, GABAergic 473 
PVINs make up approximately 20% of the neurons in the SPV (Scott et al., 2007; Scott 474 
and Baier, 2009). gad1a transcripts were detected mostly in cells in the SPV. 475 

As a second means of assessing gad1b expression in the tectum, reporter gene 476 
expression was assessed in larvae stably transgenic for the gad1b-reporter transgene 477 
TgBAC[gad1b:loxP-DsRed-loxP-GFP] (Satou et al., 2013). This reporter drives DsRed 478 
expression in putative SINs and PyrNs in the tectal neuropil and in neurons in the SPV 479 
(Figure S6). 480 

Together, these data indicate that null mutations in gad1b should result in a reduction in 481 
GABA in neurons involved in processing visual information in the optic tectum. 482 
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Figure 3. (A)-(C) Plot of the standard deviation over the mean of the GCaMP signal for 483 
Wild-type, gad1b-/- mutant, and wild-type treated with PTZ. Analysis is done using the 484 
first 100 frames with imaging speed of 25fps (~4 seconds) of each recording. (D) 485 
Frequency analysis of 10-minute recordings with photobleaching corrected in deltaF 486 
calculations. Wild-type, gad1b-/- and, PTZ treated fish each show distinct frequencies in 487 
the temporal response. The relevant peaks are 3.84Hz, 7.63Hz, and 8.20Hz for wildtype. 488 
The scale bar in (A) is 50 microns. 489 

gad1b null larvae exhibit increased neural activity in the optic tectum 490 

To assess spatiotemporal patterns of neural activity in the optic tectum, calcium imaging 491 
was performed using 5 dpf larval zebrafish stably harboring Tg(elavl3:GCaMP5g), which 492 
drives expression in most if not all neurons in the optic tectum (Ahrens et al., 2013a; 493 
Ahrens et al., 2013b). Imaging was performed using a custom built light sheet microscope 494 
(LSM), the details of which have been published elsewhere (Liu et al., 2019b). Larvae at 495 
5 dpf were chosen because larvae at this stage of development can track and capture 496 
prey and avoid predators (Niell and Smith, 2005), which are behavioral indicators of a 497 
functional visual system, and, in our hands, are more easily imaged than larvae at older 498 
stages of development even with pigment suppression. It should be noted that the size of 499 
the visual receptive field has been reported to increase between the stages of 4 dpf to 6 500 
dpf and then reduce by 8-9 dpf (Zhang et al., 2011). Thus, imaging at 5 dpf captures the 501 
behavior of neuronal assemblies during the period in which the tectal circuitry is 502 
undergoing developmentally and functionally driven refinement. A minimum of five larvae 503 
were used for each condition with two to three recordings made from each larvae 504 
(gad1b+/+, gad1b+/+ exposed to 15 mM PTZ, gad1b-/-, and gad1b-/- exposed to 15 mM 505 
PTZ). 506 

Under the conditions used for these experiments, gad1b+/+ larvae exhibited intermittent 507 
increases in GCaMP5g fluorescence predominantly in the neuropil of the anterior tectum 508 
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and within the superficial neuropil layers (Figure 3A). A typical example is shown by 509 
plotting the relative standard deviation (RSD) of each pixel as measured over 2 min at 46 510 
fps. Calcium activity typically increased in the anterior tectum and propagated anterior to 511 
posterior within the SO or SFGS (data not shown). Activity was largely independent for 512 
each hemi-tecta. An increase in GCaMP5g fluorescence was detected in cell bodies in 513 
the SPV, but the largest relative changes in GCaMP5g fluorescence occurred in the 514 
neuropil, which is consistent with previous observations that information processing in the 515 
teleost tectum appears to take place predominantly, if not exclusively, in the neuropil 516 
(Kinoshita et al., 2002; Nevin et al., 2010). Spectral analysis revealed that fluctuations in 517 
the GCaMP5g signal occurred predominantly at 3.84 Hz, 7.63 Hz and 8.20 (Figure 3D). 518 

gad1b mutant larvae exhibited changes in both spatial and temporal aspects of the Ca2+ 519 
signals relative to gad1b normal larvae (Figure 3B). Like gad1b+/+ larvae, changes in 520 
GCaMP5g fluorescence typically initiated in the anterior tectum and propagated 521 
posteriorly within neuropil layers, however, there was an expansion in the amount of 522 
superficial neuropil that exhibited increased GCaMP5g fluorescence, especially in the 523 
areas surrounding putative SINs. In these embryos, increased GCaMP5g fluorescence 524 
was often detected in cell bodies in the SPV, typically in concert with increased 525 
fluorescence in discrete areas of the neuropil. Spectral analysis revealed fluctuations in 526 
the GCaMP5g signal were occurring predominantly at 4.16 and 8.35 Hz (Figure 3D). 527 

To assess the impact of an acute reduction in GABAergic signaling, gad1b+/+ larvae were 528 
bath exposed to 15 mM PTZ. These larvae exhibited widespread changes in GCaMP5g 529 
fluorescence that included all regions of the neuropil and often cell bodies in the SPV 530 
(Fig. 3C). In these larvae, activity often propagated posterior to anterior in the tectum 531 
(data not shown). Spectral analysis revealed fluctuations in the GCaMP5g signal were 532 
occurring predominantly at 5.91 and 8.15 Hz (Fig. 3D). The PTZ data indicates that GABA 533 
is acting predominantly as an inhibitory neurotransmitter in the tecta of 5 dpf larvae and 534 
that GABAergic circuits are governing information flow through tectal circuits. 535 

Regional activity within the optic tectum was assessed for individual larvae (Figures 4, 5) 536 
and then compared within experimental groups and across conditions (Figure 6). In wild-537 
type larvae, in the absence of PTZ, activity was largely restricted to the neuropil (Figs. 538 
4A, 5A). Within the neuropil of a hemitecta, correlated spikes of calcium activity were 539 
observed in the regions of the SO and SFGS, but not all activity in SFGS correlated with 540 
that of the SO. The timing of activity in the neuropil adjacent to the SPV usually correlated 541 
with that of the SFGS. Activity of the left and right hemitecta appeared to be mostly 542 
independent of each other. Exposure of wild-type larvae to PTZ resulted in concomitant 543 
spikes of calcium activity across all layers of the neuropil as well as within the SPV (Fig. 544 
4C,H; 5B,E,H). Interestingly, exposure of wild-type fish to PTZ resulted no correlation 545 
between the left and right hemitecta (Fig. 4H). Like wild-type, larvae null for gad1b 546 
exhibited correlated activity between the SO and SFGS, but not all activity in the SFGS 547 
correlated with the SO, and changes in activity in the SFGS often correlated with changes 548 
in the neuropil adjacent to the SPV. Unlike wild-type larvae, concomitant spikes of calcium 549 
activity were observed in both the SFGS and in neuronal soma in the SPV (Fig. 4C,G; 550 
5C,F,I). Exposure of gad1b-/- larvae to PTZ resulted in increased, correlated activity in 551 
both the left and right hemitecta (Fig. 4i). 552 
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Assessment of the connection frequency, Fig. 6, revealed that gad1b mutant larvae 553 
exhibited greater variance than wild-type fish for connectivity within a hemitecta and 554 
between the left and right tecta. Interestingly, the connectivity in gad1b mutant larvae 555 
exposed to PTZ was significantly higher than that of wild-type larvae exposed to PTZ 556 
under the same conditions both within a hemitecta and between the left and right sides 557 
of the tectum. 558 

Discussion 559 

Our study investigated the impact of genetically reduced GABAergic signaling on the 560 
network dynamics of neuronal populations in the optic tectum of larval zebrafish. We 561 
combined genetics and high-speed light sheet imaging of calcium dynamics to investigate 562 
the neural response of zebrafish larvae null for the gad1b gene compared to wild-type 563 
larvae in the presence and absence of PTZ. We used a cross-correlation analysis 564 
between different brain regions to indicate potential connectivity. Comparing connectivity 565 
data within and between experimental groups revealed that gad1b mutant fish exhibited 566 
increased connectivity within and between hemitecta compared to wild-type larvae. 567 

Zebrafish have three gad genes known as gad1a, gad1b, and gad2. The gad1a and 568 
gad1b genes are paralogs, which likely arose due to a gene duplication event. By mRNA 569 
in situ hybridization, we showed that cells in the forebrain, inner-nuclear layer of the retina, 570 
optic tectum, and hindbrain of larval zebrafish express gad1b. At the same developmental 571 
time points, strong gad1a expression was observed mainly in the hindbrain, with some 572 
expression detected in the midbrain and forebrain. These results suggest that specific 573 
GABAergic neurons in the zebrafish brain express gad1a and gad1b and that the two 574 
genes are subject to different regulatory inputs. We are still determining if some neurons 575 
in the brain co-express gad1a and gad1b. As predicted by differences in the expression 576 
patterns of the two genes, fish mutant for gad1b exhibited a more significant decrease in 577 
brain GABA levels, a higher sensitivity to PTZ, and a larger increase in baseline neural 578 
activity in the optic tectum than did fish mutant for gad1a. Cells null for either gad1a or 579 
gad1b likely produce GABA through the action of gad2 but at lower levels than wild-type 580 
cells. 581 

The premise of this study was that genetic reduction of GABA synthesis would result in 582 
altered functional connectivity in the developing optic tectum of the zebrafish. In 583 
vertebrates, neural circuits are constructed via activity-independent mechanisms and 584 
refined by activity-dependent mechanisms. GABAergic signaling has been shown to act 585 
as a trophic factor to regulate cell proliferation, neural migration, neurite growth, and 586 
synapse formation, as well as mediate neural activity (Ganguly et al., 2001; Kriegstein 587 
and Owens, 2001; Ben-Ari, 2002; Manent et al., 2005; Represa and Ben-Ari, 2005; 588 
Akerman and Cline, 2007; Ben-Ari et al., 2007). Therefore, perturbations in GABAergic 589 
signaling during development can generate different neurological phenotypes depending 590 
on when, where, and how signaling is altered. Reduced GABAergic signaling during 591 
development has been reported to alter neuron numbers in the brain. In mice, focal 592 
pharmacological inhibition of GABAergic signaling in the somatosensory cortex resulted 593 
in decreased cell death and increased numbers of neurons in the somatosensory cortex 594 
(Duan et al., 2020). A similar study in zebrafish showed that an increase in activity in the 595 
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brain leads to a decrease in total neuron numbers but an increase in the excitatory-to-596 
inhibitory cell ratio (Brenet et al., 2019). Although the impact of reduced GABAergic 597 
signaling on cell survival differs between the two studies, the net effect for both was to 598 
shift the excitatory/inhibitory balance in the young brain. An increase in activity would lead 599 
to various forms of synaptic plasticity, including long-term potentiation of synaptic 600 
responses and subsequent stable alterations in neural networks (Holmes and Ben-Ari, 601 
2001). 602 

Our experiments showed that loss of function mutations in gad1b resulted in increased 603 
coordinated activity in the larval optic tectum that was different from that observed by 604 
acute perturbation of GABAergic signaling by exposure to PTZ. The activity observed in 605 
gad1b null larvae likely reflects changes in the architecture and information processing of 606 
tectal microcircuits. Architecturally, our data suggest that gad1b mutant larvae retained 607 
more synaptic connections than those present in wild-type larvae. The most substantial 608 
support for this idea comes from the different activity phenotypes associated with PTZ 609 
exposure. Whereas exposure to wild-type larvae resulted in synchronized activity within 610 
either the left or right hemitecta, exposure to gad1b null larvae resulted in synchronized 611 
activity in both the left and right tecta. 612 

Given that PTZ acts the same way in both wild-type and gad1b mutant genotypes, the 613 
differences in activity elicited by PTZ exposure likely reflect differences in the geometry 614 
of the neuronal networks in wild-type compared to gad1b mutant larvae. The 615 
spatiotemporal pattern of PTZ-induced activity observed in gad1b null larvae is consistent 616 
with increased connections in the gad1b null tectum relative to the wild-type tectum. An 617 
increase in connectivity, measured by magnetic resonance imaging (MRI), has been 618 
reported for some children with seizure disorders (Radmanesh et al., 2020; Banerjee et 619 
al., 2021). 620 

Information processing is also likely altered in gad1b null larvae. The tectum processes 621 
spatial information in the visual field, including object location and movement (Gahtan et 622 
al., 2005; Del Bene et al., 2010; Nevin et al., 2010). RGC axons enter the tectal neuropil 623 
from the anterior side and arborize at one of six retinorecipient laminae (Xiao et al., 2005; 624 
Xiao and Baier, 2007; Robles et al., 2013; Robles et al., 2014; Kunst et al., 2019a). In fish 625 
that have developed normally, information processing mainly occurs in the tectal neuropil 626 
(Kinoshita et al., 2002; Kinoshita and Ito, 2006), with spatial filtering achieved by 627 
feedforward inhibition (Del Bene et al., 2010). A reduction in GABAergic signaling, 628 
especially in SIN neurons, is expected to result in increased activity in the neuropil in 629 
response to a visual stimulus, with deeper layers of the neuropil exhibiting greater activity 630 
(Del Bene et al., 2010). Consistent with this expectation, gab1b mutant larvae exhibited 631 
more widespread activity than in wild-type larvae but less than in wild-type larvae exposed 632 
to PTZ. 633 

Our results indicate that a reduction in GABAergic signaling during early brain 634 
development results in increased connectivity concomitant with reduced precision of 635 
information flow within the brain. In the case of larval zebrafish, our results predict that 636 
gad1b mutant larvae will exhibit reduced visual acuity.  637 
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 638 

Figure 4. Calcium activity by tectal region. (A) Regions of the optic tectum. (B) Neural 639 
activity in the wild-type optic tectum. (C) Neural activity in the gad1b-/- tectum. (D) Neural 640 
activity in wild-type larva treated with PTZ. (E) Neural activity in a gad1b-/- larva treated 641 
with PTZ. SM, stratum marginale; SO, stratum opticum; SFGS, stratum fibrosum et 642 
griseum superficiale; SGC, stratum griseum centrale, SAC, stratum album centrale 643 

  644 
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 645 

Figure 4. Optic Tectum Analysis. Analysis is similar to in Fig. 4 but now measuring 646 
activity in different regions of the optic tectum. (A)-(C) Images of the right tectum in 647 
wildtype, PTZ treated and gad1b-/- zebrafish larva. (D)-(F) activity in the different regions. 648 
(G)-(I) Corresponding correlation matrices.  649 
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 650 

Figure 5. Connectivity analysis (a) The correlation of activity is calculated using a 20s 651 
sliding window with a 3s step size. (b) The correlation matrix between the different 652 
regions. (c) A connectivity map is created between the different regions by counting 653 
regions as connected for a correlation greater than 0.5. (d) The connectivity between 654 
regions on the same side of the brain is compared between the different types. (e) The 655 
connectivity between regions on different sides of the brain. N = 5 fish per group with 2-3 656 
recordings per fish. 657 
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Code availability 659 

The code used in this study is available at: 660 
https://github.com/Knerlab/neural-activity-analysis 661 

Data availability 662 

The data used in this study is available at: 663 
https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD1200  664 

Because a 10-minute recording at 46 frames per second requires 54 GB of storage, the 665 
whole dataset – 73 recordings of 2 to 10 minutes – requires over 2TB of storage. We 666 
have chosen to upload 100 frames from each recording. Complete recordings and 667 
datasets are available upon reasonable request. 668 
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