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To generate rhythmic motor behaviors, both single neurons and neural circuits require 

a balance between excitation and inhibition (E/I balance). Disruption of E/I balance is 

associated with many neurodevelopmental disorders, such as seizures, autism, startle 

disease and glycine encephalopathy. E/I balance is maintained at both the cellular and the 

systems levels, and is influenced by the relative distribution of excitatory and inhibitory 

synapses. While the spatial and temporal patterns of excitatory and inhibitory synapses 

strongly associate with E/I balance, it remains unclear how perturbations of E/I balance 

affect the spatial and temporal patterning of synapses in in vivo neural circuits. 

To answer this question, we investigated the spatial and temporal patterning of 

excitatory and inhibitory synapses in developing zebrafish spinal cord (Chapter 2). We 

hypothsized that excitatory and inhibitory synapses and neuronal processes follow a stable, 

systems-level spatial pattern on the medial-lateral axis in embryonic and larval spinal cord. 

Interestingly, this pattern is maintained in the zebrafish glycine transporter 1 mutant 

despite the presence of perturbation of E/I balance (Chapter 3). This mutant can naturally 

re-establish the spinal cord E/I balance with development. We found that though the 



 
 

general synapse pattern remains unchanged, subtle alterations of synapse spatial patterns 

take place at the beginning of the E/I balance re-establishment process. 

We also investigated how a perturbation of E/I balance impacts the synaptogenesis 

process. To understand this, we knocked down genes encoding particular subunits of 

glycine receptors (GlyRs) in zebrafish embryos, and analyzed how such knockdown affects 

glycinergic synaptogenesis and motor behaviors (Chapter 4). We found that disruption of 

different GlyR subunits impacts the formation of functional glycinergic synapses in 

different manners: knocking down the GlyR α1 subunit leads to a reduction of GlyRs while 

knocking down the βb subunit disrupts the clustering of GlyRs at the post-synapses. In 

addition, knockdown of either subunit alters the spatial pattern of glycinergic 

synaptogenesis. 

In conclusion, we found that E/I balance is associated with the spatial and temporal 

patterns of synapses at multiple levels. The systems-level pattern is stable and robust, while 

finer-scale patterns at cellular and dendritic levels are more flexible and likely to alter in 

response to perturbations of E/I balance. 
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Chapter 1: Introduction to the E/I Balance and Synaptogenesis 

Introduction 

Rhythmic motor behaviors, such as breathing, walking and swimming, require 

coordination between excitatory and inhibitory neurotransmission3. During the 

development of the nervous system, a balance between excitatory and inhibitory 

neurotransmission (E/I balance) is achieved even as new neurons exit the cell cycle and 

integrate into the circuit4. Disrupting this E/I balance can result in seizures that are a 

common symptom in human neurodevelopmental disorders, such as autism, startle disease, 

and glycine encephalopathy2, 5, 6. To achieve E/I balance, the formation of excitatory and 

inhibitory synapses, i.e. the excitatory and inhibitory synaptogenesis, must be carefully 

regulated7, 8. This chapter will review the establishment and maintenance of E/I balance at 

both the cellular and the systems levels. 

 

Maintenance of E/I Balance in Neural Circuits 

In neural circuits, E/I balance is defined as an emergent property of excitatory and 

inhibitory neurotransmission to ensure functional circuit outputs that produce normal 

behaviors9-11. In a neural circuit, the ratio of excitatory and inhibitory neurotransmissions 

needs to be maintained around a particular set point level; E/I balance then refers to such a 

“set point” state. 

Instead of being a passively stable set point, E/I balance in the central nervous system 

(CNS) is dynamically maintained by intrinsic mechanisms. This active maintenance of an 

E/I balance set point was first observed on individual neurons. For example, in cultured rat 

cortical neurons, chronic blockade of neuronal activity increases the strength of excitatory 

synapses, whereas blockade of inhibitory neurotransmission decreases the strength of 
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excitatory synapses12. Thus, when the system is perturbed intrinsic mechanisms adjust in a 

way that would restore firing patterns of the neuron. In a more recent study in cultured 

cortical neurons, compensatory alterations of synapse number and locations also take place 

to maintain E/I balance in response to perturbation13. Similar phenomena of synaptic 

changes that compensate for perturbations of E/I balance not only have been repeatedly 

observed in cultured neurons and brain slices14-19, but have also been observed in neurons 

of intact, live animals. For example, at fruit fly (Drosophila) neuromuscular junctions 

(NMJs), E/I balance is maintained by changing pre-synaptic strength of motor neuron axon 

terminals20-22. In mouse cortical neurons in the somatosensory and visual cortices, in 

response to changes in activity, the number of inhibitory synapses changes compensatorily, 

and their locations and distributions on dendritic branches change as well23, 24. Dendritic 

dynamics of zebrafish spinal motor neurons also change compensatorily in response to 

decreased activity25. These studies support the idea that neurons possess compensatory 

mechanisms to maintain the E/I balance. 

In addition to neuronal activity set-points, E/I balance is also maintained across neural 

circuits at the systems level. Several studies in rodents have shown that visual deprivation 

or dark rearing which decreases cortical activity, leads to increased excitatory synaptic 

strength across the visual cortex26-32. Similar changes in synaptic strength have also been 

observed in response to manipulation of activity across the zebrafish spinal cord33. 

Furthermore, in the embryonic clawed frog (Xenopus) spinal cord, enhancement of activity 

leads to an increased number of neurons expressing inhibitory neurotransmitters and a 

decreased number of neurons expressing excitatory neurotransmitters, while suppression 

of activity results in the opposite34. These observations suggest that the compensatory 
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mechanisms that maintain the E/I balance are not limited at the cellular level, but also 

function at the systems level35, 36. 

 

Mechanisms that Maintain E/I Balance 

Mechanisms that maintain E/I balance at both the cellular and the systems levels, via 

synaptic strength, synapse number and positions are diverse, involving multiple cellular 

mechanisms as well as systems-level processes. These mechanisms lead to alterations in 

pre- and/or post-synaptic components, thereby maintaining the relative amount of 

excitatory and inhibitory neurotransmission within the set point range, i.e. E/I balance.  

 

E/I Balance sensors 

In E/I balance, many experiments have demonstrated that a set point state is 

dynamically maintained. Yet, how are perturbations of E/I balance detected by neurons and 

neural circuits? A previous modeling study has shown that the detection of changes in E/I 

balance requires multiple sensors37. At the cellular level, such detection can happen in a 

cell-autonomous manner via calcium-dependent signaling15, 18, 22. The activity of 

calcium/calmodulin-dependent protein kinase kinase (CaMKK) and calcium/calmodulin-

dependent protein kinase type IV (CaMKIV) are required for compensatory changes of 

synaptic strength18, 22. Eukaryotic elongation factor 2 (eEF2) has also been implicated as a 

sensor in cultured hippocampal neurons, since it has been shown to detect disruptions in 

excitatory glutamatergic transmission38, 39. On a larger scale at the systems level, an 

important candidate sensor is target of rapamycin (TOR)-dependent signaling. TOR-

dependent signaling is used in many systems for detecting environmental changes and 

regulating physiological homeostasis and growth of the organism40. Some recent studies 
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have shown that TOR-dependent signaling is also required for E/I balance maintenance in 

cultured mammalian CNS neurons41 as well as at fruit fly NMJs42. These cellular and 

systems sensors detect deviation from E/I balance set point and trigger downstream 

compensatory regulation. 

 

Mechanisms changing pre-synaptic neurotransmitter release 

One well-studied mechanism that maintains E/I balance is the regulation of pre-

synaptic neurotransmitter release. When an action potential is generated in the pre-synaptic 

neuron and reaches the pre-synaptic axon terminals, influx of Ca2+ would occur at the pre-

synapses, leading to the release of vesicles filled with excitatory/inhibitory 

neurotransmitters into the synaptic cleft. These neurotransmitters bind to post-synaptic 

neurotransmitter receptors, evoking excitatory/inhibitory post-synaptic potentials 

(EPSPs/IPSPs) and currents (EPSCs/IPSCs) in the post-synaptic cell. Therefore, regulating 

the amount of pre-synaptic neurotransmitter released, by changing either the releasing 

frequency, or the amount of neurotransmitter filled in each vesicle, would lead to changes 

in synaptic strength. 

This phenomena was first observed at fruit fly NMJs, where pre-synaptic voltage-gated 

calcium channel 2.1 (CaV2.1) modulates pre-synaptic calcium flux, which is required for 

pre-synaptic neurotransmitter release43. This modulation of pre-synaptic calcium flux alone 

is not sufficient to induce compensatory changes to maintain E/I balance. Molecules 

regulating the readily releasable pool (RRP) of pre-synaptic neurotransmitter vesicles, 

including Rab3, Rab3-GAP, Rab3 interacting molecule (RIM) and major 

histocompatibility complex class I (MHCI) are also required in compensatory regulations 
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of pre-synaptic neurotransmitter release44-47. In mammalian CNS, similar mechanisms are 

at work. Pre-synaptic cyclin-dependent kinase 5 (Cdk5) modulates calcium influx via 

CaV2.2 channels in a calcineurin-A dependent manner, which also leads to altered access 

to the RRP of pre-synaptic neurotransmitter vesicles. 

Pre-synaptic neurotransmitter release is also regulated by extracellular signaling. At 

fruit fly NMJs, bone morphogenetic protein (BMP)-dependent transcription plays an 

important role in maintaining neural activity in the set point range22. In cultured 

mammalian cortical neurons, brain-derived neurotrophic factor (BDNF) signaling is 

critical for compensatory pre-synaptic changes48. Tumor necrosis factor-α (TNF-α) is also 

required for long-term changes compensatory to E/I balance perturbations, and may serve 

as a permissive signal to keep synapses in a state amenable to compensatory changes for 

E/I balance maintenance49.  

Given the nature of regulating pre-synaptic neurotransmitters, this mechanism only 

affects synaptic transmission, rather than synapse number or location. This regulation 

impacts both cellular and systems-level E/I balance. 

 

Mechanisms regulating post-synaptic components 

Regulation of post-synaptic components is the best-studied mechanism underlying the 

maintenance of E/I balance. The major process for the post-synaptic mechanisms is the 

modulation of the abundance of post-synaptic neurotransmitter receptors. Such modulation 

is termed “synaptic scaling”12, which also involves multiple cellular and systems-level 

mechanisms. 
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On the cellular level, the induction of synaptic scaling can be achieved by four different 

processes: 1) transcriptional regulation of the expression of neurotransmitter receptors, 2) 

degradation of neurotransmitter receptors, and 3) surface delivery and 4) clustering of 

neurotransmitter receptors at post-synapses. The expression of neurotransmitter receptors 

can be regulated by immediate early genes, such as Homer 1a50, polo-like kinase 2 (Plk2)51-

54, Arc55, 56 and Narp57. Some other proteins, such as methyl CpG binding protein 2 

(MeCP2) and neuronal PAS domain protein 4 (Npas4), also play an important role in 

compensatory synaptic scaling58-61. While most of these proteins underlie alterations in 

synaptic strength, Plk2 also plays a role in regulating the number of synapses51, 54; and 

Npas4 specifically regulates the number and distribution of inhibitory synapses61. 

The abundance of neurotransmitter receptors are also regulated by active protein 

degradation via the ubiquitin-proteasome system62-64. Chronic inhibition of proteasome 

function has been shown to block compensatory synaptic downscaling64. 

After neurotransmitter receptors are expressed and transported to the post-synapses, 

they also need to be clustered and anchored at the post-synapses to properly function. To 

cluster neurotransmitter receptors, post-synaptic proteins that hold receptors in place by 

interacting with other scaffolding proteins, cytoskeleton, and extracellular matrix are 

required. Thus, these post-synaptic proteins, including post-synaptic density 95 (PSD-

95)65-67, post-synaptic density 93 (PSD-93)67, synapse-associated protein 102 (SAP102)67, 

gephyrin68, 69, PICK170 and neuroligins65, 66, 68, 71, 72, also play significant roles in synaptic 

scaling. Overexpression or knocking-down of these proteins would not only change the 

abundance of post-synaptic neurotransmitter receptors, leading to altered synaptic strength, 
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but also impact the number and locations of excitatory and inhibitory synapses61, 65, 66, 68, 69, 

71, 72. 

The abundance of neurotransmitter receptors at post-synapses is also regulated in a 

rapid manner by receptor internalization and lateral diffusing. At excitatory glutamatergic 

post-synapses, both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors and N-methyl-D-aspartate (NMDA) receptors can be actively internalized during 

compensatory synaptic downscaling18, 73-76. Receptor internalization has not been reported 

at inhibitory post-synapses. Yet, a previous study has demonstrated that in response to 

manipulated neural activity, glycine receptors can diffuse laterally from the post-synaptic 

membrane to the non-synaptic regions of the cellular membrane, or visa versa, to 

compensatorily regulate the synaptic strength of inhibitory glycinergic synapses19. 

Systems-level signaling pathways also play a crucial role in synaptic scaling. For 

example, BMP, BDNF and TNF-α signaling have all been shown to contribute to the post-

synaptic synaptic scaling22, 49, 77-81. Multiple studies have also revealed roles of other signals 

in synaptic scaling, including Beta3-integrins82 and retinoic acid83, 84. Therefore, at post-

synapses, cellular and system-level mechanisms work together to maintain E/I balance by 

regulating synaptic strength and synapse number and locations. 

 

E/I Balance Maintenance and Synaptogenesis 

Many mechanisms involved in the maintenance of E/I balance also contribute to 

synaptogenesis; therefore, these molecules and signaling pathways do not only modulate 

synaptic strength, but also regulate both how many and where excitatory and/or inhibitory 

synapses form. Similar mechanisms act at different stages of synaptogenesis, from the 

initial specification to stabilization, and to later activity-dependent synaptic development. 
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Some proteins that maintain E/I balance play a critical role in the specification of 

synapses. MeCP2 and Npas4 are two best-studied examples. MeCP2 knockout neurons 

exhibit a 40% reduction in excitatory synapse numbers85. Knocking down Npas4 leads to 

50% reduction in inhibitory synapse number, whereas overexpression of Npas4 doubles 

inhibitory synapse number86. The cell adhesion molecules, neuroligins, are also vital for 

synapse specification. They bind to pre-synaptic molecule nerexin; this interaction is 

critical for synaptogenesis. In fruit flies, mutations in neuroligin 1 decreases synaptic 

growth87. In mammalian CNS neurons, overexpression of neuroligin 1, 2 or 3 would 

increase synapse numbers65, 71, 88, while neuroligin 2 overexpression specifically increases 

inhibitory synapse numbers88. Knocking down neuroligin 1, 2 or 3 would lead to reduction 

of excitatory synapse numbers71. In vivo knockout of neuroligin 1-3 in mice does not alter 

synapse numbers, but neurotransmission of both excitatory and inhibitory synapses fail, 

leading to a reduction of numbers of functional synapses89. Therefore, mechanisms found 

at the level of isolated neurons may not hold in the live animals. The in vivo determination 

of synapse numbers is still being discovered. 

Post-synaptic scaffolding proteins like PSD-95 and gephyrin, stabilize newly formed 

synapses90. PSD-95 is the major scaffolding protein at excitatory post-synapses; in cultured 

mammalian CNS neurons, its overexpression reduces the number of inhibitory synapses, 

while its knockdown leads to reduction of excitatory synapse numbers and increase of 

inhibitory synapse numbers65. On the other hand, gephyrin is the major scaffolding protein 

at inhibitory post-synapses; its overexpression increases inhibitory synapse number, and 

its knockdown decreases inhibitory synapse number69. Actually, the maintenance of newly 

formed synapses by these post-synaptic scaffolding proteins also stabilizes axonal or 
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dendritic filopodia; these filopodia then extend from the synapse formation site to form 

stable axonal or dendritic branches. The branches without synapse formation are found to 

be transient, which cannot be stabilized and mature, and will be retracted shortly90-92. 

Therefore, post-synaptic scaffolding proteins are critical for the stabilization of synapses 

as well as the formation of axonal and dendritic branches. 

Once a synapse is formed, secreted signaling molecules that mediate E/I balance 

maintenance, such as BMP, BDNF and TNF-α, are also important in the development and 

maturation of synapses. BMP signaling activates downstream regulations of actin 

cytoskeleton, which is important for the growth of post-synaptic terminals22, 93. BDNF 

signaling has been associated to the maturation of inhibitory synapses in mammalian 

CNS94. TNF-α level plays a role in regulating synapse loss95, 96. These secreted signals 

usually form a local gradient, so as to globally regulate synapse formation97.                                                                       

Both cellular and global E/I balance maintenance mechanisms play essential roles in 

synaptogenesis, and thereby largely influence the number and locations of excitatory and 

inhibitory synapses. A recent study found that the relative distribution of excitatory and 

inhibitory synapses impacts E/I balance98. This indicates that the pattern of synaptogenesis 

and E/I balance can largely influence each other. Yet, how perturbations of E/I balance 

affect the pattern of synaptogenesis is not well understood. 

 

Hypothesis 

I hypothesize that well-maintained E/I balance is associated with a stable pattern of 

excitatory and inhibitory synaptogenesis. In Chapter 2, I tested the hypothesis that a stable 

pattern of relative distribution of excitatory and inhibitory synapses exist at the systems 

level as E/I balance is maintained during circuit development. I also hypothesized that the 
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pattern of synaptogenesis changes in association with re-establishment of E/I balance after 

genetic perturbation in Chapter 3. Finally, I tested the hypothesis that perturbation of E/I 

balance would disrupt the process of synaptogenesis, which is described in Chapter 4. 

 



 
 

11 
 

Chapter 2: Systems-Level Pattern of Excitatory and Inhibitory Synapses in 
Developing Zebrafish Spinal Cord Circuit 

The data presented in this chapter has been submitted to Journal of Comparative 

Neurobiology in January, 2016. I designed and conducted all the experiments, and 

performed all the Matlab image processing and data analysis. The Ripley’s L-function 

analysis was a collaboration with another graduate student, Bo Zhang, with advice from 

Dr. Don DeAngelis. Statistical tests in this chapter was a collaboration with another 

graduate student, Lu Zhai. Zebrafish care and husbandry was provided by Ricardo Cepeda. 

 

Background 

E/I balance is critical for rhythmic motor behaviors, like breathing, walking and 

swimming, which are generated by the spinal cord circuit3. During the development of the 

spinal circuit, though new neurons are exiting the cell cycle and integrating into the circuit, 

and new synaptic connections are forming, E/I balance is still maintained throughout this 

development4. Yet, how E/I balance is maintained during such dynamic circuit 

development is still unclear. 

It has been suggested that E/I balance can be impacted by the relative distribution of 

excitatory and inhibitory synapses98, which often form distinct territories on post-synaptic 

dendrites99, 100. However, previous studies have focused on dendritic branches of single 

neurons, while E/I balance is a phenomenon that is observed and maintained not only at 

the level of individual neurons but also globally at the level of neural circuits33-36. 

Therefore, to further understand E/I balance in the spinal locomotory circuit, we investigate 

the distributions of excitatory and inhibitory synapses at the systems level. 
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In the spinal cord, neuronal somas in the medial spinal cord are flanked by lateral 

neuropils that are enriched in both excitatory and inhibitory synapses101. While neuron 

types in the spinal circuit are well characterized, the organization of the spinal neuropil 

remains largely uncharted. Although the zebrafish spinal neuropil lacks the obvious 

layering reported in the optic tectum neuropil102, previous studies have shown a function-

related medial-lateral (M-L) organization of interneuron processes103-105. Here, we set out 

to map synapses in the zebrafish spinal neuropil to provide insights into how the 

arrangement of excitatory and inhibitory synapses associates with the functionally relevant 

M-L axis of the neuropil. 

The zebrafish (Danio rerio) spinal circuit has some unique characteristics that lend 

themselves to the study of how excitatory and inhibitory synapses are spatially distributed. 

This circuit consists of a similar variety of neuron types as that of mammals but has fewer 

cells per type3, simplifying analysis. Furthermore, zebrafish embryos and larvae perform 

stereotyped rhythmic motor behaviors, which can be used as direct readouts for E/I 

balance4. To test whether excitatory and inhibitory synapses form different territories at the 

systems level, we quantified synapse distributions in the zebrafish spinal neuropil at two 

qualitatively different developmental stages: 48 hours post-fertilization (hpf), a late 

embryonic stage characterized by rapid neurogenesis, synaptogenesis and simple 

behaviors, and 120 hpf, a larval stage when most neurons are integrated into motor circuits 

supporting a larger repertoire of rhythmic motor behaviors106, 107. To visualize excitatory 

and inhibitory synapses, we used two antibodies against specific post-synaptic scaffolding 

proteins commonly used as proxies for stabilized synapses: anti-PSD-95 for excitatory 

synapses and anti-gephyrin for inhibitory synapses90, 91, 108. We adopted a statistical 



13 
 

 
 

program from plant ecology to quantify spatial distributions of excitatory and inhibitory 

synapses across the neuropil109, 110. In addition to analyzing the distributions of excitatory 

and inhibitory synapses, we also analyzed glutamatergic and glycinergic neuronal 

processes along the M-L axis of the spinal cord. To understand how this M-L pattern is 

associated with the growth of lateral extending post-synaptic neuronal dendrites in the 

neuropil, we tracked dendritic morphology of caudal primary motor neurons during 

development. Such an analytic strategy allowed us to elucidate the distributions of 

excitatory and inhibitory synapses/processes, and to understand how motor neuron 

dendrites grow into this systems-level structure as they achieve an expanded behavioral 

repertoire. 

 

Materials and Methods 

Fish care and embryo rearing 

Experiments were conducted on offspring from Danio rerio wild-type (WT) strains 

AB, Tubingen, and BWT (a fish store strain from Long Island) as well as transgenic lines 

Tg(vglut2a:dsred) and Tg(glyt2:gfp)107, 111, 112. Zebrafish were maintained on a 14-hour 

light and 10-hour dark cycle at 28.5 °C and fed twice daily. Fertilized eggs were obtained 

by natural crossing after removing a divider at first light. Embryos were raised in glass 

petri dishes with system water (water that houses the adult fish) at 28.5 °C in an incubator 

with the same light/dark cycle, and staged according to Kimmel, 1995113. Zebrafish 

embryos and larvae were collected between 24 and 120 hpf. All animal protocols were 

approved by the Institutional Animal Care and Use Committee of University of Miami. 
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Antibody characterization 

A PSD-95 antibody (clone 6G6-1C9, mouse IgG 2a, EMD Millipore Corporation, 

Billerica, MA) was used to label excitatory post-synapses114. This antibody does not work 

in Western blot with zebrafish protein samples (our unpublished data). Therefore, to test 

the utility of this antibody for immunohistochemistry, we overexpressed zebrafish PSD-

95-EGFP fusion protein90, and showed that the PSD-95 antibody can recognize 

overexpressed PSD-95-EGFP (Figure 2.1A). To confirm specificity of staining with the 

Figure 2.1 Commercially available antibodies for PSD-95 and gephyrin specifically 
recognize these proteins in zebrafish  
(A) To test whether the PSD-95 antibody would recognize zebrafish PSD-95 protein, we 
overexpressed zebrafish PSD-95-EGFP fusion protein (green, left image) and 
immunostained preps with PSD-95 antibody (α-PSD-95, magenta, middle image). PSD-
95 antibody staining overlaps with PSD-95-EGFP as shown in the overlay with the DAPI-
labelled nuclei (blue, right image).  (B) To test the specificity of PSD-95 antibody, we 
overexpressed zebrafish SYP1-EGFP fusion protein (green, left image) and 
immunostained preps with PSD-95 antibody (magenta, middle image). PSD-95 antibody 
staining fails to overlap with SYP1-EGFP as shown in the overlay with DAPI (right 
image).  Staining of endogenous PSD-95 in the neuropil can be seen in the magenta 
channel, but does not colocalize with SYP1-EGFP. Images in (A)-(B) are zoomed-in 
views of EGFP-expressing cell bodies from transverse-sections of the spinal cord. Sale 
bar, 5 µm. (C) Western blot of a protein sample from 72 hpf larvae labeled with gephyrin 
(GPHN) antibody reveals a single ~93 kilodalton (kDa) green band (green arrowhead). 
Magenta bands to the left show protein ladder with sizes indicated. 
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PSD-95 antibody, a zebrafish pre-synaptic protein synaptophysin 1 (SYP1) fused with 

EGFP91 was overexpressed and was shown not to colocalize with PSD-95 antibody staining 

(Figure 2.1B), indicating that the PSD-95 antibody can specifically label zebrafish PSD-

95 at post-synapses.  

A gephyrin antibody (clone mAb4a, mouse IgG1, Synaptic Systems, Göttingen, 

Germany) was used to label inhibitory post-synapses. The specificity of this gephyrin 

antibody in zebrafish was verified with Western blot, yielding a single band of the expected 

size of ~93 kilodalton (Figure 2.1C). This antibody has been used in a previous study for 

labeling inhibitory synapses in zebrafish and revealed a punctate pattern representing 

individual inhibitory post-synapses that were shown to colocalize with the glycine 

receptor115. 

 

Immunohistochemistry of post-synaptic scaffolding proteins 

Cryosectioning and antibody staining of WT zebrafish embryos at 48 hpf and larvae at 

120 hpf were performed as previously described116. Briefly, anesthetized zebrafish 

embryos or larvae were embedded in O.C.T. compound (Tissue-Tek, Sakura, Torrance, 

CA) and gradually frozen in liquid nitrogen. 30 µm-thick transverse sections from the 

middle of fish trunk (within 5 segments of the anus) were then collected on a cryostat (CM-

1850, Leica, Wetzlar, Germany) at -25 ℃ and mounted on poly L-lysine coated slides 

(Newcomer Supply, Middleton, WI) prior to a 10-minute fixation in 4% formaldehyde 

(diluted from 16%, Pierce, Thermo Fisher Scientific, Rockford, IL). Sections were 

immunostained with anti-PSD-95 (mouse IgG2a, 1: 500) and anti-gephyrin (mouse IgG1, 

1: 500). Staining was carried out using the Sequenza slide staining system (Thermo Fisher 
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Scientific). Alexa 568-conjugated goat anti-mouse IgG2a (1:2000, Molecular Probes, 

Thermo Fisher Scientific) and Alexa 488-conjugated goat anti-mouse IgG1 (1:2000, 

Molecular Probes) were used as secondary antibodies. Stained sections were mounted in 

Vectashield/DAPI (Vector Laboratories, Burlingame, CA). Images were captured on a 

confocal microscope (TCS SP5, Leica) using a 1.4 NA 63× oil objective (Leica). Images 

were acquired at 0.08 × 0.08 × 0.4 µm voxel size. 

 

Identification and counting of synapses 

Confocal images were processed using Image J (NIH). To avoid the impact of variation 

along the anterior-posterior axis, we analyzed PSD-95 and gephyrin puncta in three images 

(one each near the top, the middle, and the bottom of the stack) from a representative z-

stack in each fish. Measurements from these three images were averaged and these 

averaged values were then used to calculate the mean and the standard error of the mean 

(SEM) for a given sample and to conduct statistical tests between samples. Image 

brightness and contrast were adjusted to maximize visibility of synaptic puncta and reduce 

background noise before using a customized Matlab (Math Works, Natick, MA) program 

to identify, localize and count PSD-95 and gephyrin puncta as described in previous studies 

115, 117, 118. Briefly, the Matlab program first thresholded the image iteratively by sampling 

every other gray value between 0 and 255, identifying local peaks in intensity. Each peak 

represented the center of a punctum. Only puncta with diameters ranging from 0.15 to 2 

µm were counted. Adjacent puncta were separated according to the positions of their peaks. 

Then, all possible puncta were filtered according to their peak intensity, average intensity, 

size and internal contrast (the difference between the highest and lowest intensities within 
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a given punctum, which becomes more stringent as its filtering value increases). The 

filtering criteria were adjusted for each image by comparing the filtered puncta to the 

original image to optimally separate the actual puncta and false-positive selections (Figure 

2.2). The final outputs of this Matlab program provided the total numbers of PSD-95 and 

gephyrin puncta in each image as well as the spatial coordinates of each punctum in the 

image. 

The total puncta number was defined as the number of all the given type of puncta in 

one transverse-section view of the spinal cord. To calculate puncta density, we measured 

the area of puncta type-specific background staining in Image J. The puncta density was 

defined as the total puncta number divided by this area in a transverse-section.  

 

Analysis of synapse distribution patterns in the spinal neuropil 

To determine the distribution of excitatory and inhibitory synapses in the neuropil, we 

conducted the Ripley’s L-function statistics in Programita software109, 110. This spatial 

statistic quantifies the distribution of points in space, and classifies the given distribution 

as either clumped/clustered, random or regular/dispersed. The Ripley’s L-function results 

Figure 2.2 The puncta-finding Matlab program filters synaptic puncta from 
background 
From left to right, the panels show the original image in green, all puncta found in this 
image based on local intensity peaks, puncta that remain after filtering processes, and all 
individual puncta randomly assigned different colors to illustrate the separation of 
adjacent puncta. The magenta circles in the left three panels mark the positions of false-
positive puncta removed during the filtering processes. 
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were represented in L-function curves. Figure 2.3 provides examples for L-function curves 

generated from Matlab-generated different dot distributions.  

In our L-function analysis, the location of each synapse was provided by the output of 

our puncta-finding Matlab program; a single image from the middle of each z-stack was 

used for the L-function analysis. To define the boundary of the spinal neuropil, we wrote a 

Matlab script to draw boundaries around the irregularly shaped neuropil regions. Since 

Programita could only analyze a single study area with specified boundary each time, in 

each image, only one side (left or right) of the spinal neuropil was randomly picked for the 

analysis. Data of all the fish at the same stage were treated as repeated trials to generate 

separate PSD-95 and gephyrin L-function curves. 

Figure 2.3 Ripley’s L-function can detect three different point distribution patterns 
Sub-panels show three different point distribution patterns: clumped/clustered (A1-A4), 
random (B1-B4), and regular/dispersed (C1-C4). Point patterns were generated with 
Matlab in a 100 × 100 square region with various point numbers: the clumped/clustered 
pattern with points aggregated to sub-regions, the random pattern with points distributed 
randomly, the regular/dispersed pattern with fixed spacing between adjacent points. Each 
row shows the three distribution patterns generated with the same number of points. In 
each sub-figure, the left panel shows the actual point distribution and the right panel shows 
the corresponding L-function curve (the line with red data points) and the 95% confidence 
envelope for random distribution (between the two smooth curves). The confidence 
envelopes in the clumped/clustered distributions with 1250 and 5000 points are very small 
thus they can hardly be seen on the L-function curve figures. 
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During the L-function analysis, the univariate spatial pattern (clumped/random/regular) 

of puncta was analyzed using Ripley’s K(r) function. The K(r) function was defined as the 

expected number of puncta within distance r from a randomly chosen point. Under 

complete spatial randomness, K(r) = πr2, which is the area of a circle with radius r. L(r) 

was defined as �(K(r) π⁄ ) − r ; the expected value of L(r) was zero under the null 

hypothesis of complete spatial randomness for the given distribution of puncta. To account 

for random variations, 95% confidence envelopes were generated for expected L(r) values 

under the null hypothesis. These confidence envelopes were obtained from 500 simulations 

using a random arrangement of puncta and random translation, i.e. changing positions of 

puncta randomly in simulations. When the observed L(r) values were larger or smaller than 

the confidence envelopes of the expected L(r), the spatial patterns (clumped/clustered or 

regular/dispersed, respectively) of the puncta were statistically significant at distance r. 

Since distance r represented the radius of sampling circles in the analysis, we set our 

maximum scale as 40 µm, about half the height of spinal cord transverse sections.  

To determine the distribution of excitatory and inhibitory synapses relative to one 

another, we also conducted bivariate L-function analysis with the coordinates of both PSD-

95 and gephyrin puncta. This bivariate pattern analysis quantified how one type of punctum 

was distributed relative to each focal punctum of the other type to examine whether the 

two puncta types occur on average more or less frequently as near neighbors than expected 

if they were randomly distributed. The bivariate K function KEI(r) is defined as the 

expected number of one type of punctum (gephyrin, referred as Pattern I) within a given 

distance r of an arbitrary punctum of the other type (PSD-95, referred as Pattern E), divided 

by λI, the density of Pattern I puncta: λIKEI(r) = E[#(points of Pattern I ≤
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r from an arbitrary punctum of Pattern E)] ; E[] is the expectation operator and # 

represents “the number of”. Under independence of the two puncta patterns, KEI(r) = πr2, 

regardless of the individual univariate patterns. The L-function for bivariate analysis was 

defined as LEI(r) = �(KEI(r) π⁄ ) − r. A 95% confidence envelopes of the LEI(r) functions 

were calculated from 500 simulations of the null model of complete spatial randomness, 

which assumed independence between puncta Patterns E and I. LEI(r) values larger than 

the confidence envelope indicated that there were on average significantly more Pattern I 

gephyrin puncta within distance r of Pattern E PSD-95 puncta than expected under 

independence (positive correlation). Similarly, LEI(r) values smaller than the confidence 

envelope indicated on average significantly less Pattern I gephyrin puncta than expected 

within distance r of Pattern E PSD-95 puncta (negative correlation). 

 

Analysis of synapse distributions along the M-L axis 

To quantify the M-L distribution of excitatory and inhibitory synapses, we wrote a 

Matlab program to identify the midpoints between the most lateral and the most medial 

puncta along the dorsal-ventral axis in each neuropil region. By connecting these midpoints 

together, we generated a midline to bisect each neuropil region. In this way, we could 

calculate the numbers of PSD-95 and gephyrin puncta located in each half to calculate the 

proportions of excitatory and inhibitory synapses in the lateral half of the neuropil.  

To capture M-L distribution patterns independent of an outlined neuropil, we wrote a 

Matlab script to divide the spinal cord into 100 bins along the horizontal axis, allowing us 

to calculate the M-L frequencies of PSD-95 and gephyrin puncta. For each image, the data 

from the left and right halves (50 bins/hemi-spinal cord) were pooled together for analyses 
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of the frequency distribution of PSD-95 and gephyrin puncta from the most medial (0%) 

to the most lateral (50%) spinal cord.  

 

Retrograde labeling of caudal primary motor neurons 

To label caudal primary (CaP) motor neurons, 24-96 hpf WT embryos and larvae were 

anesthetized in 0.001% 3-aminobenzoic acid ethyl ester (MS222, Sigma-Aldrich, St. 

Louis, MO), transferred to a room-temperature slanted agarose plate (1.2% agarose 

(Promega, Madison, WI) in system water), and injected in ventral musculature in anal 

segments with a 25% solution of 10,000 molecular weight Texas Red dextran (Molecular 

Probes, Life Technologies, Grand Island, NY) in 10% Hanks’ buffer (GIBCO, Thermo 

Fisher Scientific) as previously described119. Injected zebrafish were then transferred to 

system water to recover and to allow retrograde transport of the dextran dye to fill the entire 

motor neuron for about 24 hours before fixation, sectioning and imaging.  

 

Tracing CaP motor neuron dendritic arbors 

Images of Texas Red dextran-labeled CaP motor neurons were processed using Image 

J. The brightness and contrast were adjusted to maximize visibility of dendritic branches 

and reduce background noise. Tracing and reconstruction of dendritic arbors were done in 

Neuromantic (version 1.7.5; http://www.rdg.ac.uk/neuromantic/). Since labeled motor 

neuron dendrites are continuous three-dimensional structures, they could be easily 

distinguished from speckled background staining in z-stack images. The lateral distance of 

CaP motor neuron dendrites was defined as the horizontal distance between the lateral 

boundary of the soma and the most lateral tip of the dendritic arbor in the traverse section. 

http://www.rdg.ac.uk/neuromantic/
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We also measured the average width of one neuropil region (there are two neuropil regions 

in each spinal cord transverse section) at each stage; to increase the sample size, we 

measured the width of the neuropil in sections with successfully labeled motor neurons as 

well as in sections without labeled neurons. 

 

Cryosectioning and imaging of fish with labeled interneurons or motor neurons 

Embryos and larvae from Tg(vglut2a:dsred)/Tg(glyt2:gfp) transgenic lines were 

collected at 48 and 120 hpf, respectively. Dextran-injected WT embryos and larvae were 

collected 24 hours after the injection. Collected zebrafish embryos and larvae were 

anesthetized in 0.001% MS222 prior to fixation with 4% formaldehyde for 24 hours at 4 

℃, and followed by overnight incubation in 30% sucrose solution at 4 ℃. Embryos and 

larvae were then embedded in tissue freezing medium (TFS, Durham, NC) and frozen at -

20 ℃ in the cryostat. 30 µm-thick transverse sections from the middle of fish trunk (within 

5 segments of the anus) were collected at -20 ℃ and mounted on poly L-lysine coated 

slides. Sections were then washed with 1× phosphate buffered saline (1× PBS, diluted from 

10× PBS, Cellgro, Corning, Manassas, VA) with 0.4% Trition-X (Avantor, Center Valley, 

PA) in the Sequenza slide staining system before mounting in Vectashield/DAPI. Images 

were acquired at 0.08 × 0.08 × 0.4 µm voxel size on the confocal microscope using the 1.4 

NA 63× oil objective. 

 

Analysis for the M-L territories of neuronal processes in the neuropil 

Images of Tg(vglut2a:dsred;glyt2:gfp) transverse spinal cord sections were processed 

in Image J. The brightness and contrast were adjusted to maximize visibility of neuronal 
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processes and reduce background noise. For analysis, the section with the best signal-to-

noise ratio for DsRed and GFP in the spinal neuropil was chosen from each z-stack for the 

analysis. For each of these images, one side of the two spinal neuropil regions (left and 

right) was chosen randomly for the analysis. To avoid the interference of the fluorescence 

of neuronal somas, a rectangle that encompassed the widest region of each neuropil was 

analyzed. The height of the rectangle was 40-60% of the neuropil height, and was adjusted 

to make sure that neuropil, whose shape was irregular, would occupy no less than 80% (48 

hpf) or 90% (120 hpf) of the area in the rectangle. The mean intensities of DsRed and GFP 

pixels at each M-L position were analyzed in Image J using the “Plot Profile” function. 

This output was then normalized to a 0-100 relative intensity scale, in which 0 corresponds 

to the background intensity and 100 corresponds to the maximal intensity. To compare the 

overall M-L distribution trends of glutamatergic (DsRed) and glycinergic (GFP) processes, 

we used Matlab to fit curves to the respective fluorescent intensity values of all fish at each 

stage. At 48 hpf, the DsRed curve adjusted R2 = 0.4139 (the sum of squares due to error 

(SSE) = 1.322 × 10-5), and the GFP curve adjusted R2 = 0.6021 (SSE = 9.35 × 10-4); at 120 

hpf, the DsRed curve adjusted R2 = 0.7411 (SSE = 5.14 × 10-4), and the GFP curve adjusted 

R2 = 0.7555 (SSE = 8.47 × 10-4). 

 

Statistics 

Statistical tests were conducted in JMP 11 Pro (SAS Institute Inc., Cary, NC). When data 

satisfied the requirements for independence, normality and homogeneity of variance, they 

were analyzed by ANOVA. Within the same developmental stage, PSD-95 and gephyrin 

data were extracted from the same fish. Therefore, to account for variability among 
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different individuals, the unit “fish” was set as a random blocking variable. The p values 

for the first-order interaction in two-way ANOVA and the second-order interaction in 

three-way ANOVA are reported in results unless noted otherwise. When the p values for 

these interactions were not significant, the significant main effects in two-way ANOVA 

and the significant first-order effects in three-way ANOVA are also reported in results. 

Bonferroni correction was applied for post hoc student’s t-tests. For data that didn’t pass 

tests of normality, the Mann-Whitney U test was used to determine statistical 

significance. Kolmogorov–Smirnov (KS) tests were conducted to compare cumulative 

probability distributions. 

 

Results 

Excitatory and inhibitory synaptogenesis exhibits distinct developmental dynamics 

Using antibodies against excitatory post-synaptic protein PSD-95 and inhibitory post-

synaptic protein gephyrin, we mapped the location of individual excitatory and inhibitory 

synapses in spinal cord transverse sections in 48 hpf embryos and 120 hpf larvae (Figure 

2.4A-B). At both stages, excitatory and inhibitory synapses are enriched in the spinal 

neuropil, lateral to neuronal somas. As development progresses and more synapses are 

formed, the neuropil region becomes significantly wider (48 hpf 14.31 ± 0.64 % of the 

spinal cord width, n = 15 fish; 120 hpf 24.07 ± 0.70 % of the spinal cord width, n = 9 fish; 

Mann-Whitney U test, p = 0.0002; Figure 2.4C). 

Using a custom Matlab program to identify each synaptic punctum 115, 117, 118, we 

determined how the numbers of excitatory and inhibitory synapses change from the 

embryonic to the larval stage. Our analysis shows distinct developmental dynamics for 
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Figure 2.4 Excitatory and inhibitory post-synapses exhibit distinct developmental 
dynamics  
Transverse sections through fast-frozen 48 hpf embryos (A) and 120 hpf larvae (B) were 
stained for excitatory PSD-95 (magenta) and inhibitory gephyrin (GPHN, green) post-
synaptic scaffolding proteins. DAPI labels nuclei (blue). Representative images for each 
stage are displayed as groupings of four images. The leftmost image gives a low 
magnification view of the full spinal cord with the regions boxed in white magnified in the 
subsequent three images. Scale bar, 5 µm. (C) A box plot shows that the percentage of the 
spinal cord width occupied by each lateral neuropil region increases from 48 to120 hpf. 
(D) The total numbers of PSD-95 and gephyrin puncta are plotted at 48 and 120 hpf. (E) 
The ratios of PSD-95/gephyrin puncta numbers are plotted at 48 and 120 hpf. The dashed 
blue line indicates a ratio of 1. (F) The densities of PSD-95 and gephyrin puncta in the 
spinal neuropil are plotted at 48 and 120 hpf. In (C) and (E), box plots show the median 
(the line inside the boxes), the first and the third quartiles (the lower and upper boundaries 
of the boxes) and the range (the whiskers below and above the boxes) of each sample. Each 
open circle represents the data from one transverse section of a single zebrafish embryo or 
larva. In (D) and (F), mean ± SEM overlay individual data points. Lines link the data points 
for PSD-95 and gephyrin puncta from the same fish. Statistical comparisons in (C) and (E) 
utilized the Mann-Whitney U tests. Statistical comparisons in (D) and (F) utilized two-way 
ANOVA (puncta type × stage) with post hoc Bonferroni. Asterisks indicate statistical 
significance (** p ≤ 0.01, *** p ≤ 0.001).  
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excitatory and inhibitory synapses (two-way ANOVA, puncta type × stage F(1, 28) = 7.27, 

p = 0.0117). While the number of PSD-95 puncta varies between individual fish, the 

average number does not change significantly with development (48 hpf 336.00 ± 67.26, n 

= 15 fish; 120 hpf 420.98 ± 34.35, n = 15 fish). By contrast, the number of gephyrin puncta 

varies less between individual fish and does increase significantly during development (48 

hpf 128.47 ± 9.37, n = 15 fish; 120 hpf 391.73 ± 20.05, n = 15 fish; p < 0.001). With respect 

to the excitatory/inhibitory synapse ratio, at 48 hpf, there are significantly more PSD-95 

puncta than gephyrin puncta (p < 0.001), which is evident in every individual fish examined 

(Figure 2.4D). Therefore, at 48 hpf, the ratio of PSD-95 to gephyrin puncta number (E/I 

puncta ratio) is heavily skewed towards excitation, however, by 120 hpf, the E/I puncta 

ratio declines to nearly 1 (48 hpf 2.61 ± 0.38, n = 15 fish; 120 hpf 1.07 ± 0.07, n = 15 fish; 

Mann-Whitney U test, p < 0.0001; Figure 2.4E). In summary, excitatory synaptogenesis 

initially outpaces inhibitory synaptogenesis; by 120 hpf, however, inhibitory synapses 

catch up, resulting in a more equal E/I puncta ratio. 

As with numbers of puncta, we also found that the densities of PSD-95 and gephyrin 

puncta are developmentally dynamic (two-way ANOVA, puncta type × stage F(1, 56) = 

14.15, p = 0.0004). Though there are more PSD-95 puncta than gephyrin puncta at 48 hpf 

(Figure 2.4D), their densities are similar (PSD-95 0.39 ± 0.04 µm-2, n = 15 fish; gephyrin 

0.32 ± 0.02 µm-2, n = 15 fish). While the density of PSD-95 puncta stays constant during 

development, the density of gephyrin puncta significantly increases from 48 to 120 hpf (p 

< 0.001). At 120 hpf, with similar total numbers (Figure 2.4D), gephyrin puncta exhibit a 

higher density than PSD-95 puncta (PSD-95 0.53 ± 0.02 µm-2, n = 15 fish; gephyrin 0.70 

± 0.04 µm-2, n = 15 fish; p < 0.01; Figure 2.4F). These observations indicate distinct 
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developmental dynamics for PSD-95 and gephyrin puncta, and that gephyrin puncta are 

more clumped overall than PSD-95 puncta.  

 

Excitatory and inhibitory synapses exhibit distinct spatial patterns during spinal circuit 

development 

To determine the developmental changes of synapse distributions in the landscape of 

the neuropil, we analyzed post-synaptic puncta with an analytic method known as Ripley’s 

L-function. This spatial statistic has been widely used in ecology to analyze the distribution 

of objects in a landscape, and provides powerful point-pattern analysis109, 110. Ripley’s L-

function compares the observed distribution of puncta to a null model of random 

distribution, and can detect distribution patterns at all scales (r, Figure 2.5A), from the 

immediate neighborhood to the entire study area109, 110. As a result, at any spatial scale, 

Ripley’s L-function can assign puncta distributions to one of three patterns: clumped, 

random or dispersed (see Materials and Methods; Figure 2.5A and Figure 2.3). With this 

approach, we found that PSD-95 and gephyrin puncta exhibit distinct spatial patterns. At 

48 hpf, PSD-95 puncta are randomly distributed in the spinal neuropil (Figure 2.5B) while 

gephyrin puncta are clumped (Figure 2.5C). With development, both PSD-95 and gephyrin 

puncta become more dispersed (Figure 2.5E-F). Interestingly, at both stages, the L-function 

curves for both puncta types show highly dispersed distributions within a 10 µm scale 

compared to more random or clumped distributions at larger scales. Such a drop in L-

function curves at small scales is typical of point patterns that exhibit regular spacing 

(Figure 2.3C1-C4). These L-function results at small spatial scales indicate that both 
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excitatory and inhibitory synapses tend to maintain a certain distance from other synapses 

of the same type. 

We also examined how excitatory and inhibitory synaptic puncta distribute with respect 

to puncta of the other type (Figure 2.5D and G). In striking contrast to the highly dispersed 

small-scale pattern seen within puncta type, we no longer see such a dispersed pattern 

Figure 2.5 Point-pattern analysis of PSD-95 and gephyrin puncta shows that 
gephyrin puncta cluster more tightly than PSD-95 puncta 
(A) Illustration for the numerical implementation of Ripley’s L-function. The left 
diagram represents a puncta distribution (blue puncta), with r1, r2 and r3 representing 
different spatial scales (black). The number of puncta inside the circle with radius r is 
calculated and compared to the number calculated according to a null model of random 
distribution. Only the puncta within the defined study area (gray) are included in the 
analysis. The r1, r2 and r3 spatial scale values corresponds to the r1, r2 and r3 values on 
the x-axis of the L-function plot on the right. The L-function curve for the given puncta 
spatial pattern is indicated in blue with the 95% confidence envelope for random 
distribution indicated in gray. The position of the L-function curve at a given spatial scale 
relative to the confidence envelope reveals the spatial pattern of the given puncta 
distribution: clumped/clustered (above the envelope), random (within the envelope), or 
dispersed/regular (below envelope). Ripley’s L-functions are calculated separately for 
PSD-95 (B, E) and gephyrin (GPHN) puncta (C, F), and together for the relative 
localization of PSD-95 and gephyrin puncta (D, G) at 48 (B-D) and 120 hpf (E-G).  In 
each L-function plot, the L-function curve is indicated by solid line with darker color 
with filled circles, and boundaries of the confidence envelope are indicated by the light-
colored dotted lines with open circles. The x-axis shows the scale radius (r), ranging from 
0 to about half the height of spinal cord transverse sections, 40 µm. Each L-function graph 
is generated from images of 15 fish from 3 independent experiments (see Materials and 
Methods for details).  
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between puncta types. This relative analysis shows that PSD-95 and gephyrin puncta clump 

at 48 hpf (Figure 2.5D) and randomly distribute at 120 hpf with respect to each other 

(Figure 2.5G). 

In summary, excitatory and inhibitory synapses exhibit distinct spatial patterns during 

development. Irrespective of developmental stages, inhibitory synapses tend to be more 

clumped than excitatory synapses. With development, synapses in general become more 

dispersed. Furthermore, both excitatory and inhibitory synapses exhibit regular spacing at 

small spatial scales, within but not between synapse types. 

 

Excitatory and inhibitory synapses are enriched in distinct medial-lateral (M-L) regions in 

the spinal neuropil 

Using a custom Matlab program to divide neuropil regions into medial and lateral 

halves (see Materials and Methods; Figure 2.6A), we quantified the enrichment of 

excitatory and inhibitory puncta along the M-L axis. We found a greater portion of PSD-

95 puncta than gephyrin puncta in the lateral half of the neuropil at 48 hpf (PSD-95 53.42 

± 1.21 %, n = 15 fish; gephyrin 41.54 ± 2.75 %, n = 15 fish; p < 0.001; Figure 2.6B).  This 

pattern of enrichment holds at 120 hpf (PSD-95 58.10 ± 1.08 %, n = 15 fish; gephyrin 46.23 

± 0.88 %, n = 15 fish; p < 0.001; two-way ANOVA, puncta type × stage F(1, 28) = 0.00, p 

= 0.9993; puncta type F(1, 28) = 68.89, p < 0.0001; Figure 2.6B). These data indicate that 

the distinct M-L enrichment of excitatory and inhibitory synapses is established by 48 hpf 

and sharpened by 120 hpf. 

Given the observed M-L enrichment of excitatory and inhibitory synapses, we 

examined the frequency distributions of PSD-95 and gephyrin puncta along the M-L axis   
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(Figure 2.7A). At 48 hpf, PSD-95 puncta decorate the cell body region in the most medial 

spinal cord and are enriched in the lateral neuropil, while gephyrin puncta are most 

abundant in the medial neuropil region adjacent to neuronal somas (Figure 2.7B). The 

cumulative probability curves show a statistically significant difference between the M-L 

distributions of PSD-95 and gephyrin puncta at this stage (KS test, p = 0.0397; Figure 

2.7B). At 120 hpf, both PSD-95 and gephyrin curves are largely excluded from the medial 

cell body region and enriched in the neuropil (Figure 2.7C). 

This developmental difference in M-L distribution is more evident when each hemi- 

cord is divided into five M-L zones (Zone 1-5) with Zone 1 starting at the midline and Zone 

5 ending at the lateral edge of the spinal cord (three-way ANOVA, zone × puncta type × 

stage F(4,114) = 10.29, p < 0.0001; Figure 2.7A). At 48 hpf, ~10% of PSD-95 puncta are 

Figure 2.6 Relative spatial enrichment of gephyrin puncta medially and PSD-95 
puncta laterally in the spinal neuropil 
(A) To test for distribution of puncta along the medial-lateral (M-L) axis of the neuropil, 
the midline of the neuropil was calculated in Matlab (white line; see Materials and 
Methods). (B) The percentage of PSD-95 and gephyrin (GPHN) puncta located in the 
lateral half of neuropil is plotted at 48 and 120 hpf. Each pair of open circles connected 
by a line represents PSD-95 and gephyrin puncta calculations from a single fish 
embryo/larva. Dashed grey at 50% represents no M-L spatial bias. Asterisks indicate 
statistical significance (*** p ≤  0.001, two-way ANOVA, post hoc Bonferroni 
correction). 
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found near the midline where gephyrin is largely absent (Zone 1, p < 0.001; Table 2.1). 

Both PSD-95 and gephyrin puncta are most abundant laterally, with gephyrin puncta 

significantly more enriched in Zone 4 adjacent to neuronal somas (p < 0.001; Table 2.1; 

Figure 2.7D). As the spinal cord develops, the neuropil region makes up a greater 

proportion of the spinal cord (Figure 2.4C; cyan/blue shading in Figure 2.7B-I), occupying 

the lateral half of Zone 4 and all of Zone 5 at 48 hpf, and expanding to the most lateral 

quarter of Zone 3 and all of Zones 4 and 5 at 120 hpf (Figure 2.4C; Figure 2.7D-E). At 

both 48 and 120 hpf then, gephyrin puncta are more enriched than PSD-95 in zones 

adjacent to cell bodies (Figure 2.7D-E). PSD-95 puncta, on the other hand, are more 

enriched in Zone 5 at 120 hpf, which corresponds to the most lateral part of the neuropil  

(p< 0.001; Table 2.1; Figure 2.7E).This developmental change in M-L distributions is also 

clearly reflected in the absolute numbers of synaptic puncta (three-way ANOVA, stage × 

enriched in Zone 5 at 120 hpf, which corresponds to the most lateral part of the neuropil 

Figure 2.7 PSD-95 and gephyrin puncta show distinct medial-lateral distributions and 
developmental dynamics 
(A) M-L distribution analysis. A representative spinal cord section (upper panel) stained 
for PSD-95 (magenta), gephyrin (GPHN, green), and DAPI-labeled nuclei (blue). The 
spinal cord midline is defined as 0%, with spinal cord lateral edges defined as 50%. A 
stylized section (lower panel) shows the division of five medial-lateral (M-L) zones (Zone 
1: 0-10%, Zone 2: 11-20%, Zone 3: 21-30%, Zone 4: 31-40%, Zone 5: 41-50%) used in 
(D)-(I). In (B)-(I), the cyan/blue regions in the background indicate Zones occupied by 
neuronal somas at 48 (cyan) and 120 hpf (blue). (B-C) M-L distributions of PSD-95 and 
gephyrin puncta at 48 (B) and 120 hpf (C). Average percentages of PSD-95/total PSD-95 
and gephyrin/total gephyrin distributed at 1% intervals along the M-L axis at each stage 
(48 hpf, n = 10; 120 hpf, n = 15) are graphed. Inserts show the cumulative probability 
curves. (D-E) Bar graphs compare the percentages of PSD-95 and gephyrin puncta in each 
zone at 48 (D) and 120 hpf (E). (F-G) Bar graphs compare the numbers of PSD-95 or 
gephyrin puncta in each zone at 48 (F) and 120 hpf (G). (H-I) Bar graphs compare puncta 
numbers at 48 and 120 hpf in the five M-L zones for PSD-95 (H) and gephyrin puncta (I). 
Statistical tests in the inserts in (B)-(C) are KS test. Statistical tests in (D)-(E) and (F)-(I) 
are three-way ANOVA, followed by post hoc Bonferroni corrections. Asterisks indicate 
statistical significance (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001). 
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(p< 0.001; Table 2.1; Figure 2.7E).This developmental change in M-L distributions is also 

clearly reflected in the absolute numbers of synaptic puncta (three-way ANOVA, stage × 

zone × puncta type F(4,109) = 1.02, p = 0.4028; stage × zone F(4, 87) = 24.65, p < 0.0001; 

zone × puncta type F(4, 109) = 4.94, p = 0.0011; stage × puncta type F(1, 109) = 30.29, p 

< 0.0001; Figure 2.7F-I). At 48 hpf, there are significantly more PSD-95 than gephyrin 

puncta (Figure 2.4C). This trend is reflected in all zones, though the differences between 
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Table 2.1 PSD-95 and gephyrin puncta distributions in medial-lateral zones 
Numbers show the PSD-95 and gephyrin puncta distributions in the medial-lateral (M-L) 
zones in Figure 2.7. Zone 1 is the most medial and Zone 5 is the most lateral. Puncta 
numbers correspond to the data in Figure 2.7F-I. Frequencies correspond to the data in 
Figure 2.7D-E. Numbers are means +/- SEM. 48 hpf n = 10 fish, 120 hpf n = 15 fish.  

Data type Stage Puncta 
type 

M-L zones 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Puncta 
number 

48 
hpf 

PSD-95 28.83 ± 
8.79 

27.01 ± 
8.55 

53.65 ± 
12.28 

104.22 ± 
17.64 

95.97 ± 
7.21 

Gephyrin 1.21 ± 
0.46 

5.95 ± 
1.13 

22.32 ± 
2.69 

57.40 ± 
9.93 

42.97 ± 
6.64 

120 
hpf 

PSD-95 5.51 ± 
1.05 

22.39 ± 
4.83 

94.51 ± 
11.25 

176.23 ± 
12.90 

118.02 ± 
10.07 

Gephyrin 4.29 ± 
0.71 

28.59 ± 
5.44 

104.59 ± 
10.26 

171.24 ± 
8.42 

79.84 ± 
5.54 

Frequency 

48 
hpf 

PSD-95 7.36 ± 
1.49 % 

6.75 ± 
1.37 % 

15.82 ± 
1.55 % 

33.88 ± 
2.88 % 

36.19 ± 
4.10 % 

Gephyrin 0.93 ± 
0.32 % 

4.83 ± 
1.10 % 

18.30 ± 
2.30 % 

42.99 ± 
3.73 % 

32.95 ± 
3.56 % 

120 
hpf 

PSD-95 1.18 ± 
0.18 % 

5.07 ± 
0.88 % 

21.68 ± 
1.29 % 

43.46 ± 
1.37 % 

28.61 ± 
1.57 % 

Gephyrin 1.13 ± 
0.19 % 

7.11 ± 
1.26 % 

26.37 ± 
1.74 % 

44.64 ± 
1.61 % 

20.76 ± 
1.45 % 

 

PSD-95 and gephyrin puncta numbers are only statistically significant in the neuropil 

region (p < 0.001 for both Zones 4 and 5; Table 2.2; Figure 2.7F). At 120 hpf, when the 

numbers of PSD-95 and gephyrin puncta become more evenly matched (Figure 2.4C), 

there are still significantly more PSD-95 puncta than gephyrin puncta in Zone 5 (p < 0.001; 

Table 2.1; Figure 2.7G). Therefore, though the overall E/I puncta ratio is about 1 at this 

stage, the E/I puncta ratio in Zone 5 is skewed towards excitation. 
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To assess developmental dynamics of PSD-95 and gephyrin puncta along the M-L axis, 

we compared each puncta type across 48 and 120 hpf. Zones 3 and 4 exhibit significant 

developmental increases in puncta numbers for both PSD-95 and gephyrin (Zone 3 PSD-

95 p < 0.05; Zone 4 PSD-95 p < 0.001; Zone 3 gephyrin p < 0.001; Zone 4 gephyrin p < 

0.001; Table 2.1). None-the-less, while PSD-95 puncta numbers decrease medially in Zone 

1 and increase laterally in Zones 3 and 4 (Table 2.1; Figure 2.7H), gephyrin puncta numbers 

increase across all zones (Table 2.1; Figure 2.7I). 

These results show that excitatory and inhibitory synapses are enriched in distinct M-

L zones by the late embryonic stage. Such M-L enrichment is sharpened at the larval stage 

with distinct developmental dynamics for excitatory and inhibitory synapses, and a stable 

enrichment of excitatory synapses in the most lateral neuropil. 

 

Enrichment of excitatory and inhibitory neuronal processes matches the M-L enrichment 

of post-synaptic puncta 

To test whether excitatory and inhibitory neuronal processes also show differential 

enrichment along the M-L axis, we quantified M-L neuropil territories occupied by 

glutamatergic and glycinergic neuronal processes. To do this, we used a zebrafish 

vglut2a:dsred;glyt2:gfp double transgenic line, in which all glutamatergic neurons express 

DsRed and all glycinergic neurons express GFP107, 111, 112. In the spinal cord, glutamate and 

glycine are the major excitatory and inhibitory neurotransmitters, respectively; thus, most 

excitatory and inhibitory neuronal processes are labeled, enabling the analysis for their 

respective neuropil territories. 
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 We find that at both 48 and 120 hpf, glutamatergic and glycinergic neuronal processes 

exhibit similar M-L enrichment as excitatory and inhibitory post-synaptic puncta: the 

glycinergic processes are enriched in the medial neuropil and the glutamatergic processes 

are enriched in the lateral neuropil (Figure 2.8). To quantify this spatial pattern, we 

analyzed the mean intensity of vglut2a:DsRed and glyt2:GFP in the neuropil. At both 48 

and 120 hpf, the peaks of GFP and DsRed intensities are located in the medial and lateral 

neuropil, respectively. At 48 hpf, since the neuropil is still narrow and the spinal cord 

circuit is rapidly developing, both DsRed and GFP intensity distributions exhibit large 

Figure 2.8 vglut2a:DsRed+ and glyt2:GFP+ neuronal processes occupy different 
medial-lateral territories in the spinal neuropil 
(A) and (C) show transverse-section view of the vglut2a:dsred;glyt2:gfp double transgenic 
line at 48 and 120 hpf, respectively. vglut2a:DsRed (magenta) labels all glutamatergic 
interneurons and their processes. glyt2:GFP (green) labels all glycinergic interneurons and 
processes. DAPI (blue) labels nuclei. At both stages, both glutamatergic and glycinergic 
processes are enriched in the neuropil, lateral to all neuronal somas. Scale bar, 10 µm. The 
images in (B) and (D) show magnified views of the regions boxed in white rectangles in 
(A) and (C), respectively. Scale bar, 5 µm. The graphs to the right of the magnified views 
show the relative intensity of vglut2a:DsRed (magenta) and glyt2:GFP (green) in the 
neuropil along the medial-lateral (M-L) axis for multiple zebrafish (48 hpf, n = 6; 120 hpf, 
n = 4). Distribution trend curves (solid lines) are fitted to DsRed and GFP intensities. 
Inserts show the cumulative probability curves, with asterisks indicating statistical 
significance (*** p ≤ 0.0001, KS test). 
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variations; still, their cumulative probability distributions are significantly different (KS 

test, p = 6.53 × 10-5; Figure 2.8B). At 120 hpf, there is much less variation for both DsRed 

and GFP, making the M-L patterns more obvious, with a corresponding highly significant 

difference in their cumulative probability distributions (KS test, p = 7.21 × 10-9; Figure 

2.8D). In summary, the excitatory and inhibitory neuronal processes and post-synaptic 

puncta exhibit similar patterns of M-L enrichment in the neuropil.  

 

Primary motor neuron dendrites grow into the highly structured spinal neuropil 

 To understand how post-synaptic motor neuron dendrites fit into this excitatory-

inhibitory neuropil structure, we tracked the growth of caudal primary (CaP) motor neuron 

dendrites from 48 to 120 hpf. In spinal locomotory circuits, mature motor neurons integrate 

hundreds to tens of thousands of synaptic inputs from excitatory and inhibitory 

interneurons. To make these contacts during development, motor neurons extend their  

dendrites laterally into the spinal neuropil101. CaP motor neurons are one of the earliest-

born motor neurons in zebrafish spinal cord120. Axons of CaP motor neurons project to 

synapse on the ventral muscles by 21 hpf120, therefore, to retrogradely label their dendrites, 

we injected Texas-Red dextran into ventral musculature119. At 48 hpf, dendrites of these 

neurons are still quite short and variable in number (Figure 2.9). Dendrites become less 

variable in number (Figure 2.9C), extend laterally from 72 to 96 hpf, and eventually form 

a complex, multi-branching dendritic arbor by 120 hpf (Figure 2.9A and C). This dendritic 

growth is strongly correlated with the widening of the spinal neuropil over the same time 

period (adjusted R2 = 0.9587, p = 0.0139; Table 2.3). 
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 Although both the neuropil width and the lateral extent of CaP dendrites increase about 

50% from 48 to 120 hpf, the total number of primary dendrites per CaP motor neuron stays  

relatively constant during this period (48 hpf 8.25 ± 0.67, n = 8 neurons; 72 hpf 8.60 ± 

0.40, n = 5 neurons; 96 hpf 8.33 ± 0.33, n = 3 neurons; 120 hpf 8.00 ± 0.41, n = 4 neurons; 

one-way ANOVA, F(3, 16) = 0.14, p = 0.9335; Figure 2.9C). This indicates that most of 

the primary dendrites are formed around 48 hpf when the number of dendrites is highly 

variable and are thereafter stabilized to average 8-9 primary dendrites per cell. Therefore, 

motor neuron dendrites grow and branch laterally into a widening neuropil that is already 

structured with respect to excitatory and inhibitory enrichment along the M-L axis. 

 

Figure 2.9 Primary motor neurons extend dendrites into the growing lateral neuropil 
from 48 to 120 hpf 
(A) The diagram above the micrographs shows the organization of tightly packed cell 
bodies (grey) in a spinal cord transverse section. Black cells represent the primary motor 
neurons whose axons exit the spinal cord to innervate muscle. Below the diagram, 
representative images show full spinal cord transverse sections with retrogradely labeled 
motor neurons (yellow) at four developmental stages, 48, 72, 96 and 120 hpf. DAPI labels 
nuclei (blue). To capture dendritic morphology, the motor neuron channel is a z-projection 
of confocal images from a 30-µm transverse section. In 48 and 120 hpf images, some 
ventral-projecting secondary motor neurons are also labeled. Caudal primary (CaP) motor 
neurons are indicated by white arrowheads. Since other tissues also take up the dextran, 
which happens more often at earlier stages, speckled background staining and boundary of 
the spinal cord are also visible. Scale bar, 10 µm. Lower panels show zoomed-in images 
of the labeled CaP motor neurons as well as tracings of the dendritic arbor at each stage. 
Scale bar, 5 µm. (B) There is a strong correlation between neuropil widening (neuropil 
width/spinal cord width) and growth of CaP motor neuron (MN) dendrites (dendrite lateral 
distance/spinal cord width) during development. Data represent the means at four 
developmental stages, 48, 72, 96 and 120 hpf. Error bars represent SEM (neuropil width: 
48 hpf, n = 15 fish; 72 hpf, n = 19 fish; 96 hpf, n = 15 fish; 120 hpf, n = 9 fish; motor 
neuron dendrites: 48 hpf, n = 7 neurons; 72 hpf, n = 8 neurons; 96 hpf, n = 9 neurons; 120 
hpf, n = 4 neurons). Adjusted R2 = 0.9759 (p ≤ 0.01). (C) Numbers of primary dendrites 
per CaP motor neuron during development. Each circle represents one individual CaP 
motor neuron. Error bars represent SEM. No significant difference is found between 
different stages (one-way ANOVA, F(3, 16) = 0.14, p = 0.9335).  
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Discussion 

In this study, we labeled both excitatory and inhibitory post-synapses in the zebrafish 

spinal neuropil to directly compare their relative spatial positions and developmental 

dynamics. While most other studies of synapse distribution patterns focus on individual 

neurons100, 118, 121-130, our study finds robust structure at the systems level that provides a 

framework for spinal circuit connectivity. 
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Table 2.2 Widening of the spinal neuropil and the lateral extension of caudal primary 
motor neuron dendrites from 48 to 120 hpf 
Both original measurements in µm and the percentages of spinal cord width are listed. 
Numbers are means +/- SEM. CaP MN, caudal primary motor neuron. Relative neuropil 
width: 48 hpf, n = 15 fish; 72 hpf, n = 19 fish; 96 hpf, n = 15 fish; 120 hpf, n = 9 fish; 
relative lateral distance of motor neuron dendrites: 48 hpf, n = 7 neurons; 72 hpf, n = 8 
neurons; 96 hpf, n = 9 neurons; 120 hpf, n = 4 neurons. 

 48 hpf 72 hpf 96 hpf 120 hpf 

Neuropil width (µm) 3.44 ± 
0.55 

8.83 ± 
0.60 

10.33 ± 
0.42 

11.17 ± 
0.40 

Neuropil width in % of spinal cord 
width 

14.31 ± 
0.64 % 

17.77 ± 
1.27 % 

20.59 ± 
0.64 % 

24.07 ± 
0.70 % 

Lateral distance of CaP MN 
dendrites (µm) 

3.00 ± 
0.37 

5.35 ± 
0.66 

8.11 ± 
0.54 

8.86 ± 
0.13 

Lateral distance of CaP MN 
dendrites in % of spinal cord 
width 

6.92 ± 
1.08 % 

10.01 ± 
1.14 % 

15.74 ± 
1.13 % 

17.88 ± 
0.56 % 

 

Systems-level regulation of excitatory and inhibitory synaptogenesis 

By quantifying synapses at embryonic and larval stages, we identified different 

developmental trajectories for excitatory and inhibitory synapses. Unlike mammalian 

embryos, embryonic zebrafish can already generate coordinated rhythmic motor behaviors, 

e.g., escape behavior, which enables newly hatched larvae to evade predators even before 

they can see or hear well131-135. Indeed, at the embryonic stage, excitatory and inhibitory 

synapses already exhibit spatial patterning that is maintained and sharpened at later stages. 

Thus, the spatial enrichment of excitatory and inhibitory synaptic connections is germane 

to the spinal neuropil, and is likely to be fundamental to the establishment of spinal circuit 

connectivity and function. 

None-the-less, one pattern that is unique to the embryonic stage is the presence of 

excitatory PSD-95 in the middle of the spinal cord, a region mostly populated by 
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undifferentiated precursors136. By the larval stage, both these precursors and the medial 

PSD-95 puncta disappear as neurons exit the cell cycle and differentiate137. These medial 

PSD-95 puncta could mediate excitatory drive for spontaneous activity known to be 

required for aspects of neuronal differentiation138. Medial PSD-95 puncta could also be 

pre-patterned post-synapses that cluster neurotransmitter receptors prior to pre-synaptic 

innervation. Such a phenomenon has been reported at mammalian and zebrafish 

neuromuscular junctions139, 140. These possibilities suggest that excitatory post-synaptic 

scaffolding proteins serve unique roles in embryonic neuronal precursors. 

Excitatory and inhibitory synapses also exhibit qualitatively distinct developmental 

dynamics. From embryonic to larval stages, the number of inhibitory synapses significantly 

increases whereas the number of excitatory synapses remains fairly constant. Such 

differences in synaptic dynamics occur despite the fact that both excitatory and inhibitory 

neurons are added during this time104, 107. One possibility is that excitatory and inhibitory 

synapses undergo different pruning processes141-143, with inhibitory synapses gradually 

added during development while excitatory synapses are simultaneously pruned and 

formed to maintain constant numbers. Future studies are needed to elucidate distinct rules 

of engagement for excitatory and inhibitory synapse formation and maintenance. 

 

How could the M-L excitatory and inhibitory patterns arise? 

Our study shows excitatory and inhibitory synapses form domains of enrichment along 

the M-L axis in the spinal neuropil. One possible explanation for this pattern would be an 

M-L segregation of excitatory and inhibitory interneuron somas. However, in the zebrafish 

spinal cord, excitatory and inhibitory neuronal somas occupy similar M-L domains107 
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(Figure 2.8A and C). Rather, our findings suggest that this M-L structure of excitatory and 

inhibitory synapses can be partly explained by the M-L segregation of excitatory and 

inhibitory neuronal processes (Figure 2.8), pointing to early developmental guidance cues 

as a mechanism to set up the M-L neuropil patterning. Indeed, there is ample precedent for 

such patterning and underlying cues. For example, in the rat striatum, cholinergic fibers 

are enriched laterally in the neuropil144 due to an M-L gradient of nerve growth factor145. 

In the mouse spinal cord, Sonic hedgehog secreted from the floor plate forms an M-L 

gradient that restricts serotonergic axon growth to the lateral neuropil146. In the fly nerve 

cord, Slit and Netrin are secreted from the midline, signaling through Robo and Frazzled, 

respectively, to direct growth of motor neuron dendrites147-149 as well as the positioning of 

longitudinal axons along the M-L axis150. In vertebrates, the Robo/Slit signal is not only 

crucial for the lateral positioning of longitudinal tracts from the brain to the spinal cord146, 

151, but also controls the M-L positioning of commissural axons after crossing the 

midline152. Though the role of Robo/Slit signaling in the lateral positioning of neuronal 

processes has not been extensively studied in zebrafish, Robo 1-4 are expressed in 

zebrafish spinal cord during development153-159, suggesting that they could contribute to 

the M-L segregation of excitatory and inhibitory neuronal processes. Since the positions of 

neuronal processes can be regulated by guidance cues in a population-specific manner160, 

and some transcription factors are able to activate distinct gene sets in excitatory and 

inhibitory neurons161, excitatory and inhibitory processes may follow different guidance 

cues during circuit formation, thereby resulting in the M-L pattern of excitatory and 

inhibitory neuronal processes and synapses. 
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Ripley’s L-function provides a method for analyzing synapse patterns at the systems level 

Here, we adopted Ripley’s L-function109, 110 to determine whether synapse distributions 

change as the circuit develops. Like other spatial statistics, such as the nearest neighbor 

analysis162, Ripley’s L-function compares the observed distribution of puncta to a null 

model of random distribution. Unlike the nearest neighbor analysis, which detects 

distribution structures only in the immediate neighborhood and can be largely impacted by 

the area chosen, Ripley’s L-function is a second-order statistic that detects homogeneity at 

all scales in the entire study area109, 110. Thus, it is suitable for analyzing puncta distributions 

in a complex and relatively large (compared to synaptic puncta) study area like the spinal 

neuropil, and is therefore of great utility for systems-level analyses. 

By using Ripley’s L-function, our study reveals some interesting spatial phenomena at 

the systems level. First, for the distributions of all puncta types, including the relative 

distributions between excitatory and inhibitory puncta, the Ripley’s L-function shows that 

their patterns become more dispersed with development. This trend towards dispersed 

distributions may result from more diverse neuron groups forming synapses in less 

occupied neuropil regions. Since synapses from the same neuron group tend to cluster in a 

similar domain on post-synaptic neurons124, the developmental increase in the diversity of 

pre-synaptic neuron groups may lead to more dispersed distribution patterns of synapses.  

In analyses of either excitatory or inhibitory puncta, the Ripley’s L-function shows a 

hyper-dispersed pattern110 at spatial scales under 10 µm. Such regular spacing between 

synapses of like type has been observed in individual mouse retinal ganglion neurons122 

and hippocampal pyramidal neurons124. Our results indicate that such regular spacing of 

adjacent synapses of the same type exists even at the neuropil level, between synapses in 
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different neurons, suggesting that there may be intrinsic, system-level mechanisms 

underlying this spacing between synapses of the same type. 

The Ripley’s L-function analysis also shows a more clumped distribution for the 

inhibitory puncta than the excitatory puncta overall. This is consistent with the higher 

densities of the inhibitory puncta (Figure 2.4F). Clumping of inhibitory synapses has been 

observed on proximal dendrites at the cellular level100, 123. Our study indicates that 

inhibitory synapses also clump proximally to neuronal somas at the systems level. 

 

Linking patterns at the cellular level to patterns at the systems level 

Many phenomena revealed by our systems-level analyses have been previously found 

at the level of single dendritic branches and/or neurons. These include spatial patterning 

such as a regular spacing between adjacent synapses of the same type124 and clumping of 

inhibitory synapses100, 123.  These phenomena also include temporal patterns like the 

developmental decrease of the E/I puncta ratio, which has also been observed to a lesser 

extent at the cellular-level in bi-stratified, direction-selective retina ganglion cells122. These 

findings indicate that patterns at the cellular level may reflect processes at work on the 

systems level. 

The systems-level patterns also suggest possible mechanisms that produce patterns at 

the cellular level. In this study, we examined the dendritic morphologies of caudal primary 

motor neurons, whose somas locate medial to the spinal neuropil and dendrites extend and 

branch laterally throughout the M-L excitatory and inhibitory structures in the neuropil. If 

a similar M-L pattern of excitatory and inhibitory synapses also exist on motor neuron 

dendrites, it would form a proximal-distal dendritic pattern: excitatory synapses enriched 
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on lateral, distal dendrites and inhibitory synapses enriched on medial, proximal dendrites. 

This proximal-distal pattern has been observed in mammalian cortical and hippocampal 

pyramidal neurons99, 100, 123, 163, in which inputs from distal excitatory synapses are 

amplified with a higher gain164 and proximal inhibitory synapses delay, block, and shape 

the dendritic spikes initiated from the distal dendrites165-170. If similar patterns of excitatory 

and inhibitory synapses exist on motor neuron dendritic arbors, then similar integrative 

rules may also apply to zebrafish spinal motor neurons. Interestingly, even at 120 hpf when 

the overall E/I puncta ratio is close to 1, the E/I puncta ratio in the most lateral neuropil 

occupied by distal dendrites still skews towards excitation. On the other hand, the proximal 

“gating” by medial inhibitory synapses may facilitate quick inhibition of motor neurons, 

which is required to generate alternating left-right bending in swimming behaviors115, 171, 

172. Taken together, the high E/I puncta ratio in the most lateral neuropil could play an 

important role in boosting excitatory inputs, while the inhibitory synapses enriched in the 

medial neuropil are probably vital for inhibiting motor neurons during alternating left-right 

bending. 

While our study reveals a distribution pattern between excitatory and inhibitory 

synapses at the systems level for the first time, it remains unclear how this pattern is related 

to synapse distribution patterns at the cellular level. There are two possibilities: 1) that 

synapse distribution patterns are unique on individual neurons; and patterns from different 

neurons converge to form the pattern observed at the neuropil level, and 2) that synapse 

spatial patterns are globally regulated at the systems level, which thereby determines 

neuronal dendritic morphologies and the cellular-level patterns. Distinguishing these 

possibilities would provide important insights into the way neural circuits are organized: 
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bottom-up or top-down. To bridge this gap, techniques are needed to label excitatory and 

inhibitory synapses on visualized single neurons in the circuit. Synapse-staining strategies 

are often incompatible with labeling of neuronal morphology, due to their distinct 

requirements for fixation116, 173. Thus, novel techniques that allow simultaneous labeling of 

excitatory and inhibitory synapses and individual neurons would facilitate observations of 

excitatory and inhibitory synapse patterns on diverse spinal neurons, without the side effect 

of overexpressing post-synaptic scaffolding proteins65, 69. Such novel techniques include 

mGRASP123, intrabodies for PSD-95 and gephyrin174 and ENABLED labeling strategy175, 

all of which have previously been successfully established in mammals123, 124, 174, 175. Future 

work applying these techniques in zebrafish will allow us to understand how synapse 

patterns at different levels impact each other, thus providing valuable insights into how 

neural circuits are organized and how their organization enables their function. 

 

Conclusions 

By comparing the distributions of PSD-95 and gephyrin puncta, we found that 

excitatory and inhibitory synapses exhibit distinct temporal and spatial patterns in the 

zebrafish spinal circuit. Excitatory synapses outpace inhibitory synapses during early 

synaptogenesis while inhibitory synapses are more clumped in distribution at both early 

and late stages. Furthermore, excitatory and inhibitory synapses exhibit distinct enrichment 

along the M-L axis, which is probably caused at least in part by distinct M-L neuropil 

territories occupied by excitatory and inhibitory neuronal processes. Such M-L patterns for 

excitatory and inhibitory synapses and neuronal processes are established early in 

development, and are later refined as the circuit matures. Our observations suggest that 

synapse distribution is structured even at the systems level, and that excitatory and 
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inhibitory synaptogenesis are differentially regulated during zebrafish spinal circuit 

development.  
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Chapter 3: Synapse Pattern Alteration during Re-Establishment of E/I balance in 
Zebrafish Spinal Cord 

For data presented in this chapter, I designed and conducted the experiments, and 

performed analyses for neuron numbers, and synaptic puncta localization. The Ripley’s L-

function analysis was a collaboration with another graduate student, Bo Zhang, with advice 

from Dr. Don DeAngelis. Another graduate student, Lu Zhai, offered advice on the design 

of the statistical tests used in this chapter. Some experiments and analyses were done with 

the assistance of undergraduate students Albert Hill and Dan Pham. Retrogradely labeling 

of CaP motor neurons and quantification the numbers and length of CaP dendritic branches 

were conducted by Albert Hill. The number of glycinergic neurons per segment in fish 

larvae was analyzed by Dan Pham. 

 

Background 

Neurological diseases, including seizures, autism, startle disease and glycine 

encephalopathy, are associated with disruption of E/I balance2, 5, 6, 8, 176, however, due to 

the remarkable resilience of the nervous system, E/I balance in many instances can re-

establish behavioral outputs of neural circuits. One example is the zebrafish glycine 

transporter 1 (glyt1) mutant177, 178. GlyT1 is the major glycine transporter that both sets 

basal glycine levels in the cerebrospinal fluid and remove glycine from synaptic clefts after 

synaptic transmissions. Mutating the glyt1 gene leads to excessive nervous system glycine. 

Because glycine is the major inhibitory neurotransmitter in the hindbrain and spinal cord, 

normal function of the spinal cord circuit is disrupted in glyt1 mutants, with tonic inhibitory 

signaling causing embryonic paralysis. Despite persistent high glycine, glyt1 mutants 
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naturally recover motor behaviors at the larval stage1, 177, 178 (Figure 3.1), indicating that 

the spinal cord E/I balance could be re-established by intrinsic mechanisms.  

The mechanisms underlying the gradual recovery of behavior and re-establishment of 

E/I balance in glyt1 mutants are not well understood yet. A previous study showed that 

glyt1 mutants downregulate their glycine receptors late in their recovery process (Figure 

3.2; the third and fourth rows). Recovery of motor function, however, starts much earlier 

by 50 hpf. This gradual recovery is reflected in synaptic recording. At the embryonic 

paralysis stage, the amplitude of inhibitory post-synaptic potentials (IPSPs) in the mutant 

spinal motor neurons is twice as the WT level; from this time point, the IPSP amplitudes 

in glyt1 mutants gradually decrease during the recovery process (Figure 3.2; the second 

Figure 3.1 Escape swimming response in zebrafish glyt1 mutants is disrupted at early 
stages, but recovers with development 
Escape responses at three developmental stages are evoked by touch. Pixel displacement 
is plotted against time in wild-type (WT) (A), the glyt1 mutants (B) and WT raised in 1 
µM N[3-(4’-fluorophenyl)-3-(4’-phenylphenoxy) propyl]sarcosine (NFPS) (C), which 
specifically blocks the glycine transporter 1. Representative images of the fish during 
escapes are shown beneath each graph. The calibration bar in (A) corresponds to 10 ms. 
This figure is adapted from Mongeon et al., 20081. 

glyt1 -/- A. B. C. 
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row), and match the level of excitatory post-synaptic potentials at the complete recovery. 

Yet, during the recovery process of glyt1 mutants, the expression levels of ion channels 

and neurotransmitter receptors are largely maintained at the WT level. Therefore, the early 

physiological changes reflect post-translational mechanisms that compensate for the 

genetic perturbation of E/I balance; yet these mechanisms largely remain unknown. 

Figure 3.2 Summary of previously examined mechanisms in glyt1 mutant motor 
recovery 
Top row: behavior transitions of glyt1 mutants, from paralysis to a single bend after 50 hpf 
and then to full recovery after 90 hpf. Line graphs show pixel displacement that tracks the 
movement of wild-type (WT) zebrafish embryo/larva over time. Till images below line 
graphs show embryos and larvae movement at corresponding time points. Second row: 
maximum amplitude in millivolts (mV) of evoked motor neuron glycinergic inhibitory 
post-synaptic potentials (IPSPs) recorded in glyt1 mutants (black) versus WT larvae (gray) 
at three time points. Third row: mRNA expression level of the glycine receptor α1 subunit 
(Glrα1) normalized to bactin in glyt1 mutants versus WT. Fourth row: comparison (% of 
WT staining) of maximum antibody labeling of Glrα1 in glyt1 mutant motor neurons. This 
figure is adapted from Ganser and Dallman, 20092. 
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Such post-translational compensation could be achieved by 1) changing the numbers 

of neurons expressing excitatory and inhibitory neurotransmitters, and/or 2) changing the 

wiring pattern in the spinal cord via regulation of the number and spatial patterning of 

excitatory and inhibitory synaptogenesis. Compensatory changes in numbers of neurons 

expressing excitatory and inhibitory neurotransmitters has been reported in frog spinal 

cord34. The pattern of synaptogenesis, as mentioned in previous chapters, is closely 

associated with and impacts E/I balance7, 8, 88. Previous in vivo observations have shown 

synapse number and locations alter to maintain E/I balance23, 24, 179.  Therefore, to 

understand the recovery of motor behaviors in glyt1 mutants, we tested the hypotheses that 

the re-establishment of E/I balance in glyt1 mutants is associated with changed numbers of 

excitatory and inhibitory neurons, and/or altered patterns of excitatory and inhibitory 

synaptogenesis. 

To test this hypothesis, we studied 72 hpf glyt1 mutant larvae that have just initiated 

motor recovery. We first labeled neurons that express the four major types of 

neurotransmitters in the spinal cord, glutamate, glycine, acetylcholine, and γ-aminobutyric 

acid (GABA), with florescent protein labeling or immunostaining, to quantify the numbers 

of neurons using each type of neurotransmitter. We also immunostained post-synaptic 

scaffolding proteins, PSD-95 at excitatory post-synapses and gephyrin at inhibitory post-

synapses to visualize the locations of excitatory and inhibitory synapses simultaneously. 

To understand the spatial patterns of synaptogenesis, we conducted the medial-lateral (M-

L) analysis with custom Matlab programs to study whether the systems-level M-L 

enrichment pattern of excitatory and inhibitory post-synapses and pre-synaptic neuronal 

processes is altered during the re-establishment of E/I balance in the glyt1 mutant. To 
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investigate whether synapse distributions at different spatial scales alter during this re-

establishment, we adopted the spatial statistic, Ripley’s L-function to quantify distribution 

patterns of excitatory and inhibitory synapses at different spatial scales. In addition, we 

tracked the changes in dendritic branching of caudal primary motor neurons to further 

understand the dendritic-level changes of synaptogenesis patterns. This strategy allowed 

us to investigate the association between alterations of synapse spatial patterns and the re-

establishment of E/I balance. Such an understanding of E/I balance re-establishment will 

also shed light on potential treatments for many neurological disorders. 

 

Materials and Methods 

Fish care and embryo rearing 

Experiments were conducted on offspring from Danio rerio WT strains AB, Tubingen, 

and BWT (a fish store strain from Long Island), transgenic lines Tg(vglut2a:dsred) and 

Tg(glyt2:gfp)107, 111, 112, and the glyt1 mutant. Heterozygous zebrafish with the shocked 

te301 allele (hereafter referred to as the glyt1 mutant) were obtained from the Max Planck 

Institute, Tübingen, Germany1, 178. Zebrafish were maintained on a 14-hour light and 10-

hour dark cycle at 28.5 °C and fed twice daily. Fertilized eggs were obtained by natural 

crossing after removing a divider at first light. Embryos were raised in glass petri dishes 

with system water (water that houses the adult fish) at 28.5 °C in an incubator with the 

same light/dark cycle, and staged according to Kimmel, 1995113. Zebrafish embryos and 

larvae were collected between 24 and 96 hpf. Homozygous glyt1 mutant embryos were 

identified at 30 hpf based on the absence of normal coiling behavior. All animal protocols 

were approved by the Institutional Animal Care and Use Committee of University of 

Miami. 
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Labeling of spinal neurons using different types of neurotransmitters 

To test whether the recovery of glyt1 mutants involves a change in the number of 

neurons expressing excitatory or inhibitory neurotransmitters, we labeled and counted the 

numbers of glutamatergic, glycinergic, cholinergic, and GABAergic spinal neurons per 

segment. Glutamatergic and glycinergic interneurons were labeled using transgenic lines 

Tg(vglut2a:dsred) and Tg(glyt2:gfp)107, 111, 112, respectively, and labeled live WT and glyt1 

mutant larvae were imaged at 72 hpf. Prior to imaging, fish larvae were anesthetized in 

MS222 and mounted in 1.2% agarose. Images were taken on the confocal microscope with 

a 1.2 NA 63× water objective (Leica). Cholinergic and GABAergic neurons were labeled 

by whole-mount immunostaining. Briefly, 72 hpf WT and glyt1 mutant larvae were fixed 

in 4% formaldehyde at 4 °C for 24 hrs and washed in 1 × PBS as well as 1 × PBS with 1% 

Triton-X. To increase the penetration of antibodies into the spinal cord, we cut the heads, 

yolks and ventral muscles of fixed larvae, and treated cut samples in 20% acetone for 7 

mins at -20 °C. To label cholinergic neurons, anti-choline acetyltransferase (polyclonal 

goat IgGs, 1:50, Millipore) was used as the primary antibody180, and Alexa 633-conjugated 

donkey anti-goat IgGs (1:2000, Molecular Probes) was used as the secondary antibody. To 

label GABAergic neurons, anti-GABA (polyclonal rabbit IgGs, 1:500, Sigma-Aldrich) was 

used as the primary antibody107, 181, and Alexa 568-conjugated goat anti-rabbit IgGs 

(1:2000, Molecular Probes) was used as the secondary antibody. Tissue samples were 

incubated overnight at 4 °C in the antibodies used. Samples were mounted on slides in 

Vectashield/DAPI, and imaged on the confocal microscope using the 1.4 NA 63× oil 

objective. Differential interference contrast (DIC) images were also captured for 
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identification of segment boundaries. All images were acquired at 0.08 × 0.08 × 1.0 µm 

voxel size. 

 

Immunohistochemistry of post-synaptic scaffolding proteins and counting of synaptic 

puncta 

Cryosectioning and antibody staining of WT and glyt1 mutant zebrafish larvae at 72 

hpf were performed as described in Chapter 2. Sections were immunostained with anti-

PSD-95 (clone 6G6-1C9, mouse IgG2a, 1: 500, EMD Millipore Corporation) and anti-

gephyrin (clone mAb4a, mouse IgG1, 1: 500, Synaptic Systems). Staining was carried out 

using the Sequenza slide staining system (Thermo Fisher Scientific). Alexa 568-conjugated 

anti-mouse IgG2a (1:2000, Molecular Probes) and Alexa 488-conjugated anti-mouse IgG1 

(1:2000, Molecular Probes) were used as secondary antibodies. Stained sections were 

mounted in Vectashield/DAPI. Images were captured on the confocal microscope using 

the 1.4 NA 63× oil objective, acquired at 0.08 × 0.08 × 0.4 µm voxel size. Puncta finding 

was performed with a custom Matlab program as described in Chapter 2. The resulted 

puncta number information was used to calculate total puncta numbers and puncta densities 

with Image J.  

 

Analyses of synapse distribution patterns in the spinal cord 

To compare synapse distribution patterns in WT and glyt1 mutants, we conducted the 

analysis of synapse distributions along the medial-lateral axis and Ripley’s L-function 

spatial statistic. The procedures of these analyses were the same as described in Chapter 2. 
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Labeling neuronal processes and analysis for the medial-lateral territories of neuronal 

processes in the neuropil 

Larvae from Tg(vglut2a:dsred)/Tg(glyt2:gfp) transgenic lines with WT or homozygous 

glyt1 mutant genetic background were collected at 72 hpf. These larvae were cryosectioned 

and processed for imaging as described in Chapter 2. Images were acquired at 0.08 × 0.08 

× 0.4 µm voxel size on the confocal microscope using the 1.4 NA 63× oil objective. The 

analysis of medial-lateral (M-L) neuropil territories of neuronal processes was performed 

in Image J as described in Chapter 2. In WT, the vglut2a:DsRed curve adjusted R2 = 0.7764 

(the sum of squares due to error (SSE) = 3.24 × 10-4), and the glyt2:GFP curve adjusted R2 

= 0.8006 (SSE = 4.68 × 10-4). In glyt1 mutants, the vglut2a:DsRed curve adjusted R2 = 

0.7122 (SSE = 4.12 × 10-4), and the glyt2:GFP curve adjusted R2 = 0.8122 (SSE = 3.69 × 

10-4). 

 

Retrograde labeling of caudal primary motor neurons 

To label caudal primary (CaP) motor neurons, 72 hpf WT and glyt1 mutant embryos 

were anesthetized in MS222 and injected in ventral musculature in anal segments with a 

25% solution of 10,000 molecular weight Texas Red dextran in 10% Hanks’ buffer, as 

described in Chapter 2. Injected zebrafish were then transferred to system water to recover 

and to allow retrograde transport of the dextran dye to fill the entire motor neuron for about 

24 hours before fixation and imaging. Embryos with labeled CaP motor neurons were 

collected at 96 hpf, fixed in 4% formaldehyde at 4 °C for 24 hrs, washed in 1 × PBS, and 

mounted in Vectashield/DAPI. Images were captured on the confocal microscope using 

the 1.4 NA 63× oil objective, acquired at 0.08 × 0.08 × 0.4 µm voxel size. Images were 
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processed using Image J to maximize visibility of dendritic branches and reduce 

background noise. 

 

Statistics 

Data were tested for independence, normality and homogeneity of variance before they 

were analyzed by student’s t-test or ANOVA. Bonferroni correction was applied for post 

hoc student’s t-tests following ANOVA. P values for ANOVA and the post hoc Bonferroni 

correction were provided in the results unless otherwise noted. For two-group-comparison 

data that passed tests for normality but didn’t pass tests for homogeneity of variance, the 

student’s t-test for heteroscedastic (unequal variance) samples was used to determine 

statistical significance. For multiple-group-comparison data didn’t pass tests for 

homogeneity of variance, Dunnett’s tests was used to determine statistical significance. KS 

tests were conducted to compare cumulative probability distributions. 

 

Results 

glyt1 mutant and WT larvae have similar numbers of excitatory and inhibitory spinal 

neurons 

In 72 hpf WT and glyt1 mutants, we labeled spinal neurons using the four major 

neurotransmitters in the spinal cord: glutamate, glycine, acetylcholine and γ-aminobutyric 

acid (GABA). Glutamate and glycine are the major excitatory and inhibitory 

neurotransmitters in the spinal cord, respectively; acetylcholine is used by motor neurons 

and a very small portion of excitatory interneurons, while GABA is used by a small portion 

of inhibitory interneurons107, 182. 
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To label cholinergic and GABAergic neurons, we conducted immunostaining with 

antibodies against choline acetyltransferase (ChAT) and GABA, respectively. The main 

cholinergic neurons are motor neurons, which occupy the ventral to the dorsal-middle 

spinal cord. There is no clear separation of the dorsal-middle neurons and the ventral 

neurons (Figure 3.3A). Therefore, we compared the total numbers of cholinergic neurons 

in WT and glyt1 mutants, and found the numbers are very similar (F(1,7) = 2.39, p = 

0.1732; Figure 3.3B). 

GABAergic neurons could be separated into two distinct groups based on locations: a 

dorsal group and a ventral group (Figure 3.4A). A part of the ventral group is a specific 

neuron type called Kolmer-Agduhr (KA) neurons, which have characteristic dorsal cilia 

that contact the central canal183. Therefore, we counted the dorsal, and the ventral KA and 

non-KA GABAergic neurons in WT and glyt1 mutant spinal cord. Though glyt1 mutants 

have fewer dorsal GABAergic neurons than WT, this difference is not statistically 

Figure 3.3 Comparison of the numbers of cholinergic neurons in wild-type and glyt1 
mutant spinal cords 
(A) Lateral view of ChAT antibody-labeled cholinergic neurons in 72 hpf wild-type (WT) 
and glyt1 mutant spinal cords. Images are z-projections of stacks through the spinal cord. 
The diagram of directions on the left shows the dorsal (D), ventral (V), anterior (A), and 
posterior (P) axes. Scale bars, 10 µm. (B) The numbers of cholinergic neurons per segment 
in 72 hpf WT (gray) and glyt1 mutant (white) are plotted. Error bars represent the SEM. 
Each open circle represents the data from one individual zebrafish larva (WT, n = 3; glyt1-
/-, n =5). 
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significant. The numbers of ventral GABAergic neurons, both KA and non-KA neurons, 

are similar in WT and glyt1 mutants (Dunnett’s test p = 1.0000 for all the four comparisons 

between WT and glyt1 mutants; Figure 3.4B). 

We labeled glutamatergic and glycinergic neurons using transgenic lines 

Tg(vglut2a:dsred) and Tg(glyt2:gfp) in which glutamatergic neurons are labeled with 

DsRed and glycinergic neurons are labeled with GFP, respectively107, 111, 112. For both 

glutamatergic and glycinergic neurons, the labeled neurons could be divided into two major 

groups by their dorsal-ventral locations: neurons in the dorsal to middle region above the 

Figure 3.4 Comparison of the numbers of GABAergic neurons in wild-type and glyt1 
mutant spinal cords 
(A) Lateral view of GABA antibody-labeled GABAergic neurons in 72 hpf wild-type 
(WT) and glyt1 mutant spinal cords. Images are z-projections of stacks through the spinal 
cord. The diagram of directions on the left shows the dorsal (D), ventral (V), anterior (A), 
and posterior (P) axes. The ventral GABAergic neurons generally exhibit darker staining 
than the dorsal ones. The ventral GABAergic neurons can be divided into Kolmer-Agduhr 
(KA) neuron (arrowheads) and non-KA neurons. Scale bars, 10 µm. (B) The numbers of 
GABAergic neurons per segment in 72 hpf WT and glyt1 mutant are plotted. From the left 
to right in the bar graph, it shows the numbers of the dorsal GABAergic neurons, the 
ventral non-KA and KA neurons, and the total number of GABAergic neurons in WT 
(gray) and glyt1 mutant (white). Error bars represent the SEM. Each open circle represents 
the data from one individual zebrafish larva (WT, n = 6; glyt1 -/-, n = 5). 
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spinal central canal, and the ventral neurons located below the central canal (Figure 3.5A 

and 3.6A). In glutamatergic neurons, there is also an additional neuron group located in the 

most dorsal spinal cord with much larger cell bodies compared to other glutamatergic 

neurons; those are a type of sensory neuron specific to fish and amphibian embryos and 

early larvae, known as the Rohon-Beard (RB) neurons184. We did not observe any 

significant difference in either glutamatergic or glycinergic neurons between WT and glyt1 

mutant; they have similar number of neurons in each group for both glutamatergic 

(Dunnett’s test p = 1.0000 for all the four comparisons between WT and glyt1 mutants; 

Figure 3.5B) and glycinergic neurons (Dunnett’s test p = 1.0000 for all the three 

comparisons between WT and glyt1 mutants; Figure 3.6B). 

Figure 3.5 Comparison of the numbers of glutamatergic neurons in wild-type and 
glyt1 mutant spinal cords 
(A) Lateral view of DsRed-labeled glutamatergic neurons in 72 hpf wild-type (WT) and 
glyt1 mutant spinal cords. Images are z-projections of stacks through the spinal cord. The 
diagram of directions on the left shows the dorsal (D), ventral (V), anterior (A), and 
posterior (P) axes. The ventral group of glutamatergic neurons can be easily distinguished 
from the neurons in the dorsal to middle region. Scale bars, 10 µm. (B) The numbers of 
glutamatergic neurons per segment in 72 hpf WT and glyt1 mutant are plotted. From the 
left to right in the bar graph, it shows the numbers of the most dorsal Rohon-Beard (RB) 
sensory neurons, the neurons located in the dorsal to middle region, the ventral neurons, 
and the total number of glutamatergic neurons in WT (gray) and glyt1 mutant (white). Error 
bars represent the SEM. Each open circle represents the data from one individual zebrafish 
larva (WT, n = 6; glyt1 -/-, n = 5). 
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In summary, the numbers of spinal neurons using the four major types of 

neurotransmitters do not differ in glyt1 mutants and WT. Therefore, the re-establishment 

of E/I balance in the mutants cannot be explained by alterations of neurotransmitter 

phenotypes. 

 

Neuropil territories of excitatory and inhibitory neuronal processes exhibit the same 

pattern in WT and glyt1 mutants 

Since glutamatergic and glycinergic neuronal processes exhibit a medial-lateral (M-L) 

neuropil pattern during spinal cord development (see Chapter 2), we investigated whether 

the M-L neuropil territories of excitatory and inhibitory neuronal processes are altered in 

Figure 3.6 Comparison of the numbers of glycinergic neurons in wild-type and glyt1 
mutant spinal cords 
(A) Lateral view of GFP-labeled glycinergic neurons in 72 hpf wild-type (WT) and glyt1 
mutant spinal cords. Images are z-projections of stacks through the spinal cord. The 
diagram of directions on the left shows the dorsal (D), ventral (V), anterior (A), and 
posterior (P) axes. There are only a few glycinergic neurons locating ventrally, which are 
much dimmer than other glycinergic neurons. Scale bars, 10 µm. (B) The numbers of 
glycinergic neurons per segment in 72 hpf WT and glyt1 mutant are plotted. From the left 
to right in the bar graph, it shows the numbers of glycinergic neurons located in the dorsal 
to middle region, the ventral neurons, and the total number of glutamatergic neurons in 
WT (gray) and glyt1 mutant (white). Error bars represent the SEM. Each open circle 
represents the data from one individual zebrafish larva (WT, n =11; glyt1-/-, n = 14). 
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glyt1 mutant. To do this, we utilized the zebrafish vglut2a:dsred;glyt2:gfp double 

transgenic line to label glutamatergic neurons with DsRed (Figure 3.5A) and glycinergic 

neurons with GFP107, 111, 112 (Figure 3.6A). Since glutamate and glycine are the major 

excitatory and inhibitory neurotransmitters used in vertebrate spinal cord, respectively, this 

double transgenic line allowed us to label most excitatory and inhibitory interneurons in 

the spinal cord. We found that glyt1 mutant neuronal processes form similar M-L neuropil 

patterns as WT: vglut2a:DsRed+ processes enriched in the lateral neuropil and glyt2:GFP+ 

processes enriched in the medial neuropil (Figure 3.7). In both WT and glyt1 mutants, the 

peaks of GFP and DsRed intensities are located in the medial and lateral neuropil, 

Figure 3.7 Medial-lateral patterns of excitatory and inhibitory neuronal processes are 
maintained in glyt1 mutant spinal neuropil 
(A) and (C) show transverse-section view of the vglut2a:dsred;glyt2:gfp double transgenic 
line with WT and glyt1 mutant genetic background, respectively. vglut2a:DsRed (red) 
labels all glutamatergic interneurons and their processes. glyt2:GFP (green) labels all 
glycinergic interneurons and processes. DAPI (blue) labels nuclei. At both stages, both 
glutamatergic and glycinergic processes are enriched in the neuropil, lateral to all neuronal 
somas. Scale bar, 10 µm. The images in (B) and (D) show magnified views of the regions 
boxed in white rectangles in (A) and (C), respectively. Scale bars, 5 µm. The graphs to the 
right of the magnified views show the relative intensity of vglut2a:DsRed (red) and 
glyt2:GFP (green) in the neuropil along the medial-lateral (M-L) axis for multiple zebrafish 
(WT, n = 4; glyt1 mutant, n = 3). Distribution trend curves (solid lines) are fitted to DsRed 
and GFP intensities.  
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respectively (Figure 3.7B and D). Therefore, the systems-level M-L pattern of excitatory 

and inhibitory pre-synaptic neuronal processes is maintained in the glyt1 mutants.  

 

Both excitatory and inhibitory synapses exhibit higher densities in the glyt1 mutant 

To test whether there is any alteration in the pattern of synaptogenesis during the re-

establishment of spinal E/I balance in the glyt1 mutants, we charted excitatory and 

inhibitory synapses by immunostaining the post-synaptic proteins, PSD-95 at excitatory 

post-synapses and gephyrin at inhibitory post-synapses in 72 hpf WT and glyt1 mutant. At 

72 hpf, both WT and glyt1 mutant spinal cords exhibit a similar structure as observed in 48 

and 120 hpf WT (see Chapter 2), with both excitatory and inhibitory synapses locating 

lateral to neuronal somas and enriched in the neuropil (Figure 3.8A and B). 

Using a custom puncta-finding Matlab program, we compared the numbers of 

excitatory and inhibitory synapses in WT and glyt1 mutant. Interestingly, the number of 

either excitatory or inhibitory synapses does not differ between WT and glyt1 mutants 

(PSD-95 F(1,17) = 2.09, p = 0.1706; gephyrin F(1,17) = 2.02, p = 0.2911; Figure 3.8C and 

D). As a result, the ratio of PSD-95/gephyrin puncta numbers (E/I puncta ratios) in the 

glyt1 mutants is also similar to WT, at a ratio nearly 1 (F(1,17) = 0.0053, p = 0.9428; Figure 

3.8E). 

We also compared puncta densities in WT and glyt1 mutant. Increased puncta densities 

in glyt1 mutants were observed for both PSD-95 and gephyrin (student’s t-tests, PSD-95 p 

= 3.4362 × 10-5, gephyrin p = 0.0004; Figure 3.8F and G). Since the numbers of PSD-95 

and gephyrin puncta in WT and glyt1 mutants cannot explain the difference in puncta 
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densities, the higher excitatory and inhibitory puncta densities in glyt1 mutants indicate a 

change in the spatial patterns of synapses. 

Figure 3.8 glyt1 mutant has similar numbers of synapses as WT, but exhibits higher 
synapse densities 
Transverse sections through fast-frozen 72 hpf WT (A) and glyt1 mutant larvae (B) were 
stained for excitatory PSD-95 (red) and inhibitory gephyrin (GPHN, green) post-synaptic 
scaffolding proteins. DAPI labels nuclei (blue). Representative images for each stage are 
displayed as groupings of four images. The leftmost image gives a low-magnification view 
of the full spinal cord with the regions boxed in white magnified in the subsequent three 
images. Scale bar, 5 µm. (C) – (D) The total numbers of PSD-95 (C) and gephyrin puncta 
(D) at 72 hpf are plotted in WT and glyt1 mutant larvae. (E) The ratios of PSD-95/gephyrin 
puncta numbers at 72 hpf are plotted in WT and glyt1 mutant larvae. The dashed blue line 
indicates a ratio of 1. (F) – (G) The densities of PSD-95 (F) and gephyrin puncta (G) at 72 
hpf are plotted in WT and glyt1 mutant larvae. Each data circle represents the data from 
one transverse section of a single zebrafish embryo or larva. Means ± SEMs overlay 
individual data points. Statistical comparisons in (C) – (E) utilized one-way ANOVA. 
Statistical comparisons in (D) and (F) utilized heteroscedastic student’s t-test. Asterisks 
indicate statistical significance (*** p ≤ 0.001).  
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In summary, compared to WT, the glyt1 mutants exhibit higher synapse densities at 72 

hpf. This increase of puncta density exists at both excitatory and inhibitory synapses, and 

is not caused by a formation of more synapses, thus indicating that synapses are more 

clumped in the glyt1 mutant. 

 

Regular spacing between adjacent excitatory synapses increases while inhibitory synapses 

are more clumped in glyt1 mutant spinal cord 

To determine the changes in spatial patterns of synapses in the glyt1 mutants, we 

performed the Ripley’s L-functions. This spatial statistical analysis allowed us to determine 

the distribution patterns of PSD-95 and gephyrin puncta in WT and glyt1 mutant spinal 

neuropil, quantitatively testing whether the puncta distributions are clumped/clustered, 

random, or regular/dispersed109, 110 (Figure 2.5A). At small spatial scales, PSD-95 puncta 

in both WT and glyt1 mutants exhibit highly dispersed pattern; however, the mutant PSD-

95 puncta remain dispersed until a much larger scale compared to WT (Figure 3.9A and 

D). Since such dispersed patterns at small scales are signs of regular spacing between 

adjacent puncta (Figure 2.3C1-C4), the patterns of PSD-95 indicate that adjacent excitatory 

synapses maintain regular spacing at larger special scales in the glyt1 mutants. At lager 

spatial scales, PSD-95 puncta exhibit random distributions in both WT and glyt1 mutants. 

Gephyrin puncta also exhibit such regular spacing at small scales in both WT and glyt1 

mutants. In contrast to PSD-95 puncta, the scales for such spacing in both genotypes are 

similar. However, at large scales, while gephyrin puncta distribute randomly in WT, they 

are more clumped in the glyt1 mutants (Figure 3.9B and E). 



64 
 

 
 

We also quantified the relative distribution patterns between excitatory and inhibitory 

synaptic puncta. While the distributions of PSD-95 and gephyrin puncta are generally 

independent from each other (Figure 3.9C and F; within the gray confidence envelope), the 

pattern in glyt1 mutants is more clumped at large scales compared to that in WT. This 

suggests that excitatory and inhibitory synapses tend to locate closer each other in the 

mutant spinal neuropil, which is consistent with the higher puncta densities in the mutants 

(Figure 3.8F and G). 

Figure 3.9 Point-pattern analysis shows that distribution patterns of PSD-95 and 
gephyrin puncta in the glyt1 mutant differ from the patters in WT 
Ripley’s L-functions are calculated separately for PSD-95 (A, D) and gephyrin (GPHN) 
puncta (B, E), and together for the relative localization of PSD-95 and gephyrin puncta (C, 
F) in 72 hpf WT (A-C) and glyt1 mutant (D-F).  In each L-function plot, the L-function 
curve is indicated by solid line with darker color with filled circles, and boundaries of the 
95% confidence envelope for random distribution are indicated by the light-colored dotted 
lines with open circles, with the confidence envelope indicated in gray. The position of the 
L-function curve at a given spatial scale relative to the confidence envelope reveals the 
spatial pattern of the given puncta distribution: clumped/clustered (above the envelope), 
random (within the envelope), or dispersed/regular (below the envelope). The x-axis 
shows the scale radius (r), ranging from 0 to about half the height of spinal cord transverse 
sections, 40 µm. Each L-function graph is generated from images of 9 fish from 3 
independent experiments.  
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Therefore, in 72 hpf glyt1 mutants, the distribution patterns of excitatory and inhibitory 

synapses are distinct in the following ways: excitatory synapses exhibit regular spacing 

between each other at larger spatial scales while inhibitory synapses are more clumped. In 

addition, the localization of excitatory and inhibitory synapses are more closely associated 

with each other. 

 

The M-L pattern of excitatory and inhibitory synapses is maintained in glyt1 mutants 

Given that excitatory and inhibitory synapses form a stable systems-level medial-lateral 

(M-L) pattern in spinal neuropil during normal development (see Chapter 2), we then tested 

whether this M-L pattern is altered in glyt1 mutant. By dividing the spinal neuropil regions 

into the medial and lateral halves in Matlab (Figure 3.10A), we quantified the proportion 

of PSD-95 and gephyrin puncta locating in the lateral half of the neuropil. WT and glyt1 

mutants exhibit the same pattern: around 60% of PSD-95 puncta are enriched in the lateral 

half of the neuropil, while significantly less gephyrin puncta locate there (genotype × 

puncta type F(1,35) = 0.08, p = 0.7870; puncta type F(1, 35) = 79.95, p = 1.0 × 10-7, post 

hoc Bonferroni p < 0.0001; Figure 3.10B). 

We further analyzed the M-L synapse patterns in the five M-L zones in WT and glyt1 

mutants (Figure 3.11A). In both WT and glyt1 mutants, gephyrin is more enriched than 

PSD-95 in Zone 3 and 4, the most medial neuropil region (WT: Zone 3 p < 1.0 × 10-7, Zone 

4 p < 0.05; glyt1 -/-: Zone 3 p < 0.01, Zone 4 p < 0.05), while PSD-95 is more enriched in 

Zone 5, the most lateral neuropil (Zone 5: WT p < 1.0 × 10-14, glyt1 -/- p < 1.0 × 10-7; 

genotype × puncta type × Zone F(4,79) = 2.37, p = 0.0595; puncta type × Zone F(4,79) = 

53.95, p < 0.0001; Zone F(4,79) = 321.86, p < 0.0001). Though in both WT and glyt1 
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mutants, there are similar numbers of excitatory and inhibitory synapses at this stage 

(Figure 3.8E), significant differences between PSD-95 and gephyrin puncta numbers still 

exist in Zone 5, the most lateral zone, in both WT and glyt1 mutants (in both WT and glyt1 

-/- p < 1.0 × 10-6; genotype × puncta type × Zone F(4,79) = 0.27, p = 0.8938; puncta type 

× Zone F(4,79) = 28.88, p < 0.0001; Zone F(4,79) = 111.16, p < 0.0001). There is no 

significant difference in puncta frequencies or number distributions in any zone between 

WT and glyt1 mutants (frequency: genotype F(1,79) = 0.48, p = 0.4894; puncta number: 

genotype F(1,79) = 2.18, p = 0.1613; Figure 3.11D-G). Interestingly, when we overlaid the 

mutant puncta frequency distribution curves onto the WT ones, we found subtle 

differences: in glyt1 mutants, the frequency distributions of both PSD-95 and gephyrin 

exhibit narrower peaks compared to WT, and the peak frequency values are higher in the 

mutants as well; the curves shift slightly towards the lateral neuropil, making both types of 

Figure 3.10 The relative spatial enrichment of gephyrin and PSD-95 puncta is 
maintained in glyt1 mutant spinal neuropil 
(A) To test for distribution of puncta along the medial-lateral (M-L) axis of the neuropil, 
the midline of the neuropil was calculated in Matlab (white line; see Materials and 
Methods). (B) The percentage of PSD-95 and gephyrin (GPHN) puncta located in the 
lateral half of neuropil is plotted in 72 hpf WT (left) and glyt1 mutant (right). Each pair of 
open circles connected by a line represents PSD-95 and gephyrin puncta calculations from 
a single fish larva. Dashed grey line at 50% represents no M-L spatial bias. Asterisks 
indicate statistical significance (*** p ≤ 0.001, two-way ANOVA, post hoc Bonferroni 
correction). 
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puncta more enriched in the middle neuropil compared to those of WT (Figure 3.11B and 

C). Such enrichment is consistent with the higher puncta densities observed in the glyt1 

Figure 3.11 glyt1 mutants exhibit the same M-L synapse pattern as WT 
(A) M-L distribution analysis. A representative spinal cord section (upper panel) stained 
for PSD-95 (magenta), gephyrin (GPHN, green), and DAPI-labeled nuclei (blue). The 
spinal cord midline is defined as 0%, with spinal cord lateral edges defined as 50%. A 
stylized section (lower panel) shows the division of five medial-lateral (M-L) zones (Zone 
1: 0-10%, Zone 2: 11-20%, Zone 3: 21-30%, Zone 4: 31-40%, Zone 5: 41-50%) used in 
(D)-(G). In (B)-(G), the light blue regions in the background indicate Zones occupied by 
neuronal somas at 72 hpf. (B-C) M-L distributions of PSD-95 (B) and gephyrin puncta (C) 
in 72 hpf WT and glyt1 mutants. Average percentages of PSD-95/total PSD-95 and 
gephyrin/total gephyrin distributed at 1% intervals along the M-L axis in WT (n = 9) and 
glyt1 mutants (n = 9) are graphed. Inserts show the cumulative probability curves. (D-E) 
Bar graphs compare the percentages of PSD-95 (D) or gephyrin puncta (E) in 72 hpf WT 
and glyt1 mutants in each zone. (F-G) Bar graphs compare the numbers of PSD-95 or 
gephyrin puncta in 72 hpf WT and glyt1 mutants in each zone. Statistical tests in the inserts 
in (B)-(C) are KS test. Statistical tests in (D)-(E) and (F)-(I) are three-way ANOVA, 
followed by post hoc Bonferroni corrections. 
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mutants (Figure 2.6F and G), though this difference in spatial patterns is so subtle that the 

KS tests for cumulative probability did not detect any statistical significance (p = 0.9802 

for both PSD-95 and gephyrin; Figure 3.11B and C; inserts). 

Therefore, similar to the system-level M-L pattern of pre-synaptic neuronal processes 

(Figure 3.7), despite of E/I balance perturbation in the glyt1 mutants, the systems-level M-

L synapse pattern is still maintained in the spinal cord. 

 

Caudal primary motor neurons form more small dendritic branches in the glyt1 mutant 

 To understand how the post-synaptic motor neuron dendrites change in the glyt1 

mutants, we analyzed the branching of caudal primary (CaP) motor neuron dendritic 

arbors. A previous study has shown that the dendritic dynamics of zebrafish spinal motor 

neurons can alter in response to perturbations of E/I balance25. Since CaP motor neuron 

dendrites do not become highly branched until 96 hpf or later (Figure 2.9A), we injected 

Texas-Red dextran into ventral musculature of 72 hpf  zebrafish larvae to retrogradely label 

CaP motor neurons119, and imaged and analyzed CaP motor neuron dendritic branching 

patterns at 96 hpf (Figure 3.12A). We found that compared to WT, the glyt1 mutants have 

a higher proportion of CaP motor neurons with secondary or tertiary dendrites (Figure 

3.12B). This difference accompanies difference in the length of dendritic branches, which 

was defined as the distance from the starting point the measured dendritic branch to its first 

branching point to smaller dendrites. Compared to WT, the mutant neurons have shorter 

primary dendritic branches and longer secondary and tertiary branches (Figure 3.12C). 

Though the differences are not statistically significant (p > 0.05 for all branch orders, 
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student’s t-tests with Bonferroni correction), they suggest a trend that the distance before 

branching is shortened in the mutant dendrites.  

Taken together, the mutant CaP motor neuron dendrites start to branch out earlier 

during their extension, and they also form more small branches, which are probably 

associated with the subtle changes of synapse spatial patterns in the mutant. 

Figure 3.12 The dendritic branching pattern of caudal primary motor neurons differs 
in WT and glty1 mutant 
(A) Lateral view of Texas Red dextran labeled caudal primary (CaP) motor neurons in 96 
hpf WT and glyt1 mutant. The anterior of the fish larvae is to the left. Some secondary 
motor neurons are also labeled. A CaP motor neuron on the contralateral side of the glyt1 
mutant is also lightly labeled in the image. Scale bars, 10 µm. (B) The percentages of CaP 
motor neurons with primary (1ary), secondary (2ary) and tertiary (3ary) dendritic branches 
are plotted in 96 hpf WT and glyt1 mutants. (C) The lengths of primary (1ary), secondary 
(2ary) and tertiary (3ary) dendritic branches are plotted in 96 hpf WT and glyt1 mutants. 
The length of a branch is defined as the distance between the start point and the first 
branching point of that branch. Error bars represent SEMs. 
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 Discussion 

In this study, we compared the spatial patterns of synapses in WT and glyt1 mutants at 

the beginning of the mutant’s recovery process. Interestingly, we found that the systems-

level patterns observed in WT are maintained in the glyt1 mutant. Rather, the mutants alter 

synapse spatial patterns at much finer scales. These results indicate that the re-

establishment is likely associated with fine-scale regulation of synapse distributions, rather 

than alteration of the general, system-level pattern. 

 

Spatial patterns of synapses in the glyt1 mutant spinal cord 

We found that the system-level pattern of excitatory and inhibitory synapses and 

neuronal process is maintained in the glty1 mutant spinal cord; instead, changes of synapse 

spatial patterns occur at much finer scales. Given that this systems-level pattern is 

established early in development and also maintained through the spinal cord development, 

this pattern exhibits incredible stability in developmental changes and in the glyt1 mutant 

genetic perturbation. Therefore, this systems-level pattern likely provides a stable 

framework for spinal connectivity which is fundamental for generating functional motor 

behaviors. This pattern may even be fundamental to allow the re-establishment of E/I 

balance in the glyt1 mutants. Future studies are needed to understand specific roles that this 

systems-level pattern plays in maintaining E/I balance. 

Subtle changes in synapse distribution patterns take place in the glyt1 mutant spinal 

cord, with increased clumping of both excitatory and inhibitory synapses (Figure 3.7F and 

G) towards the middle of the neuropil (Figure 3.10B and C). This means that both 

excitatory and inhibitory synapses exhibit a trend of leaving their original enriched zones; 

and this is likely associated with the change of motor neuron dendritic branching in the 
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glyt1 mutant. These subtle changes occur in the 72 hpf mutants, corresponding to the 

initiation of the recovery process. Therefore, our results support the hypothesis that E/I 

balance in the glyt1 mutants is re-established by subtle changes in synapse distributions, 

rather than alteration of the general pattern. 

 

Synapse distribution alters without changing the numbers of synapses 

While previous findings of alterations of synapse distribution in response to 

perturbations of E/I balance usually accompany changes in synapse numbers23, 24, 61, 161, our 

study shows that the synapse distributions alter in the glyt1 mutants without changing the 

numbers of synapses, suggesting that the regulations of synapse distributions and synapse 

numbers can be uncoupled. While there are only limited studies that have recorded changes 

in both synapse numbers and distributions, a previous study has provided similar 

implications. In mouse brain whisker-to-barrel pathway, 24 hr whisker stimulation leads to 

increased numbers of both excitatory and inhibitory synapses as well as a rearrangement 

of inhibitory synapse locations; however, 4 days after the stimulation, when the E/I balance 

in the neural pathway is recovered and synapse numbers decline to the normal levels, the 

distribution pattern of inhibitory synapses never come back to the baseline23.  It is possible 

that neural circuits allow multiple wiring topologies in generating functional behaviors; 

and this may also explain the remarkable resilience of the nervous system to perturbations 

of E/I balance11, 185. 
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Dendritic branching patterns of motor neurons in the glyt1 mutant 

In our study, we found that CaP motor neuron dendrites exhibit enhanced branching in 

the glyt1 mutant. Previous studies have also revealed dendritic changes of motor neurons 

in response to perturbations of E/I balance25, 186. In zebrafish spinal cord, when E/I balance 

is disrupted by decreasing neuronal excitability, the dendritic filopodia of primary motor 

neurons become less dynamic25, suggesting that a similar phenomenon may also take place 

in CaP motor neurons of the glyt1 mutant. A previous study in zebrafish retina shows that 

stabilization of dendritic branches by formation of synapses is required for further 

branching of the dendrites90. Therefore, one explanation of the increased CaP motor neuron 

dendritic branching in the glyt1 mutants is that decreased dendritic dynamics lead to 

quicker stabilization of dendritic branches, thereby resulting in increased branching. 

Another previous study of mouse embryonic motor neurons with defects in glycine 

transmission has also shown increased branching of motor neurons186. This is curious since 

the zebrafish glyt1 mutants in our study have excessive glycine transmission, which would 

be expected to show the opposite phenomenon to the glycine transmission-defect mice. 

Given that the glycine transmission-defect mice exhibit disrupted E/I balance with 

abnormally high excitatory neurotransmission186, the enhanced dendritic branching in 

motor neurons is likely associated with increased excitation.  Since in our study, the glyt1 

mutants are at the beginning of their motor recovery, the increased motor neuron dendritic 

branching is probably an initiating sign of E/I balance re-establishment. Further studies are 

needed to test this hypothesis. 
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Motor neuron dendritic integration in glyt1 mutants 

In 72 hpf glyt1 mutant larvae, we observed changes in both synapse spatial patterns and 

motor neuron dendritic branching, which are likely linked with each other. Mutant 

synapses are compressed in the middle neuropil, and compared to WT, slightly shifted 

towards the lateral, while the branching point of motor neuron primary dendrites shifts 

medially in glyt1 mutants. Therefore, in mutant motor neurons, there are likely increased 

surface area of secondary dendrites, with more synapses locating there. 

This change of dendritic property and synapse locations would probably change the 

input integrations in glyt1 mutant motor neurons. Previous studies on brain pyramidal 

neurons have revealed the existence of dendritic domains with distinct synaptic inputs, 

excitability and modulation with in the same dendritic arbor163, 164. Another previous study 

in a mouse model of Alzheimer’s disease showed that decreased dendritic length and 

branching in mouse cortical pyramidal neurons are associated with neuronal 

hyperexcitability; their computational modeling has demonstrated that this dendritic 

morphological change itself is sufficient to explain the neuronal hyperexcitability187. 

Therefore, it is possible that the glyt1 mutant motor neurons are re-arranging dendritic 

domains with altered dendritic physiological properties to establish new integration 

patterns that more favorable for mutant motor functions.  

Unlike in mammalian brain neurons163, 187-191, the dendritic properties in zebrafish 

motor neurons remain largely uncharted. Future studies that determine the morphological 

and physiological properties of dendritic arbors in zebrafish motor neurons would provide 

valuable insights into understanding the maintenance of E/I balance in the spinal 

locomotory circuits. 
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Conclusions 

By comparing the spatial patterns of PSD-95 and gephyrin puncta in 72 hpf WT and 

glyt1 mutant spinal cords, we found that the systems-level medial-lateral (M-L) patterns of 

synapses and neuronal processes are maintained, while subtle changes of synapse 

distributions occur in the glyt1 mutant. In the mutants, excitatory synapses exhibit regular 

spacing at larger spatial scales, and inhibitory synapses are more clumped across the spinal 

neuropil. Excitatory and inhibitory synapses are also more clumped with each other, with 

their M-L enrichment territories compressed towards the middle of the neuropil. Consistent 

with changes of synapse distribution, mutant CaP motor neurons also exhibit enhanced 

dendritic branching. These alterations of synapse distributions occur independent of 

changes in synapse numbers. Our observations suggest that subtle changes of synapse 

distribution, rather than alterations of the general pattern, are associated with the initiation 

of motor recovery in the glyt1 mutants, and that regulations of synapse numbers and 

distributions can be uncoupled.  
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Chapter 4: Blocking Inhibition Disrupts Glycinergic Synaptogenesis in Zebrafish 
Spinal Cord 

This study was a collaboration with Dr. Lisa Ganser. I established the immunostaining 

method to simultaneously label glycinergic receptors and inhibitory post-synaptic 

scaffolding protein gephyrin, and conducted the image analysis to reveal glycinergic 

synaptogenesis patterns. The data presented in this chapter was published in Neurobiology 

of Disease in 2013115 with me as a co-first author. 

 

Background 

While E/I balance and synaptogenesis are strongly associated with each other7, 8, how 

perturbations of E/I balance disrupt synaptogenesis is still not completely understood. 

Imbalanced excitatory and inhibitory synaptogenesis is associated with multiple human 

diseases8, one of which is human startle disease, also known as hyperekplexia6. Startle 

disease is an inherited disease with disrupted spinal cord E/I balance. Patients exhibit 

exaggerated startle reflexes and abnormally tense muscles, which may also be 

accompanied by suspension of breathing192, and thus can cause brain damage and/or 

sudden infant death193. These symptoms are caused by reduced glycinergic 

neurotransmission. Because glycine is the major inhibitory neurotransmitter in vertebrate 

hindbrain and spinal cord, reduced inhibitory signaling is thought to explain the 

hyperexcitable phenotype. In startle disease patients, mutations have been found in genes 

encoding glycine receptor (GlyR) α1 and β subunits, five of which come together to form 

the pentameric GlyRs2, 6, 193 (Figure 4.1). Given that glycinergic transmission has been 

reported to play an important role in neuronal differentiation and circuit development186, 

194, the reduction of glycinergic transmission may also impact synaptogenesis process. 
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However, how synaptogenesis is altered by mutations in GlyR subunit genes is not well 

understood. 

Human startle disease can be caused by mutations in genes encoding either the GlyR 

α1 subunit (GLYRA1)192, 195 or the β subunit (GLRB)196. Mutations in GLRB are often 

associated with more severe clinical phenotypes however, including gaze disorders, 

breathing difficulties, learning difficulties and developmental delay197-199. We set out to 

model the α1 and β subunit forms of startle diseases in zebrafish to better understand 

mechanisms underlying such phenotypic difference between losing GlyR α1 and β subunit 

Figure 4.1 Glycine receptors at post-synapses  
A schematic diagram of a glycinergic post-synapse depicts glycine receptors (GlyRs) 
clustered at the post-synaptic density. GlyR α and β subunits are shown in shades of light 
and dark orange, respectively. Other post-synaptic components, including post-synaptic 
scaffolding proteins and cytoskeleton, are shown in black and white. GlyR subunits are 
shown assembled into pentameric, ligand-gated Cl- channels with a 2α:3β subunit 
stoichiometry. Glycine (blue dots) binds to the α subunits of postsynaptic GlyRs. These 
GlyRs are clustered at the synapse via interactions between GlyR β subunit and the 
scaffolding protein gephyrin, which links GlyRs to the cytoskeleton. This figure is 
adapted from Ganser and Dallman, 20092. 
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mutations197-199. At post-synapses, each functional GlyR consists of five subunits, 

including two α subunits and three β subunits. There are at least four independent genes 

(GLRA1-4) encoding α subunits and one gene (GLRB) encoding the β subunits in humans. 

α subunits bind glycine, and β subunits interact with post-synaptic scaffolding protein 

gephyrin to link GlyR to the cytoskeleton2 (Figure 4.1). Despite such well-known 

functions, it remains unclear what roles these different subunits play during glycinergic 

synaptogenesis, and how that is associated with the phenotypic difference in startle disease. 

In this study, we hypothesized that GlyR α and β subunits play distinct roles in 

glycinergic synaptogenesis, which is associated to different behavioral phenotypes after 

disruption. We tested this hypothesis in zebrafish since both GlyR α and β subunit genes 

can be readily knocked down by antisense morpholino injection200; also, given the well-

characterized stereotyped motor behaviors in zebrafish, the resulting behavioral 

phenotypes can be easily qualified4, 201. While humans have five known GlyR subunit 

genes (GLRA1-4 and GLRB), zebrafish genome contains seven GlyR subunit genes (glra1, 

glra2, glra3, glra4a, glra4b, glrba and glrbb)171 due to whole genome duplication early in 

the evolution of teleosts202. Despite this duplication, previous studies have shown that 

mutations in glrbb gene lead to bilateral contractions of the axial muscles, which cannot be 

compensated by glrba function; and this zebrafish mutant bandoneon (beo) has been 

viewed as a model for human startle disease171, 203. Since mutations in GLRA1 and GLRB 

genes have been identified in human startle disease patients2, 6, 192, 193, 195, 196, we targeted to 

glra1 and glrbb genes in zebrafish. 

To compare the synaptogenesis patterns and behavioral phenotypes associated with 

disruption of GlyR α1 and βb subunits, we used splice-site morpholinos204 to knock down 
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glra1 and glrbb genes. We immunostained with antibodies against GlyR and post-synaptic 

scaffolding protein gephyrin to analyze glycinergic synaptogenesis patterns in glra1 and 

glrbb morphants. We also analyzed embryonic motor behaviors in these morphants to 

identify the phenotypic range after knocking down each gene. With this strategy, we were 

able to reveal different roles of α1 and βb subunits in glycinergic synaptogenesis and the 

link between glycinergic synaptic transmission and functional rhythmic motor behaviors. 

 

Materials and Methods 

Fish care and embryo rearing 

Experiments were conducted on offspring from Danio rerio WT strains AB, Tubingen, 

and BWT (a fish store strain from Long Island). Zebrafish were maintained on a 14-hour 

light and 10-hour dark cycle at 28.5 °C and fed twice daily. Fertilized eggs were obtained 

by natural crossing after removing a divider at first light. Embryos were raised in glass 

petri dishes with system water at 28.5 °C in an incubator with the same light/dark cycle, 

and staged according to time in hpf and Kimmel, 1995113. All animal protocols were 

approved by the Institutional Animal Care and Use Committee of University of Miami. 

 

Splice-site targeted morpholino knockdown 

We designed splice site-targeted morpholinos (MOs) against glra1 and glrbb based 

upon the appropriateness of the sequence for effective MO knockdown, with 50% GC 

content and multiple mismatches to related genes. To control for possible off-target effects, 

two independent MOs were designed against intron/exon boundaries shared among all 

glra1 transcripts: glra1MOex4 5’-GAATTGTCCTCTCACCTTATACTGT-3’ and 

glra1MOex7 5’-CTTCCCTGAAACACAGAGAGTATGT-3’. The glra1MOex4 targeted 



79 
 

 
 

the 3’ acceptor site of glra1 exon 4 that encodes amino acids involved in glycine binding205, 

and the glra1MOex7 targeted the 5’ donor site of glra1 exon 7 that encodes the first two 

membrane-spanning domains (M1 and M2) (Figure 4.2 A). Since the phenotype of target 

zebrafish glrbb mutant beo has been described previously203, off-target effects were not a 

concern for the glrbb MO. Therefore, we designed one splice site-targeted MO against 3’ 

acceptor site of glrbb exon 5, one of the largest exons upstream of the transmembrane 

domains (Figure 4.2C): glrbbMOex5 5’-GAGAGCATTAAAGTTCACCTCATGC-3’. 

Standard control MO (Gene Tools, LLC, Philomath, OR) was used for control MO 

injection. Lyophilized MOs were resuspended in water as 1 mM stocks, stored at room 

temperature, and heated for 5 min to 65 °C prior to use. For injection, stock solutions were 

diluted in a filtered solution of 1% (w/v) fast-green dye. The working concentration was 

0.25 mM for glra1MOex4, 0.5 mM for glra1MOex7, 0.5 mM for glrbbMOex5, and 

0.5 mM for control MO, respectively.  MOs were injected into WT embryos at the 1–2 cell 

stage, with 2 nl working solution per embryo. Embryos were sorted 6–8 hrs after injection, 

and only morphants in which the MO bolus had evenly dissipated were later analyzed for 

behavioral phenotypes.  The specificity of altered pre-RNA splicing in glra1 and glrbb 

genes caused by MO injection was examined by RT-PCR analysis with RNA harvested 

from MO-injected embryos at 28 hpf (Figure 4.2B and D). 

 

Immunohistochemistry and quantification of synaptic puncta 

Cryosectioning and antibody staining of zebrafish embryonic spinal cords were 

performed as described in Chapter 2. Anti-gephyrin (clone mAb7a, mouse IgG1, 1:500,  

Synaptic Systems, Göttingen, Germany), and a pan anti-GlyR α subunits (clone mAb4a, 
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Figure 4.2 Specificity of splice-site-blocking morpholinos 
(A) and (C) show schematic representation of the zebrafish GlyR α1 subunit (glra1) (A) 
and βb subunit (glrbb) genes (C), respectively. Exons, shown as black boxes, are connected 
by introns, shown as lines. Exons encoding membrane-spanning domains M1–M4 are 
indicated. The arrow pair above each schematic representation indicates diagnostic primers 
for examining morpholino (MO) specificity; the dotted line between the arrow pair 
indicates the region amplified in PCR using the diagnostic primers. (B) and (D) show RT-
PCR results demonstrating specificity of altered pre-mRNA splicing of glra1 (B) and glrbb 
(D) caused by MO injection, respectively. The leftmost lane contains a size standard ladder. 
The upper gels show the PCR using diagnostic primers shown in (A) and (C), with cDNA 
templates synthesized using a gene-specific primer for the targeted gene. In the lower gels, 
PCR for a glyt2 cDNA (slc6a5), amplified from cDNA synthesized using anchored oligo-
dT primers, is used as a loading control. (A) Schematic representation of glra1 gene. Two 
of the exons, 2a and 2b, are alternatively spliced as indicated by multiple possible intron 
lines. Two distinct splice-site-blocking MOs (thick black bars) were designed to knock 
down glra1 expression by masking exon/intron junctions. Exon4/intron4 is masked by 
glra1MOex4, and intron6/exon7 by glra1MOex7. Diagnostic primers were designed to 
amplify exons 3 to 8 to detect MO-induced mis-splicing events. (B) RT-PCR analysis for 
glra1 MO specificity. The three rightmost lanes contain RT-PCR of RNA samples from 
28 hpf embryos injected with control MO, glra1MOex4, and glra1MOex7, respectively. 
In contrast to control morphants that show a single strong PCR product at 759 bp, 
glra1MOex4 morphants exhibit reduced levels of the wild-type PCR product and a new 
product of 698 bp, indicating exon skipping. Likewise, glra1MOex7 morphants exhibit 
reduced levels of the wild-type PCR product and two PCR products of 621 and 544 bp in 
size. (C) Schematic representation of glrbb gene. The glrbbMOex5 splice-site-blocking 
MO (thick black bar) was designed to knockdown glrbb expression by masking exon/intron 
junction intron4/exon5. Diagnostic primers designed to amplify exons 5 to 8 were used to 
detect MO-induced mis-splicing events. (D) RT-PCR analysis for glrbb MO specificity. 
The two rightmost lanes of RT-PCR from RNA samples of 28 hpf embryos injected with 
control MO and glrbbMOex5, respectively. In contrast to control morphants, where a 
single strong PCR product of 430 bp is detected, glrbbMOex5 morphants exhibit reduced 
levels of the wild-type PCR product and a new product of 274 bp, indicating exon skipping.  
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mouse IgG1, 1:100, Synaptic Systems)171 were used as primary antibodies. Alexa 488- and 

Alexa 568-conjugated donkey anti-mouse IgGs were used as secondary antibodies (1:2000, 

Life Technologies, Carlsbad, CA). Double staining with anti-gephyrin and anti-GlyR α 

subunit antibodies was performed sequentially. Stained sections were mounted in 

Vectashield/DAPI and images were captured on a confocal microscope using a 1.4 NA 63 

× oil objective. Stained GlyR α subunit and gephyrin puncta were identified using custom 

Matlab programs as described in Chapter 2. For GlyR α subunit and gephyrin puncta co-

localization analysis, puncta in the three-dimensional stack were first found by custom 

Matlab programs117, 118. Then the three-dimensional location of each voxel in all GlyR α 

subunit puncta and gephyrin puncta were compared in Matlab to identify the colocalized 

puncta. 

 

Behavior analyses 

A high-speed camera (1024 Photron FASTCAM, San Diego, CA) was used to record 

spontaneous and touch-evoked behaviors of 17 to 50 hpf control, glra1, and glrbb 

morphants. Embryos were manually dechorionated. Spastic behaviors were characteristic 

of all groups just after dechorionation. Therefore, behavioral assays were conducted at least 

1 hr after dechorionation. Videos were scored by hand to categorize behaviors and quantify 

behavior durations. 
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Statistics 

Data were tested for independence, normality and homogeneity of variance, before they 

were analyzed by ANOVA. Bonferroni correction was applied for post hoc student’s t-

tests.  

 

Results 

Glycinergic synaptogenesis differs in control, glra1, and glrbb morphant zebrafish 

To compare the impact of knocking down GlyR α1 and βb subunits on glycinergic 

synaptogenesis, we carried out immunostaining in 24 and 48 hpf spinal cord transverse 

sections, double-labeling GlyR α subunits, which are required for glycine binding function 

of GlyR, and the post-synaptic scaffolding protein gephyrin, which clusters GlyRs at post-

synapses. At 24 and 48 hpf, many spinal cord cells are still actively dividing progenitors137, 

which locate in the middle of the spinal cord, surrounded by differentiated neurons that 

have exited the cell cycle; these differentiated neurons include Rohon Beard sensory 

neurons, some interneuron types182, and primary motor neurons120 (Figure 4.3; diagrams). 

Since motor neurons serve as an interface between the central nervous system and the 

muscles that generate motor behaviors, for immunostainings of GlyR and gephyrin, we 

focused on regions around the largest nuclei in the motor neuron domain (Figure 4.3; white 

boxes), which are likely primary motor  neurons. GlyR α and gephyrin staining were both 

characterized by bright puncta which reflect clustering of these proteins at post-synaptic 

densities. Interestingly, in control morphants, GlyR α puncta and gephyrin puncta do not 

colocalize until 48 hpf (Figure 4.3A and 4.4B). In 24 hpf control morphants, gephyrin 

puncta are enriched exclusively on the lateral domain occupied by differentiated neurons, 
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Figure 4.3 GlyR α puncta are reduced in glra1 morphants and absent in glrbb 
morphants 
Transverse sections through 24 hpf (left; A–D) and 48 hpf (right; A′–D′) embryonic spinal 
cords were stained for GlyR α subunits (red), gephyrin (green), and nuclei (blue). Diagrams 
above the micrographs show the tight packing of spinal cord cells. In these diagrams, cells 
with purple cytoplasm represent the differentiated neurons: primary motor neurons that 
exit the spinal cord to innervate muscle, early differentiating interneurons, and dorsal 
sensory Rohon Beard neurons. These differentiated neurons form in a rind that surrounds 
the medial stem cells, outlined in gray. Below the diagrams, representative images for each 
stage and morpholino treatment are displayed as groupings of four images with the leftmost 
image giving a low magnification view of the entire spinal cord with the motor/inter-neuron 
region boxed in white magnified in the subsequent three images. (A) – (D) GlyR α and 
gephyrin double staining in 24 hpf control (A), glra1MOex4 (B), glra1MOex7 (C), and 
glrbbMOex5 morphants (D), respectively. Near the spinal cord midline, GlyR α puncta 
decorating precursor cells are indicated with red arrowheads. In the lateral spinal cord, 
GlyR α puncta are indicated with red arrows and gephyrin puncta are indicated with green 
arrows. Yellow arrows indicate colocalization of GlyR α and gephyrin puncta. (A′) - (D′) 
GlyR α and gephyrin double staining in 48 hpf control (A′), glra1MOex4 (B′), 
glra1MOex7 (C′), and glrbbMOex5 morphants (D′), respectively. Scale bars, 10 μm. 



84 
 

 
 

while GlyR α puncta also decorate the middle progenitors (Figure 4.3A; red arrowheads); 

and there is little overlap between GlyR α and gephyrin staining even when expressed on  

the same neurons (Figure 4.3A; red and green arrowheads). By 48 hpf, more neurons have 

differentiated and formed more synapses, which are enriched in the lateral spinal cord as 

described in Chapter 2. In 48 hpf control morphants, GlyR α and gephyrin puncta are both 

enriched in the lateral spinal cord, and colocalize with each other (Figure 4.3A′). 

In contrast to control morphants, glra1 morphants with either glra1MOex4 or 

glra1MOex7 exhibit GlyR α-gephyrin colocalization at 24 hpf. In both glra1 morphants at 

24 hpf, GlyR α puncta in the middle spinal cord are dramatically reduced, with remaining 

GlyR α puncta enriched in the lateral spinal cord, colocalizing with gephyrin puncta (Figure 

4.3B and C).  This pattern in glra1 morphants persists at 48 hpf, though GlyR α and 

gephyrin puncta are enriched more laterally relative to nuclei than in control morphants 

(Figure 4.3B′ and C′). 

In glrbb morphants, at 24 hpf, GlyR α puncta are not only missing from the middle of 

the spinal cord, but are also reduced in the lateral spinal cord. Gephyrin puncta still occur 

in the lateral spinal cord in 24 hpf glrbb morphants with the absence of GlyR α puncta 

(Figure 4.3D). At 48 hpf, despite of visible diffuse GlyR α staining in the lateral spinal 

cord of glrbb morphants, there are no clear GlyR α puncta. Since the puncta staining pattern 

likely reflects post-synaptic clustering of GlyRs, this staining pattern in 24 hpf glrbb 

morphants indicates that GlyR α subunits are being expressed but fail to cluster at post- 

synapses. Gephyrin puncta are smaller than those in control and glra1 morphants, and 

locate even more laterally relative to nuclei than in either glra1 or control morphants 

(Figure 4.3D′).  
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In summary, both glra1 and glrbb morphants exhibit reduced punctate GlyR α staining. 

In glra1 morphants, this reduction occurred mostly in the middle spinal cord at 24 hpf; 

though remaining GlyR α still form in the lateral spinal cord, which presumably consist of 

other GlyR α subunits, colocalizing with gephyrin puncta. In glrbb morphants, GlyR α 

puncta are lost in both the middle and lateral spinal cord, which is likely explained by a 

failure of GlyRs to cluster at post-synaptic densities. 

 

GlyR α puncta reduction shows different patterns in glra1 and glrbb morphants 

Given the disrupted glycinergic synaptogenesis in glra1 and glrbb morphants, we 

quantitatively analyzed the density of GlyR α puncta and the colocalization of GlyR α and 

gephyrin puncta in all the morphants. At 24 hpf, the expression regions of GlyR α puncta 

in spinal cord transverse sections are very different in control, glra1 and glrbb morphants, 

making it difficult to conduct accurate comparison of GlyR α puncta density in different 

morphants. At 48 hpf, both glra1MOex4 and glra1MOex7 morphants exhibit significantly 

lower density of GlyR α puncta than control morphants (p < 0.05 for both glra1MOex4 

and glra1MOex7), while GlyR α density in glrbb morphants is comparable with that in 

control morphants (F(3,16) = 4.39, p = 0.02; Table 4.1). Surprisingly, gephyrin density is 

maintained at the control morphant level in all glra1 and glrbb morphants (F(3,16) = 2.03, 

p = 0.15; Figure 4.4A; Table 4.1). 

The colocalization of GlyR α and gephyrin puncta also shows different patterns in 

different morphants. In control morphants, the proportion of GlyR α puncta colocalized 

with gephyrin is smaller at 24 hpf than at 48 hpf (Figure 4.3A and A′, and Figure 4.4A and 

C; Table 4.1). Curiously, at 24 hpf, while both glra1MOex4 and glra1MOex7 morphants 
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exhibit lateral colocalization of GlyR α and gephyrin puncta (Figure 4.3B and C), only 

glra1MOex4 morphants have significantly more GlyR α colocalized with gephyrin. 

glra1MOex7 morphants actually have a similar proportion of GlyR α colocalized with 

gephyrin as control morphants. As with glra1MOex7, glrbb morphants also exhibit 

significantly fewer GlyR α puncta colocalized with gephyrin (Figure 4.4B; Table 4.1). 

 

Figure 4.4 GlyR densities are significantly reduced in glra1 morphants, while the 
percentage of GlyRs that colocalize with gephyrin is reduced in glrbb morphants 
(A) GlyR α and gephyrin (GPHN) densities were calculated in control (n = 6), glra1 (ex4 
n = 3, ex7 n=7), and glrbb (n=4) morphants at 48 hpf. (B) – (C) Colocalization of GlyR α 
and gephyrin puncta was calculated in control, glra1MOex4, glra1MOex7 and glrbb  
morphants at 24 (B) and 48 hpf (C) (24 hpf: Control n = 7 fish, glra1ex4 n = 36fish, 
glra1ex7 n = 3 fish, glrbbex5 n = 3 fish; 48 hpf: Control n = 6 fish, glra1ex4 n = 3 fish, 
glra1ex7 n = 7 fish, glrbbex5 n = 5 fish). Bar graphs show means with error bars indicating 
SEMs for all groups. Asterisks indicate statistical significance (* p ≤ 0.05, ANOVA with 
post hoc Bonferroni correction). 
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Table 4.1 GlyR α and gephyrin puncta density and colocalization in morphants at 24 
and 48 hpf 
Numbers show GlyR α and gephyrin (GPHN) puncta densities, and proportions of GlyR α 
and gephyrin puncta colocalized with each other. Numbers correspond to the data in Figure 
4.4. Numbers are shown in means +/- SEMs. 24 hpf: Control MO n = 7 fish, glra1ex4 MO 
n = 36fish, glra1ex7 MO n = 3 fish, glrbbex5 MO n = 3 fish; 48 hpf: Control MO n = 6 
fish, glra1ex4 MO n = 3 fish, glra1ex7 MO n = 7 fish, glrbbex5 MO n = 5 fish. 

 Control 
MO 

glra1ex4 
MO 

glra1ex7 
MO 

glrbbex5 
MO 

Puncta density 
(µm-2) 
48 hpf 

GlyR α 0.5332 ± 
0.0889 

0.1997 ± 
0.0126 

0.3182 ± 
0.0381 

0.3565 ± 
0.0452 

GPHN 0.2352 ± 
0.0367 

0.1721 ± 
0.0227 

0.2844 ± 
0.0537 

0.1349 ± 
0.0279 

Proportion 
with 
colocalization  

24 
hpf 

GlyR α 3.57 ± 
0.41 % 

27.85 ± 
7.53 % 

4.66 ± 
2.32 % 

5.65 ± 
0.88 % 

GPHN 57.33 ± 
3.94 % 

71.22 ± 
4.56 % 

71.55 ± 
7.21 % 

57.76 ± 
20.51 % 

48 
hpf 

GlyR α 47.44 ± 
5.02 % 

59.49 ± 
4.25 % 

45.65 ± 
6.33 % 

27.06 ± 
4.66 % 

GPHN 66.05 ± 
4.54 %  

61.87 ± 
2.46 % 

61.34 ± 
3.84 % 

48.05 ± 
10.92 % 

 

At 48 hpf, the colocalization pattern changes; compared to 24 hpf, all the morphants 

have higher proportions of GlyR α puncta colocalized with gephyrin (Table 4.1). While  

glra1MOex4 morphants still have the largest proportion of GlyR α colocalized with 

gephyrin, the only significant difference observed exists between glra1MOex4 and glrbb 

morphants. Unlike glra1MOex4, glra1MOex7 morphants have similar colocalization 

proportion as control morphants (Figure 4.4C), which is probably due to a large number of 

peri-nuclear GlyR α puncta that fail to colocalize with gephyrin (Figure 4.4C′). This pattern 

likely represents GlyRs trapped intracellularly. This difference between glra1MOex4 and 

glra1MOex7 morphants can be explained by a failure of the GlyR α antibody to detect 
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intracellular GlyRs in glra1MOex4 morphants, since this antibody targets amino acids 96-

105 that are missing in glra1MOex4 morphant α1 subunit. This also indicates that the GlyR 

α puncta observed in glra1MOex4 morphants likely consist of other GlyR α subunits. On 

the other hand, the significant difference between glra1MOex4 and glrbb morphants also 

shows that the colocalization between GlyR and gephyrin is disrupted in glrbb morphants. 

In summary, our quantitative analysis reveals that knocking down the α1 and βb 

subunits leads to different patterns of glycinergic synaptogenesis: knocking down the α1 

subunit leads to a reduction of GlyR puncta while knocking down the βb subunit disrupts 

the colocalization of GlyR and gephyrin. 

 

glrbb morphants exhibit more severe motor defects than glra1 morphants 

Compared to control morphants, both glra1 and glrbb morphants exhibit spastic and 

erratic behaviors during 24-36 hpf. Spastic behaviors are characterized by hitches, defined 

as pauses that interrupt the smooth progression of alternating left-right bending during 

movements. Behaviors of these morphants were also erratic, lacking stereotypy when 

elicited multiple times. Compared to control morphants, glra1 and glrbb morphants exhibit 

significantly longer latency from rest to the first coil (F(3,334) = 15.8225, p = 0.0001; p < 

0.05 for all the three pairwise comparisons; control MO 109 ± 1.21 ms, n = 83 fish, 

glra1MOex4 296 ± 1.87 ms, n = 93 fish, glra1MOex7 444 ± 5.81 ms, n = 93 fish; 

glrbbMOex5 241 ± 3.97 ms, n = 69 fish; Figure 4.5A). Hitches were also observed in all 

glra1 and glrbb morphants (Figure 4.5B). In addition to lengthened latency and spasticity, 

glrbb morphants also exhibit the accordion phenotype, which is characterized by 
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simultaneous bilateral contraction of trunk muscles that shortens the body axis178 (Figure 

4.5C). 

In summary, glra1 and glrbb morphants both exhibit defects in embryonic rhythmic 

motor behaviors. However, similar to human patients with mutations in GLRA1 and GLRB 

genes, glrbb morphants also exhibit more severe motor defects than glra1 morphants, 

especially with the accordion phenotype. 

 

Discussion 

Our study demonstrated that knocking down glrbb gene disrupts colocalization of GlyR 

and gephyrin, which corresponds to the more severe accordion phenotype compared to 

glra1 morphants. Our findings are consistent with the clinical phenotypes of human startle 

disease patients with mutations in GLRB gene, and indicates that such clinical phenotypes 

Figure 4.5 Both glra1 and glrbb morphants exhibit spasticity, but bilateral 
contraction manly occurs in glrbb morphants 
Plots show the latency from rest to first coil (A), duration of hitch (B), and duration of 
bilateral contraction “accordion” behavior (C) in control (n = 83 fish), glra1MOex4 (n = 
92 fish), glra1MOex7 (n = 92 fish), and glrbbMOex5 (n = 69 fish) morphants. Each data 
dot represents one individual fish. In (A), asterisks indicate statistically significant 
difference from control morphants (* p ≤ 0.05), and the black triangle indicates that 
glra1MOex7 morphants have significantly longer latency than glra1MOex4 and glrbb 
morphants (p ≤ 0.05). The statistical test used was ANOVA followed by post hoc 
Bonferroni corrections. 
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are likely associated with lack of interaction between GlyR and post-synaptic scaffolding 

protein gephyrin. 

 

Knocking down GlyR α1 and βb subunits impose different impacts on motor behaviors and 

glycinergic synaptogenesis 

In this study, knocking down the βb subunit leads to an accordion phenotype which is 

caused by a lack of proper inhibition in the spinal circuit. This phenotype is nearly absent 

in the glrα1 morphants, suggesting the βb subunit leads to a more severe defects in glycine 

transmission. Therefore, the binding of GlyRs to gephyrin is critical for synaptic glycine 

transmission. The GlyR puncta are nearly absent pattern in glrbb morphant (Figure 4.3D 

and D′), which is consistent with a previous study which demonstrated that the clustering 

of GlyRs at post-synapses is completely dependent on gephyrin, and is very sensitive to 

disruption of their interaction with gephyrin206. In addition, previous studies have shown 

that the GlyR α4a subunit is also important for glycine transmission in zebrafish spinal 

cord171, 207. Therefore, in glra1 morphants, GlyR α puncta can still be observed in the 

immunostaining, indicating that other α subunits, likely α4a subunits, substitute the α1 

subunit, thus leads to a less severe phenotype. 

Although there is a decrease of GlyR puncta in both glra1 and glrbb morphants, none 

of the morphants exhibits changes in the number of gephyrin puncta. Even in glrbb 

morphants which exhibit dimmer gephyrin puncta, the number of the puncta remains at the 

control level. This suggests that the knockdown of GlyR subunits decreases the number of 

functional glycinergic synapses, but does not change the number of glycinergic synapses 

formed. This is unexpected since a previous study have found that knocking down γ2-
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GABAA receptors in rat hippocampal culture decreases the density of gephyrin puncta69. 

Such difference in results may be due to the distinct interaction between the receptor and 

gephyrin206. Alternatively, it could also be a time-dependent phenomenon. Since 

morpholino knockdown are only reliably effective in the first couple of days200, we did not 

examine long-term impacts on the number of gephyrin puncta. Future study with long-term 

knockdown of the GlyR βb subunit would better elucidate how the number of inhibitory 

synapses is impacted after disruption of GlyR clustering. Despite of the lack of change in 

gephyrin puncta number in the glra1 and glrbb morphants, gephyrin puncta distribution 

shifts to the very lateral in the spinal cord in all the glra1 and glrbb morphants, suggesting 

that knocking down functional receptors alters the spatial pattern of glycinergic 

synaptogenesis.  

 

Impacts of knocking down GlyR subunits on early spinal cord development 

Both glra1 and glrbb morphants lack the GlyRs form puncta in the middle of the spinal 

cord, a region occupied by precursors in 24 hpf control morphants. While the roles of 

GlyRs in the spinal precursors at 24 hpf still need to be elucidated in future studies, since 

the activation of GlyRs depolarizes the post-synaptic neurons in early development of the 

nervous system, it is possible that those GlyRs provide needed activity for the 

differentiation of the precursors138. Therefore, the lack of medial GlyR puncta in 24 hpf 

glra1 and glrbb may cause potential changes in the spinal circuit development. 

 

Conclusions 

By knocking down GlyR α1 and βb subunits with splice site-targeting morpholinos, we 

determined the role of these subunits in glycinergic synaptogenesis and rhythmic motor 
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behaviors. We found that a deduction of GlyR puncta in glra1 morphants, and disrupted 

colocalization of GlyR and gephyrin in glrbb morphants. In all these morphants, the spatial 

pattern of gephyrin puncta alters without a change in puncta numbers. The defects in 

glycine transmission in morphants leads to defects in rhythmic motor behaviors; both glra1 

and glrbb morphants exhibit spastic and erratic behaviors, while glrbb morphants also 

exhibit the bilateral contraction “accordion” phenotype. Our results indicate that the 

binding of βb subunit to gephyrin is critical for glycinergic transmission and the formation 

of functional glycinergic synapses, and that the failure of GlyR clustering at post-synapses 

is associated with the additional accordion phenotype. Our study also provides meaningful 

insights into understanding the neuronal mechanisms of human startle disease, and offers 

a valuable reference for future work that aim to model startle disease in zebrafish. 

 



 
 

93 
 

Chapter 5: Future Perspectives 

In these studies, we investigated the spatial and temporal patterning of synapses that 

associates to E/I balance in zebrafish spinal cord circuit. In Chapter 2, we found a stable 

medial-lateral (M-L) pattern of excitatory and inhibitory synapses and neuronal processes 

at the systems level, which is maintained during circuit development. This suggests a stable 

pattern of excitatory and inhibitory synapses does exist at the systems level during circuit 

development. In Chapter 3, we found that this systems pattern is still maintained in the 

presence of genetic perturbation of E/I balance in the glycine transporter 1 (glyt1) mutant, 

however, synapse spatial patterns do change in subtle scales at the beginning of E/I balance 

re-establishment in the glyt1 mutants. This indicates that re-establishment of E/I balance 

after perturbations is associated with changes in synapse spatial patterning, but only at fine 

scales. In Chapter 4, we found that knocking down GlyR α1 and βb subunits disrupts motor 

behaviors and glycinergic synaptogenesis via different mechanisms, while both 

knockdowns alter the spatial patterning of inhibitory synapses. Therefore, multi-level 

spatial patterings of synapses exist in zebrafish spinal circuits, and are regulated in different 

ways in response to perturbations of E/I balance. 

These findings lead to a model for the spatial patterning of excitatory and inhibitory 

synapses in zebrafish spinal cord: the system-level patterning provides a stable framework 

for the general distributions of excitatory and inhibitory synapses, which is fundamental 

for the circuit function and robust in developmental changes and genetic or environmental 

perturbations; the fine-scale patterning of synapses is flexible, allowing multiple 

resolutions for the spatial patterning, and alters in a timely manner in response to E/I 

balance perturbations. In other words, flexible fine-scale patterning changes to serve as a 
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“buffering zone” to maintain the stable, systems-level patterning by subtle changes of 

synapse distributions.  

This model explains the observations during spinal cord development, in the glyt1 

mutants, and in the glra1 and glrbb morphants, but still needs to be tested by future studies. 

Due to the natural re-establishment of E/I balance, the zebrafish glyt1 mutant provides a 

feasible system for testing this hypothetic model. Since the glyt1 mutants used in our study 

carries the weakest allele compare to other available ones177, 178, the “buffering” functions 

of fine-scale patterning of synapses can be tested by comparing changes in the fine-scale 

synapse patterning in glyt1 mutants with weak and strong alleles. For the systems-level 

synapse patterning, if it is fundamental for E/I balance, then it would be required for the 

motor recovery of the glyt1 mutant. Since the glyt1 mutant recovery is activity-dependent 

(my unpublished data), examining the systems-level patterning in glyt1 mutants with 

activity blockage will likely provide insights into the association between the systems-level 

patterning and E/I balance re-establishment. However, the direct test for the necessity of 

the systems-level patterning in re-establishment or maintenance of E/I balance would need 

direct manipulation of synapse patterns, which requires better understanding of the causal 

mechanisms of synapse patterning, an important topic for further studies. 

Elucidating the relationship between E/I balance and spatial patterning of synapses at 

different levels is an essential step to understand the connectivity and the formation of in 

vivo neural circuits, and to predict possible alterations in the circuit wiring in varied 

circumstances, e.g. at specific development stages or in particular diseases. Given the 

association between synaptogenesis, E/I balance and many neurological disorders in 
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humans5, 7, 176, 208, this understanding would also shed light on potential treatments of these 

neurological disorders. 
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