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1. BACKGROUND 

1.1 Neuronal communications 

Brain functions rely on the ability of neurons to communicate through contacts 

between them. Communications between neurons occur at cell-cell contact sites 

called synapses (Sherrington, 1906). In chemical synapses, electrical information is 

transferred by the release of neurotransmitter from presynaptic neurons, followed by 

a detection of neurotransmitter signals by postsynaptic neurons. At a chemical 

synapse, the arrival of an action potential (AP) at a presynaptic terminal activates 

voltage-gated Ca
2+

 channels (VGCCs), thereby inducing a rapid influx of Ca
2+

 (Katz 

and Miledi, 1969). Recent studies have revealed that VGCCs are present as clusters 

of variable sizes at the active zone (AZ) (Holderith et al., 2012; Nakamura et al., 

2015). This rapid influx of Ca
2+ 

ions is sensed by a protein on synaptic vesicles 

(SVs) called synaptotagmins. Synaptotagmin-1, -2 and -5/9 mediate fast 

synchronous transmitter release (Xu et al., 2007; Kerr et al., 2008), whereas 

synaptotagmin-7 mediates slow asynchronous release (Luo and Sudhof, 2017). 

Binding of Ca
2+

 to the C2 domains of the synaptotagmins (-1, -2, -5/9) triggers 

exocytosis of SVs, pre-docked to release sites mediated by SNARE (soluble NSF 

attachment protein receptors) complex (Pang et al., 2006). This release process is 

highly stochastic, as in most terminals APs trigger neurotransmitter release at a 

fraction of release sites. Neurotransmitters are released into the synaptic cleft and 

bind to postsynaptic receptors. There are two types of receptors; ionotropic receptors 

(ligand-gated ion channels) and metabotropic receptors (G protein-coupled 

receptors) of which the former mediates fast neurotransmission. Postsynaptic 

receptors induce changes in membrane potential, membrane conductance, and can 

eventually change gene expression.  

1.2  Synaptic vesicle cycle 

Sustained rapid information transfer in the nervous system relies on recycling of 

SVs, which undergo endocytosis, transmitter refilling, transport to release sites and 

reuse for exocytic transmitter release in presynaptic terminals. Schematic illustration 

of SV cycle is presented below (Illustration 1). 
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Illustration 1: Schematic illustration of SV cycles 
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Before exocytosis, SVs are docked and primed at the AZ. Following, Ca
2+ 

influx 

through VGCCs, SVs undergoes exocytosis and release neurotransmitters into 

synaptic cleft. Endocytosis of SV membranes is thought to occur in peri-AZ and is 

predominantly mediated by clathrin dependent pathway. Newly endocytosed 

vesicles are refilled with transmitter using V-ATPase and reused for next round of 

exocytosis. 

1.3  Synaptic vesicle pools  

Presynaptic efficacy of synaptic transmission is determined by the number of 

vesicles released upon arrival of an AP and transmitter contents in individual SVs. 

SVs are conventionally divided into three pools: readily releasable pool (RRP), 

recycling pool, and reserve pool (Rizzoli and Betz, 2005). The vesicles in the RRP 

are thought to be docked at presynaptic AZ and primed for the release of 

neurotransmitter upon stimulation. At the calyx of Held, the RRP is divided into fast 

and slow releasing vesicle pools based on the release kinetics (Wu and Borst, 1999; 

Sakaba and Neher, 2001a). The observed difference in release kinetics could be 

attributed to the relative location of VGCCs to primed vesicles, where the vesicles 

closely positioned to the site of Ca
2+ 

entry constitute the fast releasing pool (Wadel 

et al., 2007). Recycling pool consists of vesicles that release transmitter upon 

moderate stimulation and is estimated to comprise 5-20% of all vesicles (de Lange et 

al., 2003). Reserve pool includes vesicles that are recruited for release only upon 

intense stimulation after depletion of recycling pool and makes up for 80-90% of all 

vesicles. However, since this classification is based on results from experiments that 

utilized strong stimulation, the distinction between recycling pool and reserve pool 

is less obvious under physiological stimulation. Also, in a recent study at the calyx 

of Held of P7-9 rodents at room temperature (RT), the recycling pool is estimated to 

contain 200,000 vesicles (approx. 80% of total vesicles) and all of them are 

mobilized during repetitive firing (Qiu et al., 2015). 

 In addition to these pools, various kind of SV pools are postulated, which 

include a spontaneously releasing vesicle pool (Sara et al., 2005), “super-pool” 

implying pool of SVs traveling beyond single synaptic boutons (Darcy et al., 2006).  
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1.4 The calyx of Held 

All the studies in the current thesis utilized the calyx of Held as the model synapse. 

The calyx of Held was first described in the auditory brainstem of cats in 1893 by 

the German anatomist Hans von Held using Golgi staining technique. The location, 

morphology, and properties of calyx provide an ideal system for studying synaptic 

transmission as summarized below. It is a giant axo-somatic glutamatergic nerve 

terminal that forms a part of the relay pathway involved in sound localization in the 

auditory brainstem. The calyx is a terminal of axonal fibers originating from 

globular bushy cells (GBCs) in the anterior ventral cochlear nucleus (aVCN), which 

crosses the midline and projects onto the principal neurons of the contralateral 

medial nucleus of the trapezoid body (MNTB). The calyx drives the principal 

neurons to provide both well-timed and sustained glycinergic inhibition to neurons 

in the superior olivary nucleus and many other brainstem nuclei. Apart from the 

calyceal input that generates fast-rising large EPSCs, the principal neurons also 

receive non-calyceal excitatory inputs that generate slow-rising small EPSCs 

(Hamann et al., 2003) and glycinergic inhibitory input from ventral nucleus of the 

trapezoid body (VNTB) (Albrecht et al., 2014). Also, a single GBC axon can form 

multiple calyces on different principal neurons (Kuwabara et al., 1991). 

 The characteristic features of the calyx that drives the principal neurons to 

high frequencies include large number of release sites, usually between 300-700 that 

are morphologically similar to other smaller conventional synapses (Satzler et al., 

2002; Taschenberger et al., 2002), a large RRP ~ 2500 vesicles (Sakaba and Neher, 

2001b), fast presynaptic calcium clearance, little delayed release and fast gating by 

glutamate receptor subunit 4 flop splice variant (GluR4) (Geiger et al., 1995; Koike-

Tani et al., 2005). The AZs in the calyx have an average surface area of 0.1 μm
2
 and 

positioned ~ 0.6 μm from each other (Satzler et al., 2002; Taschenberger et al., 

2002). The pre-hearing rat calyx (P7-P10) expresses a mixture of calcium channel 

subtypes which includes N-, R-, and P/Q- type (Wu et al., 1998; Wu et al., 1999), 

however during development they switch to just P/Q- type calcium channels 

(Iwasaki and Takahashi, 1998; Iwasaki et al., 2000). The developmental switch of 



Background 
 

9 

VGCC subtypes is activity-dependent and involves BDNF and TrkB (Miki et al., 

2013).  

1.5  Involvement of presynaptic actin filaments in synaptic 

transmission 

 

Globular actin (G-actin) is a ~ 42 kDa protein, abundantly expressed in presynaptic 

terminals, constituting ~ 2 % of synaptosomal proteins. The copy number of G-actin 

is ~22000 per presynaptic terminal, as estimated from immunoblotting and 

immunofluorescence analyses of cerebral cortical synaptosomes (Wilhelm et al., 

2014). Actin filaments (F-actin) are composed of G-actin monomers assembled into 

double-stranded helix and held together by weak noncovalent interactions. This 

allows F-actin to assemble and disassemble dynamically, thereby restructuring the 

cytoskeleton. Actin is polymerized at barbed (+) end but depolymerized more slowly 

at pointed (-) end.  This leads to net elongation of actin filaments at the barbed end 

(actin treadmilling). The energy for actin treadmilling is derived from hydrolysis of 

Mg
2+

 bound ATP in G-actin. This phenomenon of treadmilling is important to 

maintain dynamic cytoskeleton, which is also supported by actin-binding proteins, 

for shaping and remodeling the cytoarchitecture of the cell. 

 Various roles of actin are documented in the postsynaptic compartment, 

where actin is involved in anchoring and trafficking of AMPA (α-amino-3-hydroxy-

5-methyl-4-isoxazole propionic acid) receptors and NMDA (N-methyl-D-

aspartate) receptors at excitatory synapses (Allison et al., 1998) and scaffolding 

protein gephyrin at inhibitory synapses (Kirsch and Betz, 1995). Actin is also 

involved in activity-dependent remodeling of dendritic spine morphology 

(Fukazawa et al., 2003; Okamoto et al., 2004; Lin et al., 2005), which underlies 

long-term synaptic plasticity (Kim and Lisman, 1999; Krucker et al., 2000).  

 Early ultrastructural studies using quick freeze-etched EM revealed that at 

the presynaptic terminal SVs cluster, being interconnected to the meshwork of 

cytoskeletal filaments composed of actin and vesicle-associated phosphoprotein 
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mediates ultrafast endocytosis in the same preparation (Watanabe et al., 2013). 

Ultrafast endocytosis is also mediated by actin at cerebellar mossy fiber synapses 

(Delvendahl et al., 2016). At the calyx of Held and hippocampal synapses, actin is 

reportedly required for all types of endocytosis (Wu et al., 2016). 

1.6  Organization and importance of microtubule network in 

presynaptic calyceal terminals 

 
 

Microtubule (MT) is a polymer composed of globular α- and β- tubulin submits, 

each with MW of ~50 kDa.  MT is the second most abundant cytoskeletal protein in 

the presynaptic terminal next to actin and constitutes ~1.4% of total synaptosomal 

proteins, with a copy number of 12000 per synapse (Wilhelm et al., 2014). The α/ β- 

heterodimers are arranged as hollow cylindrical tubes of 24 nm in diameter, 

conferring stiffness to MTs. Through longitudinal interactions between the ends of 

adjacent subunits, the heterodimers polymerize in a head-to-tail fashion into a linear 

protofilament. Through lateral interactions, protofilaments associate side by side into 

a sheet or cylinder to form a MT. MTs are highly polar structures, because of 

different polymerization rates at both ends. The end exposing β- tubulin grows faster 

and is called the plus (+) - end (Mitchison, 1993), while the slower growing exposes 

α- tubulin and is called the minus (-) - end (Cote and Borisy, 1981). In axons, MTs 

are uniform in polarity, with (+) - ends being directed from a cell body to an axon 

terminal, whereas MTs are not uniform in polarity in dendrites (Baas et al., 1988). 

Both α- and β- subunits are bound to GTP, GTP molecules bound to β-tubulin are 

hydrolyzed shortly after being incorporated into MTs. This causes a conformational 

change of tubulin molecules, thereby driving the dynamic behavior of MTs. Rapid 

MT shrinkage (‘catastrophe’) occurs in combination with polymerization (‘rescue’) 

causing dynamic instability of MTs (Mitchison and Kirschner, 1984). A variety of 

microtubule-associated proteins (MAPs) and their post-translational modifications 

regulate assembly, dynamics, organization and interaction of MTs with other 

cellular components. MTs play roles in chromosomal separation during cell division, 
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1.7 Scope of the thesis 

In this thesis, I first examined how presynaptic actin filaments are involved in SV 

trafficking and basal synaptic transmission in rodents, before and after hearing onset, 

using patch clamp recordings and confocal microscopy. I then studied the 

organization of MTs in calyceal presynaptic terminals using confocal, super-

resolution and electron microscopes. Subsequently, I performed functional 

characterization of MTs in presynaptic terminals using patch clamp whole-cell 

recordings after pharmacologically disrupting MTs. Finally, I confirmed an 

involvement of MTs in SV trafficking in cultured calyceal terminals using real-time 

imaging of fluorescently labeled SVs. 
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2. MATERIALS AND METHODS 

2.1 Ethical approval 

All experiments were performed in accordance with guidelines of the Physiological 

Society of Japan and animal experiment regulations at Okinawa Institute of Science 

and Technology Graduate University. 

2.2 Preparation of acute brainstem slices 

I followed the general procedure described by Takahashi (1978) for preparing acute 

slices from rodents. For obtaining brainstem slices that enable electrophysiological 

and morphological characterizations of the presynaptic calyx of Held terminals and 

postsynaptic principal cells in the MNTB region, I followed the procedure described 

by Forsythe and Barnes-Davies (1993). 

 Wistar rats of either sex at postnatal day (P) 7-9 (pre-hearing) or 13-16 (post-

hearing) were decapitated under deep isofluorane anesthesia and the skull was 

opened by cutting the skin along the midline from neck to the eye line using scissors. 

Excess spinal cord and surrounding tissues were removed to expose the skull. Two 

cuts were made, using fine scissors, near the mouth on either side of the skull and 

the entire skull was removed to expose dorsal part of the brain. A small spatula was 

used to retract the brain caudally from the skull. Spring scissors were used to cut the 

fibers and blood vessels near the brainstem, and isolated brain was transferred to an 

ice-cold cutting solution (see below for composition). Cooling of tissues slows down 

the metabolic rate and prevents neurons from anoxia. This step usually takes 1-1.5 

min. In the cutting solution, the brain was mounted ventrally and the meninges 

surrounding the brainstem were removed. A ceramic blade was used to caudally cut 

the brainstem and cerebellum from the entire brain (Illustration 2). The preparation 

containing the brainstem and cerebellum was mounted on a Teflon base of a 

specimen plate, such that the caudal surface is facing upward and the ventral surface 

facing the cutting blade of the slicer. The mounted preparation was immediately 
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transferred to a pre-cooled buffer tray and filled with ice-cold and oxygenated 

cutting solution. 

 Transverse slices were cut into a thickness of 175-250 µm using a vibrating 

slicer (VT1200S, Leica) (Takahashi, 1978). Prior to each slicing, the blade angle and 

amplitude of blade vibration (1.2 mm) were optimized. Initial slicing was performed 

at a fast blade advancement speed (0.1mm/s). Using the 7th cranial nerve serves as a 

landmark for the MNTB region, the blade advancement speed was lowered to 0.05 

mm/s and slices were collected from this point. The slices containing MNTB region 

were immediately transferred onto a nylon mesh in a maintenance chamber soaked 

in oxygenated aCSF (See below for composition). The slices were incubated for 1h 

at 37º C expecting that neurons recover from cutting damage before experiments. 

 

Illustration 2: Lateral view of the adult rat brain. 

The diagonal line indicates the cut that was performed to separate the cerebrum from 

the brainstem. The latter was then mounted for slicing. The region of interest is 

highlighted by the dashed box and contains the MNTB. While slicing, the seventh 

cranial nerve (7n) served as a landmark that indicated the beginning of the region of 

interest. Modified from Paxinos and Watson (1982). 



Materials and Methods 
 

18 

2.3 Solutions 

Solution for cutting slices contained (in mM): 200 sucrose, 2.5 KCl, 10 glucose, 

1.25 NaH2PO4, 2 sodium pyruvate, 3 myo-inositol, 0.5 sodium ascorbate, 26 

NaHCO3, 1 trehalose, 6 MgCl2. The cutting solution was kept in -80º C for 10 min 

and then transferred to -20º C for ~20 min to form a slushy mixture. Then, the 

solution was kept on ice and bubbled with 95% O2 and 5% CO2 during slicing. 

 Artificial cerebrospinal fluid (aCSF) contained (in mM): 125 NaCl, 2.5 KCl, 

1 MgCl2, 2 CaCl2, 10 glucose, 3 myo-inositol, 2 sodium pyruvate, 0.5 sodium 

ascorbate, 1.25 NaH2PO4, 26 NaHCO3 (310-315 mOsm, pH 7.4 when saturated with 

95% O2 and 5% CO2).  

            For recording excitatory postsynaptic currents (EPSCs), 10 µM bicuculline 

methiodide, 0.5 µM strychnine hydrochloride (TCI) were added to the aCSF to 

block GABAA receptors, glycine receptors, respectively. In some experiments, the 

competitive AMPA receptor antagonist kynurenic acid (kyn, 2 mM) was further 

added to minimize saturation and desensitization of postsynaptic AMPA receptors 

with neurotransmitter glutamate. 

 For presynaptic membrane capacitance measurements, the aCSF contained 

10 mM tetraethylammonium chloride (TEA-Cl), 0.5 mM 4-aminopyridine to block 

voltage-gated potassium (K
+
) channels (4-AP), 1 µM tetrodotoxin (TTX) to block 

voltage-gated sodium (Na
+
) channels, together with 10 µM bicuculline methiodide 

and 0.5 µM strychnine hydrochloride.  

 To disrupt F-actin, latrunculin A was utilized. Stock solution of latrunculin A 

(20 mM) was stored at -30º C and was dissolved in aCSF to a final concentration of 20 

μM. Slices were pre-incubated with latrunculin A for an hour and transferred to the 

recording chamber. The slices were used up to one hour for patch clamp experiments.  

To disrupt MTs, vinblastine sulfate was utilized. Stock solution (5 mM) was stored at -

30º C and was dissolved in aCSF to a final concentration of 1-50 μM. The slices were 
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either pre-incubated (for imaging experiments) or bath perfused with vinblastine (for 

patch-clamp electrophysiological recordings).  

 For EPSC recordings, the postsynaptic pipette solution contained (mM): 125 

CsF, 30 CsCl, 10 HEPES, 5 EGTA, 1 MgCl2, 5 QX314-Cl. The pH and osmolarity 

was adjusted to 7.3-7.4 (with CsOH) and 305-310 mOsm, respectively. For 

capacitance measurements, the presynaptic pipette solution contained (mM): 126 

methanesulfonate, 30 CsCl, 10 HEPES, 0.5 EGTA, 12 disodium phosphocreatinine, 

3 Mg-ATP, 1 MgCl2. The pH and osmolarity was adjusted to 7.3-7.4 (with CsOH) 

and 315-320 mOsm, respectively.  

2.4 Visual identification of the calyx of held in slices  

After incubation for 1 h at 37º C, slices were transferred to a recording chamber with 

a cover glass bottom. The recording chamber was equipped with an inlet port for 

incoming solutions that bathed the slices and an outlet port connected to a suction 

pump that removes the solutions. The recording chamber was connected to a 

peristaltic pump (Dynamax RP-1, Rainin instrument co.) with adjustable flow rate. 

The tube connected to the pump was warmed to near PT (Temperature Controller 

TC-344C, Harvard Apparatus).  Perfusates were also kept at PT using another heater 

connected to the platform of the microscope stage. Slices were immobilized in the 

recording chamber using a U-shaped platinum grid with nylon wires running in 

parallel (Edwards et al., 1989). All electrophysiological data were recorded using 

EPC-10/2 patch-clamp amplifier (HEKA) equipped with Patch-master software 

(HEKA).  

 Slices were immobilized in the recording chamber placed on the platform of 

a stage-fixed upright microscope (BX51WI, Olympus) optimized for simultaneous 

differential interference contrast views of cells and pipettes (Takahashi, 1978). The 

calyx of Held presynaptic terminals and postsynaptic MNTB principal cells were 

visually identified with a 40X water immersion objective (LUMPLFLN 40XW, 0.8 

N.A, Olympus). Images were acquired using a monochrome digital CCD camera 

(AxioCam MRm, Carl Zeiss) controlled by a software (Zen Lite 2, Blue edition, 
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Carl Zeiss). For manipulations, cells were viewed on a monitor (FlexScan M1900-R, 

Eizo, Japan).    

2.5 Patch-clamp whole-cell recordings 

Electrodes for patch-clamp recording were made from borosilicate glass with a 

filament (1.5 mm outer and 0.86 mm inner diameter from Harvard Apparatus) using 

a temperature controlled horizontal micropipette puller (Sutter Instrument). For 

recording from postsynaptic principal cells, pipettes with a larger tip diameter and 

low resistance (1-3 MΩ) were used, whereas pipettes of smaller diameter and higher 

resistance (4-5 MΩ) were utilized for recording from presynaptic calyceal terminals. 

Pipette and cell capacitances were compensated using a built-in compensation 

circuitry. The series resistances (Rs) were 4-7 MΩ for postsynaptic recording and 8-

14 MΩ for presynaptic recording and were compensated up to 60% for final value to 

be ~ 3 MΩ and ~ 7 MΩ, respectively. Data were acquired at a sampling rate of 50 

kHz (for synaptic currents) or 100 kHz (for capacitance measurements) after low-

pass filtering (Bessel, 5 Hz corner frequency). 

 Excitatory postsynaptic currents (EPSCs) were evoked in the principal 

neurons of MNTB region by afferent fiber stimulation using a custom-made bipolar 

tungsten electrode. The bipolar electrode was placed on the halfway between the 

midline and MNTB region to stimulate axonal bundles projecting from aVCN.  For 

the whole-cell recording of evoked EPSCs, principal neurons were voltage-clamped 

at -70 mV.  

 The short-term synaptic depression (STD) was induced by a train of 30 

stimuli at 100 Hz (or 300 Hz) followed by test stimuli after different inter-stimulus 

intervals (ISI, 0.02-10 s). The amplitudes of EPSCs recorded during the train and 

after the test stimuli were used to measure various parameters involved in synaptic 

transmission.  

 For recording spontaneous EPSCs that are equivalent to the miniature (m) 

EPSCs at the calyx of Held with single presynaptic input (Sahara and Takahashi, 
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conductance-dependent capacitance artifacts (Yamashita et al., 2005). To avoid the 

influence of capacitance drift on the baseline, we discarded data when the baseline 

drift measured 0-10s before stimulation was > 5fF/s. When the baseline drift was 

between 1-5 fF/s, we subtracted a linear regression line of the baseline from data for 

baseline correction. The intra- and extracellular solutions for capacitance 

measurements were used as described previously (See above for composition). 

2.6 Imaging studies  

2.6.1 Antibodies 

Following primary antibodies were used for experiments; anti-VGLUT1 guinea pig 

antiserum (1:2000; AB5905; Millipore) and anti-synaptophysin rabbit polyclonal 

antiserum (1:250; catalog #101002; Synaptic Systems) for observing SVs and anti-

α-tubulin mouse monoclonal clone DM1A (1:250; catalog #T9026; Sigma-Aldrich), 

anti-β-tubulin III rabbit (1:1000; product #2200; Sigma-Aldrich) for observing 

tubulin. The secondary antibodies were goat IgG conjugated with AlexaFluor -488, -

568, or -647 (1:400; Invitrogen). 

2.6.2 Preparation of tissue for imaging 

Acute brainstem slices (250 µm) were cut (see above) and fixed with 4% 

paraformaldehyde (PFA) in phosphate buffer saline (PBS) overnight at 4°C. On the 

following day, slices were rinsed 3 times in PBS, permeabilized in PBS containing 

0.5% Triton X-100 (Tx-100; Nacalai Tesque) for 30 min at PT and blocked in PBS 

containing 3% bovine serum albumin (BSA, Sigma) and 0.05% Tx-100 for 45 min 

at PT. Slices were incubated overnight at 4°C with primary antibody diluted in PBS 

0.05% Tx-100, 0.3% BSA. On the next day, slices were rinsed 3 times with PBS 

containing 0.05% Tx-100 for 10 min at PT and incubated with corresponding 

secondary antibody diluted in PBS 0.05% Tx-100, 0.3% BSA for 1h at PT. Slices 

were further rinsed 3 times in PBS 0.05% Tx-100 for 10 min at PT, and a final wash 

in PBS for another 10 min at PT. Before mounting, the nucleus was stained with 

NucBlue (Life Technologies, USA) in PBS for 20 min at PT according to 

manufacturer’s instruction. Slices were then directly mounted on glass slides 
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2.7 Electron microscopic studies 

The ultrastructure of the calyceal presynaptic terminals was observed using 

transmission electron microscopy (TEM). A 1mm block of transverse brainstem 

slice containing the MNTB regions was made as described above. Slices were 

immediately immersed into pre-warmed 20% BSA solution in aCSF for 5 min. 

Excess albumin was removed by washing with aCSF. The slice was immediately 

fixed using 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1h at PT. Once the 

tissue was fixed, I excised MNTB regions from the slice.  The samples were washed 

by aspiration for 3 × 5 min in 0.1M cacodylate buffer. After washing, the samples 

were post-fixed in 1% osmium tetroxide (OsO4) in 0.1M cacodylate buffer for 1 h. 

After post-fixation, the samples were washed with pure water 3 x 5 min. For 

dehydration, the sample was sequentially immersed in 70%, 80 %, 90%, 95%, 100%, 

100%, 100% ethanol for about 5 min each and decanted. The samples were treated 

with epon 812 and ethanol in 1:1 ratio for 30 min. After which samples were 

embedded with just pure epon 812 and left in a vacuum chamber for 1 h. The 

vacuum was turned off after 1 h and samples were left in the chamber overnight. On 

the next day, a drop of pure epon was placed in numbered polyethylene capsules and 

the sample was transferred into appropriate capsules. The capsules were cured for 48 

h in a 60° C oven.  Initially, slices of > 1µm thickness were made using a diamond 

knife in an ultra-microtome (EM UC6, Leica) to trim before reaching the area of 

interest. Upon reaching the area of interest, 70 nm thick sections were made and 

placed on grids. The grids were air-dried for 10 min and then the samples were post-

stained. For post-staining, the grids were immersed in 4% uranyl acetate for 30 min 

and washed with pure water and then with lead citrate for 10 min. The samples were 

finally washed and air-dried before observation in TEM. The samples were observed 

in Jeol JEM-1230R (Jeol; Japan) TEM operating at 100 keV. 

2.8 Statistical analysis 

The electrophysiological data were analyzed using IGOR Pro 6.22 (Wavemetrics), 

MS Excel 2010 (Microsoft), Origin Pro 8.6 (Origin labs) and imaging data were 
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analyzed using Las AF Lite (Leica) and Image J. All values are given as mean ± 

SEM, and p < 0.05 was taken as a significant difference in Student’s unpaired t-test. 

 
 

  



Results 
 

28 

3. RESULTS 

As an initial part of my thesis work, I studied the involvement of actin filaments in 

SV trafficking in both pre- and post-hearing rats. The results are summarized below; 

all the experiments pertaining to actin filaments were performed at RT to allow 

direct comparison with previous reports. 

3.1 Role of actin filaments in the calyx of Held presynaptic 

terminals of pre-hearing rats 

To examine the role of actin filaments in synaptic transmission, I tested the effect of 

latrunculin A (20 µM, 1 h incubation at RT) on nerve-evoked EPSCs at the calyx of 

Held. In P7-9 rats before hearing onset (~P13), neither mean amplitude nor rise time 

(10-90%) of EPSCs was affected by latrunculin A treatment, whereas decay times 

were prolonged (Figure 1A, B). Using the repetitive stimulation protocol (see 

Materials and Methods), I evaluated the effect of latrunculin A on RRP size (Nq) 

and release probability (Pr). Latrunculin A treatment had no effect on these 

parameters (Figure 2), but it significantly slowed the time course of recovery from 

synaptic depression induced by a train of 30 stimuli at 100 Hz. These results confirm 

the previous report at the calyx of Held in pre-hearing rats (Sakaba and Neher, 2003), 

suggesting that actin filaments are involved in RRP replenishment after SV 

depletion (Figure 3). 
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Figure 1: Latrunculin A treatment prolongs decay time constant of EPSCs in 

pre-hearing rats 
 

A. Representative traces of normalized evoked EPSCs in control (black) and 

latrunculin A (red) treated conditions recorded at RT. 

B. Bar graphs summarize the effect of latrunculin A on EPSC amplitude (1
st
), 

rise time and decay time constants of evoked EPSCs in control (n = 6) and 

latrunculin A (n = 5) treated conditions. (*p<0.05). 
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Figure 2: Latrunculin A treatment doesn't affect RRP size (Nq) or release 

probability (Pr) 

 

 

A. Upper panel. Sample trace is the 1
st
 to 14

th 
EPSCs during the train in control 

at RT. 

Lower panel. EPSC amplitudes during a train of 30 stimuli at 100 Hz in 

control (black, n = 6) and latrunculin A treated condition (red, n = 5).  

B. Cumulative EPSC amplitudes during a 100 Hz train in control (black) and 

latrunculin A treated condition (red). 

C. Bar graph summary of mean Nq and Pr in control (n = 6) and latrunculin A 

treated condition (n = 5).  
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Figure 3: Latrunculin A treatment prolongs recovery time constant of EPSCs 

from STD in pre-hearing rats 

 

 

A. Time courses of recovery from STD induced by 30 stimuli at 100 Hz in 

control (black) and latrunculin A treated (red) slices. Data from both 

conditions were fitted by a single exponential function (continuous lines). 

B. Bar graph summarizes the mean time constants of recovery in both control (n 

= 6) and latrunculin A treated (n = 5) conditions (*p<0.05). 
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3.2 Role of actin filaments in the calyx of Held presynaptic 

terminals of post-hearing rats 

I next examined whether the effects of latrunculin A on synaptic properties in pre-

hearing rats (Figures 1-3) persist after hearing onset in post-hearing rats. Like in pre-

hearing rats, latrunculin A treatment prolonged the decay time of evoked EPSCs, but 

had no effect on their amplitude and rise time (Figure 4A, B). The RRP size and Pr 

remained unchanged after latrunculin A treatment as in pre-hearing rats (Figure 5B, 

C). However, latrunculin A treatment no longer affected the rate of recovery from 

STD at calyces in post-hearing rats (Figure 6A, B). These results suggest that actin 

filaments become uninvolved in SV replenishment after hearing onset. 

 In post-hearing rat calyces, I further examined whether latrunculin A affects 

asynchronous transmitter release or quantal size. At calyces of Held, with single 

excitatory fiber input, spontaneous EPSCs are equivalent to quantal, or miniature 

(m) EPSCs (Sahara and Takahashi, 2001; Ishikawa et al., 2002). Like at other 

synapses (Morales et al., 2000; Meng et al., 2002), latrunculin A significantly 

increased the mean frequency of mEPSCs (Figure 7, right) but had no effect on their 

amplitude (quantal size) or kinetics (Figure 7A, B).  

 Using immunofluorescence staining, I confirmed previous report (Saitoh et 

al., 2001) that F-actin is present in post-hearing rat calyceal terminals (Figure 8A, B). 

To ensure that latrunculin A treatment (20 µM, 60 min) effectively disrupts actin 

filaments, I performed real-time imaging of actin filament using SiR-actin in HeLa 

cells (Figure 9A). Actin fluorescence intensity decreased during incubation with 

latrunculin A (20 µM) and became markedly faint 60 min after application. For a 

control, I incubated HeLa cells with the MT-disrupting drug, vinblastine (50 µM).  

Vinblastine had no effect on SiR-actin signals (Figure 9C), indicating that the 

decline of SiR-actin signal caused by latrunculin A, rather than time-dependent 

fluorescence bleach. The effect of vinblastine was specific to MTs since it disrupted 

SiR-tubulin signals with time after incubation (Figure 9B) with no effect on SiR-

actin signal intensity. 
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Figure 4: Latrunculin A treatment prolongs decay time constant of EPSCs in 

post-hearing rats 

 

 

A. Representative traces of normalized evoked EPSCs in control (black) and 

latrunculin A (red) treated conditions recorded at RT. 

B. Bar graphs summarizing the effect of latrunculin A on EPSC amplitude (1
st
), 

rise time and decay time constants of evoked EPSCs in control (n = 7) and 

latrunculin A (n = 7) treated conditions (*p<0.05). 

 

 

 

 

 


































































































