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ABSTRACT 

 Infrared (IR) neuromodulation (INM) has emerged as a new modality that can 

reliably modulate both neural and muscular activities using pulsed IR light without the 

requirement of any chemical or genetic manipulation of the target tissue. However, despite 

the successful demonstration of INM in a wide range of biological systems, the overall 

function of a neuron that can be altered by pulsed IR light, including its intrinsic excitability, 

integration of synaptic inputs, and downstream synaptic outputs, has yet to be examined 

systematically. 

 This dissertation aims to investigate the IR light-mediated modulation of axonal 

excitability, action potential (AP) initiation and propagation, and synaptic transmission 

with the crayfish opener neuromuscular preparation. A custom-built thulium-doped fiber 

amplification system is designed and constructed as the source for generating IR light 

pulses around a 2-µm wavelength. The studies presented in this dissertation cover the 

effects of IR light pulse parameters on the excitability of axonal membrane and the 

resulting functional outcomes in terms of AP initiation and firing, the INM of locally 

evoked and propagating APs under different physiological conditions and the 
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corresponding postsynaptic responses, and the direct impacts of pulsed IR light on the 

evoked synaptic transmission. A single IR light pulse is shown to induce membrane 

depolarization and hyperpolarization sequentially on individual motor axons in a pulse 

parameter-dependent manner, which can facilitate and disrupt axonal AP firing, 

respectively. Moreover, pulsed IR light is discovered to modulate the axonal AP generation, 

propagation, waveform, and firing frequency depending on the physiological and 

anatomical contexts of the APs, which can lead to alterations in downstream postsynaptic 

responses accordingly. It is also demonstrated for the first time that pulsed IR light 

specifically targeting synapses can serve as a reliable and flexible modality to 

bidirectionally control the evoked synaptic transmission. The underlying mechanisms of 

these observations are explored. In summary, the results in this dissertation highlight the 

necessity of the collective evaluation of both the excitatory and the inhibitory effects that 

can be induced by pulsed IR light in INM. The dissertation establishes a mechanistic 

framework for understanding how a neuron and its function as a whole can be modulated 

by pulsed IR light and thus provides valuable insights into the INM of complex neuronal 

networks and the development of translational applications. 
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3 

 More importantly, the function of a neuron as the basic unit in a neuronal network 

that can be altered by IR light pulses, which includes its fundamental excitability, 

integration of synaptic inputs, and downstream synaptic outputs, has not been examined 

systematically. Gaining insights into how a neuron as a functional whole is modulated by 

IR light irradiation is the first step towards a more thorough understanding of INM of a 

complex network and potential clinical applications. 

 The presence of multiple IR light-interacting targets in neural tissues suggests the 

need for an integrated approach to understand IR light-mediated modulation of neuronal 

functions. In this dissertation, we aim to address the above-mentioned limitations and fill 

some of the information gaps by investigating the INM of axonal excitability, AP initiation 

and propagation, and synaptic transmission using the crayfish neuromuscular preparation 

as a model system. The work in this dissertation, for the first time, systematically studies 

the functional roles of neurons in INM and explores the corresponding mechanisms with 

uniform experimental settings. Our results and novel findings advance the mechanistic 

understanding of INM of neuronal excitability and signaling and offer critical insights for 

both interpreting existing literatures and designing future studies to promote translational 

applications of INM. 

1.2 Dissertation outlines 

 The work in this decertation is organized as the following: Chapter 2 provides the 

background of neuronal signaling and some of the established neuromodulation 

technologies and discusses current understanding of INM and its limitations, as well as the 

significance of the work in this dissertation. Chapter 3 investigates the excitatory and 
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inhibitory effects on motor axons induced by single and brief IR light pulses of different 

pulse power and durations, the underlying mechanisms, and the corresponding functional 

implications in terms of AP initiation and firing. Chapter 4 examines the impacts of pulsed 

IR light on locally initiated and propagating axonal APs under different physiological 

contexts and the resulting effects on downstream postsynaptic responses. Chapter 5 

presents the bidirectional modulation of evoked synaptic transmission by IR light pulses 

specifically targeting synapses and highlights the sensitivity of synaptic events to direct IR 

light irradiation. Finally, Chapter 6 summarizes the dissertation and discusses some of the 

research directions that are worth further investigations. 
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CHAPTER 2.  BACKGROUND AND SIGNIFICANCE 

2.1 Fundamentals of neuronal signaling 

 Neurons are the basic units of the brain and nervous system, both physically and 

functionally. A neuron performs its functions by generating electrical and chemical signals. 

The AP, or a nerve electrical impulse (Figure 2-1), is the primary electrical signal produced 

by neurons to transfer information. The neuronal membrane contains a variety of ion 

channels selectively permeable to specific ions that are non-uniformly distributed across 

the membrane. At resting state, neurons have a negative membrane potential called resting 

membrane potential, which is largely a result of the equilibration of Na+ and K+ 

permeabilities across the membrane at resting state. When a triggering event depolarizes 

the neuronal membrane potential to the AP firing threshold potential, voltage-gated Na+ 

channels that are closed at resting membrane potential will open and produce an inward 

flow of Na+ ions. The influx of Na+ ions further depolarizes the membrane potential and 

increases Na+ conductance, producing the rapid depolarizing phase of the AP. However, 

the activated Na+ channels will then transit into and stay at the inactivated state, decreasing 

Na+ conductance over time. Meanwhile, the depolarization also slowly activates voltage-

gated K+ channels, enabling a delayed efflux of K+ ions to repolarize the membrane 

potential and generate after-hyperpolarization. The hyperpolarization eventually results in 

the deactivation of the voltage-dependent Na+ and K+ channels, which allows the 

membrane potential to return to the resting state. 

 APs generated at the presynaptic neuron can travel along the axon to a great 

distance and arrive at the axon terminals to trigger synaptic transmission (Figure 2-1). The 
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site where the signal transmission between two neurons (or a neuron and a target cell, e.g., 

a muscle cell) happens is called a synapse. For a chemical synapse, the most abundant type 

of synapses, the arriving of APs at the presynaptic terminals can initiate a series of 

sequential events to complete the transmission, including: 1) Opening of voltage-gated 

Ca2+ channels in the presynaptic terminals and influx of Ca2+ ions; 2) Fusion of synaptic 

vesicles with the presynaptic membrane and release of neurotransmitters to the synaptic 

cleft; 3) Diffusion of neurotransmitters and binding to the postsynaptic receptors; 4) 

Opening or closing of postsynaptic channels; 5) Excitation or inhibition of postsynaptic 

cells; 6) Removal of neurotransmitters by glial uptake or enzymatic degradation; 7) 

Retrieval of vesicular membrane from plasma membrane; 8) Synthesis of neurotransmitters 

and storage of them into vesicles. The synaptic communication is the foundation of the 

normal function of the nervous system. 

 

Figure 2-1: Schematic representation of the neuron structures, the typical waveform of an AP, and 
the transmission at a chemical synapse. 
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were then also reported. It was further demonstrated that a certain degree of fine control in 

INI is possible. For example, it was demonstrated that IR light pulses can preferentially 

inhibit small-diameter axons at lower radiant exposures [112]. The simulation study also 

implied that blocking AP generation required a lower local temperature rise compared to 

that of blocking AP propagation [35]. 

 It has long been known that the ambient temperature changes can affect ion channel 

kinetics and membrane permeabilities [116,117]. The thermal inhibition hypothesis thus 

has been proposed, which  suggests that the temperature rise induced by IR light pulses can 

alter the passive membrane properties and ion channel kinetics such that the neural 

excitability is inhibited [35,36,109,112]. However, most of the experimental INI studies so 

far either monitored the all-or-none aspect of neuronal activities by using extracellular 

recordings or imaging techniques. As a result, though it is understood that INI and INS 

both mainly rely on the IR light-induced photothermal effects, the underlying biophysical 

mechanisms and the detailed dynamics of INI are substantially less studied than those of 

INS and largely unknown. Observing the intracellular and subthreshold events induced by 

IR light pulses will provide the much-needed information for advancing our mechanistic 

interpretation of INI. 

 It is also worth pointing out that, the localized temperature rises induced by pulsed 

IR light might lead to INS and INI concurrently even in a single neuron due to the 

nonspecific nature of INM. In other words, the IR light-induced temperature transients can 

potentially activate biological processes with competing effects in terms altering neuronal 

excitability. This possibility remains to be verified and is vital for realistically assessing 
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Overall, the open patch pipette enabled a close approximation of the amplitude and 

dynamics of the IR light-induced temperature changes during INM studies in this 

dissertation. 

 

Figure 2-5: Calibration of the activation energy (Ea) of the physiological saline solution and 
examples of recorded temperature transients. (a) Arrhenius plot for determining the activation 
energy of the physiological saline solution. Different symbols (colors) represent calibration 
sessions obtained from different pipettes (N = 5). (b) Representative traces of temperature transients 
induced by a single IR light pulse (7.1 mW) with pulse durations varying between 1 ms to 500 ms. 

 

2.6 Summary 

 Neuromodulation is a critical tool for investigating the nervous system and 

developing treatments for neurological disorders. However, many of the neuromodulation 

technologies are either restricted in spatiotemporal selectivity or highly invasive. The light-

based INM has the potential to serve as a new modality to modulate neuronal and muscular 

activities in a remote and artifact-free manner without the need of any chemical or genetic 

pretreatment. Yet, current understanding of INM is still limited. Specifically, the overall 

function of a neuron in a basic neuronal network that can potentially be modulated by 

pulsed IR light during INM and the underlying mechanisms require systematic examination 
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with well-designed experiments. With these in mind, this dissertation aims to provide data, 

by investigating the IR light-mediated modulation on axonal excitability, AP initiation and 

propagation, and synaptic transmission, to fill some of the information gaps in our 

understanding of INM. 
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CHAPTER 3.  SINGLE INFRARED LIGHT PULSES INDUCE EXCITATORY 

AND INHIBITORY NEUROMODUATION 

 INS and INI have mainly been examined separately in different studies. However, 

it is expected that both INS and INI effects can potentially be evoked concurrently or 

sequentially within neural tissues or even in a single neuron since the localized temperature 

rises induced by IR light pulses may simultaneously trigger multiple mechanisms 

impacting the excitability of neurons. In this chapter, the excitatory and inhibitory effects 

of single and brief IR light pulses on motor axons are investigated with a custom-built fiber 

amplification system and the crayfish opener neuromuscular preparation. Single IR light 

pulses induce a membrane depolarization during the light pulses, which is followed by a 

hyperpolarization that can last up to 100 ms. The depolarization amplitude is dependent on 

the optical pulse duration, total energy deposition and membrane potential, but is 

insensitive to tetrodotoxin. The hyperpolarization reverses its polarity near the potassium 

equilibrium potential and is barium-sensitive. The membrane depolarization activates an 

AP when the axon is near its firing threshold, while the hyperpolarization reversibly 

inhibits rhythmically fired APs. It is demonstrated for the first time that single and brief IR 

light pulses can evoke initial depolarization followed by hyperpolarization on individual 

motor axons with functional outcomes. 

 

 The work in Chapter 3 is published in the Biomedical Optical Express and cited 

here as [163]: 
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time. Second, for the lower power level of 50 mW, the depolarization plateaued for 

durations longer than 4 ms (Figure 3-4(a)) while the maximal temperature continued to rise 

for longer durations (Figure 3-2(b)). 

 

Figure 3-5: Comparison of IR light-induced axonal responses for three different pulse durations. 
The pulse energy was the same (0.4 mJ/pulse) for the three different pulse durations. A larger and 
faster-rising depolarization was obtained with shorter pulse duration and higher pulse power. 

 

3.3.2 Brief IR light pulse-induced depolarization is tetrodotoxin-insensitive and 

voltage-dependent 

 In order to further characterize the IR light-induced depolarization, the role of Na+ 

influx was first examined. Figure 3-6(a) shows that the depolarizations remained 

unchanged before (dashed blue) and after (red) the Na+ channel blocker tetrodotoxin (TTX) 

(200 nM) was applied. Thus, Na+ channels did not bias the amplitude or duration of the 

depolarization (p = 0.08684, N = 4). 
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Figure 3-8: Characterization of the IR light-induced hyperpolarization following the initial 
depolarization. (a) Vm variations at nine different current steps (5 nA step size) induced by IR light 
pulses (400 mW, 1 ms). The red bar indicates the timing and duration of the applied IR light pulse. 
The dashed green line indicates when the hyperpolarization amplitudes were measured for various 
current steps (or Vm levels). (b) The hyperpolarization amplitudes measured in (a) were plotted 
against the corresponding Vm at which they were recorded. The red cross shows the resting 
membrane potential (-68 mV). (c) The voltage-dependence of the hyperpolarization for three 
different extracellular K+ concentrations ([K+]o). The [K+]o was compensated with NaCl to maintain 
a constant extracellular osmolarity. (d) The reversal potential of the hyperpolarization depolarized 
as the [K+]o increased and hyperpolarized with lower [K+]o, indicating a K+ conductance 
contributing to the IR light-induced hyperpolarization (p = 0.03535 and 0.02654). Different 
symbols represent recordings from different preparations (N = 4). 

 

3.3.4 Barium-sensitive potassium channels contribute to the IR light-induced 

hyperpolarization 

 The origin of the IR light-induced hyperpolarization is explored next. Based on the 

findings of the [K+]o-dependence of the hyperpolarization and its voltage-dependence 

(Figure 3-8), we sought K+ channels that are also heat-activated. The temperature-sensitive 
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delay in the onset of the AP firing was observed in both cases (Figure 3-11(a) and Figure 

3-11(b)). The delay is likely a result from the interactions of the voltage-gated Na+ and K+ 

currents at near threshold membrane potentials, as well as the IR light-activated K+ 

conductance. For the other four preparations, the IR light-induced depolarization, though 

not large enough to trigger AP firing, occurred during subthreshold current stimulation. 

 

Figure 3-11: Functional consequences of the depolarization and hyperpolarization induced by 
pulsed IR light. (a), (b) With hybrid stimulation of subthreshold current steps (15 nA in (a) and 5 
nA in (b)) and IR light pulses, the target axon successfully fired APs (red) following the IR light 
pulses. (c), (d) Application of a single IR light pulse reversibly suppressed the rhythmic AP firing 
elicited by suprathreshold current stimulation (20 nA in (c) and 15 nA in (d)). The red bars indicate 
the timing and duration of IR light pulses. The arrows in (c) and (d) point out the IR light-induced 
initial depolarization. 

 On the other hand, when the axon was depolarized to a stable and rhythmic firing 

state, the application of a single IR light pulse reversibly disrupted the depolarizing 

trajectory between APs and suppressed AP firing during the time window of IR light-
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induced hyperpolarization (Figure 3-11(c) and Figure 3-11(d)). The IR light-induced initial 

depolarization, though small, is visible as highlighted by the arrows. The reproducibility 

of the IR light-induced inhibition is illustrated in Figure 3-12. The inhibition of AP firing 

was consistently observed with the five preparations tested. Collectively, the results 

demonstrate the functional relevance of the IR light-induced depolarization and 

hyperpolarization in terms of AP firing. 

 

Figure 3-12: Single and brief IR light pulses repeatedly and reversibly blocked rhythmically fired 
action potentials (APs). Each blue square (control) and red dot (IR) represent an AP fired at the 
corresponding time without and with IR light pulses, respectively. The IR light pulse (red bar) was 
repeated for nine trials on the same preparation. 

 

3.4 Discussion 

 In this study, intracellular recordings from single axons were used to analyze the 

coexisting excitatory and inhibitory effects induced by single and brief IR light pulses. For 

excitation, a TTX-independent depolarization whose amplitude was voltage-dependent 

was observed (Figure 3-6). This depolarization was more pronounced for shorter IR light 
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millivolts depolarization can selectively stimulate cortical neurons that are already close to 

their firing threshold, while leaving other neurons unstimulated. 

3.4.2 IR light-induced hyperpolarization and the TREK channels 

 The photothermal heating generated by IR light pulses is expected to affect both 

the excitatory and the inhibitory components of the neurons and can thus induce opposite 

effects. In addition to the initial depolarizing current, a second hyperpolarization 

component was observed, which lasted up to 100 ms after the end of the IR light pulse. 

The amplitude and polarity of the hyperpolarization were found to be dependent on the 

membrane voltages (Figure 3-8(a) and Figure 3-8(b)). Our data suggests that gK underlies 

the hyperpolarization, as the changes in [K+]o shifted the reversal potential of the 

hyperpolarization in the direction predicted by the Nernst equilibration (Figure 3-8(c) and 

Figure 3-8(d)). This hyperpolarization, when applied to the target axons with 

suprathreshold stimulation, reversibly suppressed AP firing (Figure 3-11(c) and Figure 

3-11(d)). 

 Two-pore domain potassium channels like TREK channels are known to exist in 

single-celled eukaryotes and above [182]. However, the more specific TREK channel types 

present in crayfish are unknown due to lack of genomic data. Nevertheless, 

pharmacological data with barium is consistent with the presence of TREK-type channels 

in the crayfish motor axons. The finding that the application of Ba2+ reduced 78% of the 

potassium conductance underlying the IR light-induced hyperpolarization strongly 

suggests that TREK-type K+ channels contributed to the main component of the 

hyperpolarization. This partial reduction indicates that there were other players being 
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activated by the IR light pulses. Given the diversity of ion channels expressed in different 

cell types, mechanisms underlying the hyperpolarization are likely to be cell 

specific [30,101,158]. In hair cells [101], for example, IR light-induced outward current 

was attributed to the voltage-activated delayed rectifier and BK-type channels activated by 

the IR light-evoked calcium influx and neurotransmitter release from efferent neurons. A 

previous study [183] using gold nanorods as photothermal transducers and near-infrared 

(785 nm) CW light as illumination source showed that TREK-1 activation contributed to 

thermally mediated inhibition in cultured hippocampal neurons.  

 While effects of 5 mM Ba2+ described in this study strongly suggest that TREK-1 

channels may mediate the IR light-induced hyperpolarization, Ba2+ is known to also block 

other K+ channels.  Therefore, Spadin (Tocris), a TREK-1 specific blocker [180,184] was 

also tested. Spadin at 100 nM reduced the amplitude of the IR light-induced 

hyperpolarization at depolarized membrane potentials but to a smaller degree than 5 mM 

Ba2+ (Figure 3-13). Similar results were observed in two additional preparations. There are 

at least two reasons that could explain the smaller effects observed with Spadin. First, the 

crayfish motor axon used here is protected by a layer of glial cells, which can hinder the 

accessibility of the Spadin peptide to the TREK-1 channels in the axonal membrane. In 

fact, it was found that most channel blockers that are peptides do not work consistently on 

the crayfish motor axons. Moreover, it has been shown that even in cultured neurons where 

the Spadin should have free access to the TREK-1 channels, the blocking effect of Spadin 

on TREK-1 channels at basal levels was limited [180,184,185]. In most studies, Spadin 

effects were investigated when a TREK-1 channel activator, such as arachidonic acid, was 
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of the frequency of IR light pulses if repetitive excitation is the goal. It suggests that the 

depolarization resulting from subsequent light pulses may occur during the 

hyperpolarization period activated by the previous light pulses if the pulse frequency is 

significantly higher than 10 Hz. On the other hand, in neurons not expressing TREK 

channels, depolarization generated by individual light pulses can be more effective in 

exciting neurons.  

 

3.5 Conclusion 

 In this chapter, we systematically examined and reported for the first time the 

coexisting excitatory and inhibitory effects as well as their functional significance that can 

be induced by a single and brief IR light pulse on an individual motor axon. The cellular 

events observed with intracellular recordings and the fundamental mechanisms explored 

here are likely to be common to most neurons exposed to IR light irradiation. Our findings 

offer critical perspectives into the understanding and application of INM. They suggest that 

the INM outcomes are largely the combined results of INS and INI, which further depend 

on the physiological states of the target neurons and the IR light pulse illumination regimes. 

They highlight the importance of the collective evaluation of INS and INI and the 

knowledge of heat-sensitive ion channels expressed in target neurons in order to better 

interpret and control INM. 
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CHAPTER 4.  THE IMPACTS OF INFRARED LIHGT PULSES ON LOCALLY 

INITIATED AND PROPAGATING ACTION POTENTIALS AND 

DOWNSTREAM SYNAPTIC TRANSMISSION 

 Chapter 3 presents the modulation of axonal excitability by IR light pulses with 

relatively short pulse duration and high pulse power and the corresponding functional 

outcomes in terms of AP generation and firing. In this chapter, the impacts of pulsed IR 

light on electrically evoked APs that either propagate along single axons or are initiated 

locally are further investigated in detail using IR light pulses with longer duration and 

lower pulse power. The resulting effects on downstream synaptic transmission and 

postsynaptic responses are also characterized with recordings from muscle cells and 

terminal varicosities. Intracellular results show that IR light pulses can significantly 

suppress axonal AP waveforms by decreasing their amplitude and duration and reduce 

locally initiated AP firing frequency in a frequency- and power-dependent manner. IR light 

irradiation also generates a significant faster rising phase in propagating APs but not in 

locally initiated APs. Moreover, pulsed IR light completely and reversibly terminates 

locally initiated APs firing at low frequencies, which leads to the blocking of synaptic 

transmission and postsynaptic potentials. However, IR light pulses only suppress but not 

block propagating APs nor locally initiated APs firing at high frequencies. Such suppressed 

APs do not influence the postsynaptic responses at a distance, which suggests that the 

suppressed APs of motor axons can resume their waveforms after passing the localized IR 

light illumination site, leaving the synaptic and muscular responses unchanged. The data 

presented in this chapter highlights a basic bias of IR light-mediated modulation of APs, 
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Figure 4-2: Representative APTECC trains with (red) and without (blue) IR light illumination of four 
different pulse durations. The red bars indicate the timing and duration of the corresponding IR 
light pulses (7.1 mW). 

 

 
Figure 4-3: Impacts of 20 ms IR light pulses (7.1 mW) on APTECC amplitude and duration. (a) 
Comparison of AP waveforms on an expanded time scale as indicated by corresponding arrows in 
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Figure 4-4: Dynamics of IR light (500 ms, 7.1 mW) suppression on the APTECC amplitude and 
duration evoked by a 21 nA current step. (a), (b) Measured APTECC amplitude and duration as 
defined in Fig. 4-4(a) with and without IR light. Each data point was measured from an APTECC and 
plotted against the timing of that APTECC. The data points were collected from the same preparation 
based on 5 trials. (c) Comparison of dynamic changes of the amplitude, duration, and temperature. 
Changes in amplitude (duration) were obtained by subtracting data points measured without IR 
light illumination from the amplitude (duration) with IR light. The data after the IR light pulse, 
from 0.7 s to 1.6 s, was fitted with a sum of two decaying exponentials respectively (smooth lines). 
The red bar above indicates the timing and duration of the IR light. The grey line illustrates the 
timing and duration of the current injection. These traces were recorded in the absence of 4-AP. 
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firing was further investigated with IR light pulses of higher pulse power and with APs 

induced in a different manner. 

 

Figure 4-7: A 500 ms IR light pulse (7.1 mW) blocked the APTECC initiation and shaped the APTECC 
waveforms. (a) APTECC trains initiated by a 16 nA step, which was slightly above the firing 
threshold. The IR light pulse completely blocked the APTECC. (b) APTECC trains initiated by a 17 nA 
current step. The APTECC amplitude and frequency were suppressed before the APTECC firing was 
completely inhibited, which recovered after the IR light pulse. (c) High firing frequency APTECC 
trains from a 19 nA current step. The APTECC amplitude was progressively decreased by the IR light 
pulse. The red bar above the APTECC trains indicates the timing and duration of IR light pulses (0.2 
s to 0.7 s). The grey lines illustrate the timing and duration of the electrical stimulation. The solid 
dots under the APTECC trains represent fired APTECC. (d) Comparison of APTECC waveforms 
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expanded in time scale with and without the IR light pulse. The APTECC were obtained from (b) and 
(c), as indicated by the corresponding markers. 

 

4.3.3 IR light pulses blocked low frequency APTECC and suppressed high frequency 

APTECC and APprop 

 The frequency dependence observed above was investigated further with carefully 

designed experimental configurations and protocols (Figure 4-1). First, the inhibitory 

effects of IR light pulses of low (7.1 mW) and high (13.1 mW) power levels on APTECC of 

both low and high firing frequencies were examined. A 7.1 mW IR light pulse delivered 

close to the current injection electrode (Figure 4-1(a)) blocked the low frequency APTECC 

initiated by a current step slightly above the firing threshold level (14 nA in Figure 4-8(a)). 

The same IR light pulse reduced the firing frequency but did not silence the firing (Figure 

4-8(b)) when an 18 nA current step was used to evoke high frequency firing, which was 

consistent with the results in the previous section. IR light illumination with 13.1 mW 

power generated much more pronounced but qualitatively similar inhibition at both low 

and high firing frequencies, excited by 13 nA and 18 nA current steps, respectively (Figure 

4-8(c) and Figure 4-8(d)). The effects of IR light pulses on APprop, which were elicited by 

strong extracellular stimulation at an upstream position, were also studied. For the APprop 

fired at 50 Hz, IR light pulses with 7.1 mW power (Figure 4-8(e) and 13.1 mW power 

(Figure 4-8(f)) could not block the APprop. A detailed comparison of the APTECC recorded 

at the end of the IR light pulse showed that the inhibition of the APTECC amplitude and 

duration was more pronounced for higher power of the IR light illumination (Figure 4-8(g) 

and Figure 4-8(h)). As with APTECC, the suppression in APprop amplitude and duration also 
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Figure 4-11: IR light pulses with 7.1 mW ((a)) and 13.1 mW ((b)) power suppressed the amplitude 
and duration of APTECC (N = 7) and the APprop (N = 5) to comparable levels. 

 

4.3.4 IR light pulses induced a faster rising in APprop 

 In addition to the AP amplitude and duration, it was also observed that APprop 

(Figure 4-8(i) and Figure 4-8(j)), but not APTECC (Figure 4-6 (c), Figure 4-6(d), Figure 4-7(d), 

Figure 4-8(g) and Figure 4-8(h)), exhibited a faster rising during IR light illumination. To 

examine this difference quantitatively, the maximum of the first derivative (dV/dt) of the 

APs during the rising phase was compared in Figure 4-12. The change was best visualized 

in the phase plots of the control and IR light suppressed APprop (Figure 4-12(a)), with the 
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Figure 4-12: IR light pulses increased the maximum of dV/dt of the APprop. (a) Phase plot of a pair 
of APprop with (red) and without (blue) IR light. Arrows indicate the maximum of dV/dt. Stars 
indicate the amplitude of the APprop. (b) The maximum of dV/dt of the APprop under IR light 
illumination (N = 5) exhibited a significant increase of 7 ± 1.7% (p = 0.0006) compared to the 
control values. (c) The maxima of dV/dt of the APTECC under control and IR light illumination 
conditions (N = 6) did not differ statistically (p = 0.5620). (d) The maxima of dV/dt of the APprop 
under 13.1 mW IR light illumination (N = 4) exhibited an increase of 21 ± 1.6% (p = 0.0011) 
compared to the control values. (e) The maxima of dV/dt of the APTECC under control and IR light 
illumination at 13.1 mW conditions (N = 5) did not differ statistically (p = 0.0656). 
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evoked by high frequency APTECC firing with a 16 nA current step. In this case, the IPSPs 

occurred at a higher frequency without IR light illumination (Figure 4-14(c), upper blue 

trace) than those with IR light (Figure 4-14(c), middle red trace). While the IR light 

illumination reduced the IPSP frequency, individual IPSPs appeared larger (Figure 4-14(c), 

middle red trace). Since the IPSP amplitude is highly sensitive to the AP firing frequency 

due to short term synaptic plasticity, it was sought to control this variable by selecting 

control IPSPs evoked by a lower frequency APTECC firing (Figure 4-14(c), bottom blue 

trace; 13 nA) such that the IPSP frequency was comparable to that recorded with IR light 

illumination (Figure 4-14(c), middle red trace). The similarity between the IPSP amplitude 

and duration of the middle and bottom traces within the dashed box suggested that the 

differences in the IPSP waveforms between these upper and middle traces were attributable 

to the changed APTECC firing frequency. In other words, the suppressed APTECC by IR light 

pulses at the AP initiation site most likely recovered their normal waveform when 

waveform when they arrived at the terminals of this muscle cell. Similar observations were 

obtained in three additional preparations. 

 The excitatory postsynaptic potentials (EPSPs) evoked by APprop were also 

examined with the experimental configuration shown in Figure 4-15(a). Figure 4-15(b) 

shows the EPSPs resulting from a train of ten APprop induced with a suction electrode. The 

EPSPs exhibited no significant difference between the control (blue) and IR light 

illuminated (red, 7.1 mW) traces, which also indicates that the suppressed APprop recovered 

after emerging from the localized IR light exposure area. It is worth noting that the lower 

power level used in this chapter, 7.1 mW, was sufficient to suppress the synaptic output if 
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the IR light illumination was aimed directly at the recorded muscle cell (Figure 4-16). The 

excitatory postsynaptic potentials (EPSPs) were evoked by 11 consecutive propagating 

APs with the similar protocol as depicted in Figure 4-16(b). With 7.1 mW power IR light 

illumination on the recorded muscle cell, the EPSPs (Figure 4-16, red trace) were 

significantly smaller than the control (Figure 4-16, blue trace). 
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Figure 4-14: Effects of inhibiting APTECC by IR light pulses on synaptic transmission. (a) Schematic 
of the experimental configuration to examine IPSPs with IR light illumination on the axon. I, 
current stimulation electrode; V1, APTECC recording electrode; V2, IPSP recording electrode. (b) 
IPSPs trains evoked by a 12 nA current step with (red) and without (blue) 7.1 mW power IR light 
illumination on the axon. (c) IPSP trains at higher frequencies recorded from the same preparation 
in (b), evoked by 16 nA (upper and middle traces) and 13 nA (bottom trace) current steps. Red bars 
above (b) and (c) indicate the timing of the IR light pulses. (b) and (c) share the same time 
calibration. 
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Figure 4-15: Effects of suppressing APprop on synaptic transmission. (a) Schematic representation 
of the configuration to examine EPSPs with IR light illumination on the axon. S, suction stimulation 
electrode; V1, APprop recording electrode; V2, EPSP recording electrode. (b) EPSPs evoked by 
APprop with (red) and without (blue) 7.1 mW power of IR light illumination on the axon. 

 

 

Figure 4-16: EPSPs were suppressed (red trace) by direct illumination on the recorded muscle cell 
with 500 ms IR light pulses at 7.1 mW power. Traces were averaged over 40 trails. 

 While the IPSP and EPSP recordings in Figure 4-14 and Figure 4-15 suggest that 

the suppressed APTECC and APprop recovered their waveforms by the time they reached the 

presynaptic terminals, the actual AP waveform in the terminals was not monitored. To 

examine the AP waveform in the terminal, the macro-patch technique was used (Figure 
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4-17(a)). In this configuration, a macro-patch pipette was placed on a cluster of terminal 

varicosities, visualized after the axon was injected with Alexa 568. Figure 4-17(b) and 

Figure 4-17(c) illustrate examples of such recording with (dotted red) and without (blue) 

IR light illumination on the axon. The first transient (arrow) following the large stimulation 

artifact represents the coupling potential between the APprop recording electrode (V1) and 

the macro-patch electrode (P). This transient exhibits a larger negative inflection with IR 

light illumination because it approximates the time derivative of the APprop recorded in the 

V1 electrode. This is consistent with the observation that the APprop recorded during the IR 

light illumination exhibited accelerated repolarization (Figure 4-8(i) and Figure 4-8(j)). The 

smaller, positive transient (* in Figure 4-17(b) and Figure 4-17(c)) represents the APs in the 

presynaptic terminals [141]. The inflection within the dashed box is the excitatory 

postsynaptic current (EPSC) recorded by the macro-patch pipette. The terminal APs and 

the EPSCs overlap well between the control (blue) and IR light illuminated (dotted red) 

traces, indicating the recovery of the suppressed APprop. This close overlap of the 

presynaptic AP transients (star) and the EPSCs was observed with IR light power at both 

7.1 mW and 13.1 mW, although the inhibition in the AP amplitude and duration was more 

pronounced at higher power level (Figure 4-8(i) and Figure 4-8(j)). The stronger 

suppression of the APprop for an IR light power of 13.1 mW was indicated by the lower 

minimum of the coupling potentials (Figure 4-17(c) arrow) since the repolarization was 

further accelerated by the stronger IR light power (Figure 4-8(j)). Similar observations were 

obtained in two additional preparations. Thus, both the intracellular recordings from the 

muscle cells and the macro-patch recordings of the terminals suggested that the AP 
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waveforms were likely to have recovered after they emerged from the illuminated area 

where their amplitude and duration were suppressed significantly but not blocked. 

 

 

Figure 4-17: (a) Schematic of the configuration to evaluate postsynaptic glutamate currents (end-
plate currents) using a macro-patch pipette (P) with IR light illumination on the axon. S, suction 
stimulation electrode; V1, APprop recording electrode. (b) and (c) Macro-patch recordings of the 
end-plate currents, evoked by APprop, with (red) and without (blue) 7.1 mW ((d)) and 13.1 mW ((e)) 
power of IR light illumination at the main branching point of the axon. Traces are averages of 60 
trials. Arrows indicate the coupling potentials between V1 and P electrodes. Stars indicate the APs 
at the presynaptic terminals. 

 

4.3.6 IR light pulses reduce the axonal input resistance 

 Since the IR light pulses consistently generated a slight reduction in axonal 

membrane potential during subthreshold depolarization and hyperpolarization, the impact 

of the IR light illumination on the axonal input resistance (Rin) was examined. The Rin is 
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blocking the firing. The suppression in AP amplitude and duration was statistically 

comparable between the APprop and the APTECC. In contrast, the maximum of the dV/dt of 

the APprop increased significantly upon illumination, at both 7.1 and 13.1 mW, while the 

same parameter calculated from APTECC remains unchanged. Blocking of the APTECC 

initiation led to a corresponding block of the postsynaptic potentials, while suppression of 

the waveforms of either APTECC or APprop did not change the postsynaptic responses 

measured at a distance. A reduction in Rin was detected during the IR light illumination, 

which could contribute to the inhibition reported here. These observations suggest that, 

though IR light pulses can inhibit APs firing and thus the corresponding synaptic 

transmission, it is possible that the suppressed APs of the motor axons can resume their 

waveforms after passing the localized IR light illumination site. Thus, to effectively 

modulate the motor outputs, the IR light illumination parameters need to be optimized for 

individual preparations or applications.  

4.4.1 Mechanisms underlying the IR light pulse-mediated inhibition of action 

potentials 

 Among various biophysical mechanisms proposed by INM studies, the 

photothermal effects have been considered as the dominant parameter underlying INM of 

nerve activity and excitability. Other potential processes, photochemical, photomechanical, 

and photoacoustic mechanisms for example, usually require high photon energy or are 

associated with specific neural preparations. These phenomena have been discussed in 

detail [10]. Base on the pulse durations combined with low power levels used in this 

chapter, they are unlikely to play a role in the observations. 
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 A previous study using squid giant axons demonstrated that changes in steady state 

bath temperature profoundly altered the AP duration and amplitude [116]. A recent study 

using unmyelinated axons in the rat cerebellum and hippocampus showed that raising bath 

temperature reduced or blocked compound action potentials (CAPs) [195]. In general, the 

AP amplitude and duration decreased when the bath temperature was raised. In a voltage 

clamp study of the frog myelinated axon, it was concluded that the reduction of AP 

amplitude in response to rising temperatures could be attributed to the higher Q10 values of 

the rate constants of K+ channel activation and Na+ channel inactivation compared to those 

of Na+ channel activation. A recent experimental and simulation study with mouse cortical 

neurons confirmed that the decreases in AP amplitude and duration at higher temperatures 

were mainly due to an increased rate of Na+ channel inactivation [196]. However, an 

accelerated K+ channel activation was suggested to be the primary cause of the thermal 

inhibition of APs in a simulation study based on the squid giant axon [36]. The time 

window in which the AP amplitude and duration were measured in this study involved both 

Na+ and K+ channel activation and Na+ channel inactivation. In line with these 

studies [35,36], the temperature dependent changes in Na+ and K+ channel kinetics can 

explain the reduction in AP amplitude and duration during IR light illumination reported 

here. Specifically, the non-uniform temperature sensitivities of these rate constants suggest 

that, during the IR light pulse-induced local temperature transients, the Na+ influx during 

the rising phase of an AP was weakened by the faster Na+ channel inactivation while the 

accelerated Na+ channel inactivation together with the sped-up of K+ channel activation 

hastened the falling phase. 
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recorded APs. 

 While the IR light-mediated inhibition of the amplitude and duration of the APTECC 

and the APprop was quantitatively similar, IR light irradiation did significantly accelerate 

the rising phase of the APprop. Previous analyses have suggested that the first derivative of 

an AP during its rising phase approximates the time course of the Na+ current (INa) during 

that period [197]. This increase in dV/dt was not as consistently observed in APTECC, which 

can be explained by the following two reasons. First, the APTECC firing threshold during 

intracellular current steps fell typically between -35 to -45 mV. In contrast, the APprop 

typically took off from a level around -70 mV and reached threshold in less than 100 µs. 

Secondly, the APTECC used for this analysis were chosen from the end of the IR light 

illumination period, which corresponded to ~600 ms after the onset of the current step. 

Both the depolarized level from which the APTECC were initiated, and the prolonged period 

of depolarization could have led to a significant accumulation of Na+ channel inactivation. 

As a result, the effect of elevated temperatures on the accelerated Na+ channel opening 

might not be detectable in the APTECC.  

 The examination of IR light-induced subthreshold events also shed light on 

potential contributions of phenomena associated with transient temperature changes and 

that can affect any transient IR light-mediated neural modulation. To the best of our 

knowledge, there have been no reports of transient receptor potential vanilloid (TRPV) 

channels in the motor axon of crayfish opener neuromuscular preparation. In addition, 

since the IR light pulse in this chapter did not induce significant depolarization, as would 

be typically expected from the TRPV channels [198,199], this class of ion channels is 
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CAPs with the muscle EMG signals. The same study also showed that the IR light on an 

Aplysia unmyelinated nerve reduced the CAPs amplitude and the muscle contraction force, 

but these parameters were not recorded in the same preparation. The CAP amplitude 

measured from a peripheral nerve represents the sum of APs from individual axons of the 

nerve. An IR light-induced reduction in the CAP amplitude could be due to the block of 

APs in some of the axons and the suppression of the APs in others. As suggested by data 

presented here, it is likely that the recovery of the suppressed APs could happen in healthy 

preparations as they propagate towards the presynaptic terminals. This possibility has also 

been suggested in a simulation study [35],  Thus, INI of the motor output cannot be 

precisely predicted from the magnitude of the inhibition of the CAP amplitude. Precise and 

reliable inhibition of muscle activities by localized IR light irradiation on axons, especially 

for long axons or myelinated axons with large safety factors, needs to consider a 

combination of factors such as the irradiation location, area and the power level. For 

example, aiming the IR light near the muscle may be more efficient over other locations, 

for several reasons [207]. First, if the location of the inhibited APprop is near the axonal 

terminals, the suppressed APs may not have enough propagation distance to regain their 

normal shape. Secondly, IR light irradiation near the target muscle may have the added 

benefit of inhibiting synaptic function and muscle cells directly [111,208]. This approach 

may have the advantage of expanding the direct reach of IR light on the Ca2+ channels in 

the presynaptic terminals, the molecular processes regulating synaptic transmission (see 

Chapter 5) and the generation of APs in muscle cells. Other technical innovative 

approaches such as combining IR light with other modalities [188] may also improve the 
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agreed that the biological responses in INM are mainly caused by the localized thermal 

transients generated via water and tissue absorption of pulsed IR light [29,30,109,165]. 

These IR light-induced thermal transients can alter cell membrane 

structures [33,105,106,212], passive membrane properties [30,32,33,101,106,165], ion 

channel kinetics and activities [37,38,104,163], and intracellular Ca2+ 

concentrations [21,39,43,103], These changes can in turn modulate neuronal and muscular 

activities. For instance, in IR nerve stimulation (INS) studies, it was found that brief and 

intense IR light pulses can generate capacitive currents, due to reversible changes in 

membrane dimensions, which can depolarize cell membrane potential [30,33]. In contrast, 

IR nerve inhibition (INI) has been demonstrated in studies where K+ ion channels, such as 

voltage-dependent K+ channels [36,37] and temperature-sensitive two-pore domain 

TWIK-related K+ (TREK) channels [163], were activated by IR light pulses. It is worth 

noting that the temperature rises induced by IR light pulses or even visible light commonly 

applied in optogenetics [213] can concurrently trigger biophysical processes that generate 

opposite effects in terms of modulation outcomes [163]. The relative importance of 

individual mechanisms in INM is likely to be neuron-specific. Moreover, when IR light 

pulses are applied to densely packed neuronal tissues, various neuron types, including non-

neuronal cells [43], of the tissues and the different subcellular compartments of individual 

neurons can be illuminated simultaneously and respond differently. Given that these 

cellular and subcellular parts may have distinct thermal sensitivities and can play different 

roles in a neural circuit, understanding and predicting the outcomes of INM in complex 

neural tissues needs to take these factors into consideration [24,128]. 











 

 

109 

 

Figure 5-2: Illustration of synaptic facilitation recorded with a macro-patch pipette at the crayfish 
neuromuscular junction. (a) A trace showing an EPSC train (blue) recorded with a macro-patch 
pipette placed on top of the presynaptic terminals. Due to the stochastic vesicle release process, it 
is necessary to average over 50 trials (gray traces) to obtained representative responses. (b) 
Zoomed-in version of three segments of the trace in (a) showing synaptic facilitation. EPSCs 
(glutaminergic) gradually become larger as the stimulus number advances. 

 Three major experimental protocols were used in this study, as shown in Figure 5-3. 

With Protocol 1, the INM of evoked synaptic transmission was examined after the IR light-

induced temperature rise had reached steady state. In this case, the AP evoked synaptic 

responses (EPSCs) were initiated 300 ms after the beginning of the IR light pulse (Figure 

5-3(a)). In the second protocol, the EPSCs started before the onset of the IR light pulse 

(Protocol 2 in Figure 5-3(a)). This protocol allowed us to examine the INM as the 

temperature was rising. The last protocol was used for recording calcium transient where 

the AP stimulation and IR light delivery started simultaneously (Protocol 3 in Figure 

5-3(b)). 
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Figure 5-3: Experimental protocols. (a) Protocol 1 and Protocol 2 were used to evaluate synaptic 
transmission during the plateau phase (last 200 ms) and the rising phase (first 200 ms) of the IR 
light-induced temperature rise, respectively. (b) Protocol 3 was used to examine the IR light 
impacts on the terminal Ca2+ influx. 

 

5.2.2 Fluorescent measurement of pre-synaptic Ca2+ transients 

 The inhibitory axon was selected for studying the Ca2+ transients to avoid muscle 

contraction that may otherwise distort the fluorescent signals, since a larger number of APs 
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light intensity due to a reduced fluorescent life time [221] and an increased affinity of Ca2+ 

indicators [222]. To minimize such a potential artifact, the reduction in fluorescence 

intensity during the IR light illumination without electrical stimulation was subtracted from 

that recorded when the IR light irradiation and electrical stimulation were both active 

(Figure 5-4). 

 

 

Figure 5-4: Correction of the IR light-induced baseline fluorescence changes. (a) Representative 
raw traces of PMT recordings under different conditions. The reduction in baseline fluorescence 
intensity caused by an IR light pulse (IR only trace) was subtracted from the condition when both 
an IR light pulse and electrical stimulation (ES) was applied simultaneously (ES + IR trace). (b) 
The corrected fluorescent transients with and without an applied IR light pulse (13 mW). Each trace 
is an average of 50 single recordings. 

 

5.2.3 IR laser light configuration 

 A modulated fiber-coupled diode laser (FPL2000S, Thorlabs) with a center 

wavelength at 1994 nm and a 3-dB linewidth of 3.6 nm was used as the IR light illumination 

source. The IR light pulse was aimed directly at the recorded terminals via a delivery fiber 

(50-µm core diameter), which was arranged at an angle of 28° to the horizontal plane. The 
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Figure 5-5: IR light-induced localized temperature dynamics monitored with an open patch pipette 
placed around the center of the illuminated area at a distance from the optical fiber tip similar to 
that between the target synapses and the tip of the optical fiber. 

 

5.3 Results 

5.3.1 Effects of varying laser power levels on evoked synaptic transmission 

 The dependence of the EPSC characteristics on different IR light power levels was 

first examined using Protocol 1 (Figure 5-3(a)) where a train of 10 APs was delivered when 

the IR light-induced temperature rise could be assumed to be in steady state. The first 5 

EPSCs were generally small in amplitude because of the low release probability of the 

crayfish excitor synapse, as shown in Figure 5-2. The amplitude gradually increased due to 

strong synaptic facilitation. For the analysis in this section, the last 5 EPSCs under each 

condition were averaged. 

 A bidirectional modulation of the EPSC amplitude by a single IR light pulse 

delivered to the target synapses was achieved by varying the IR light power (Figure 5-6). 

Specifically, the EPSC amplitude was enhanced by the IR light pulse at a low power level 
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(Figure 5-6(a), 3 mW) and was suppressed by the IR light pulse of a moderate power level 

(7 mW). When the power level was sufficiently high, the EPSCs were completely blocked 

(13 mW). Additionally, the EPSCs recorded with the applied IR light pulse exhibited an 

earlier onset and peak than those without IR light (arrowheads in Figure 5-6(a), 7 mW). 

The localized nature of the IR light pulse illumination is supported by the observation that 

the intracellularly recorded APs from the main branch of the motor axons showed no 

change while the EPSCs recorded simultaneously were modulated by the IR light pulse 

(Figure 5-7) targeting the terminal varicosities. The changes in EPSC amplitude and peak 

timing from six preparations under different IR light power levels were summarized in 

Figure 5-6(b) and Figure 5-6(c), respectively. The compiled plot showed that IR light pulse 

with relatively low power enhanced or had neutral effects on the EPSC amplitude, while a 

pulse with higher power levels consistently suppressed and even inhibited the EPSCs 

(Figure 5-6(b)). The reduction in synaptic delay (left shifting of EPSC peak) continued as 

the IR light power increased (Figure 5-6(c)). This bidirectional modulation of evoked 

synaptic transmission was completely reversible, as indicated by the stable synaptic 

transmission under control condition throughout the experiment. To better examine the 

transition of the EPSC modulation from enhancement to inhibition, Protocol 2 (Figure 

5-3(a)) was designed where the EPSCs occurred during the rising phase of the IR light-

induced temperature rise. 
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Figure 5-6: Modulation of the synaptic transmission by a single IR light pulse of different power 
levels. (a) Traces showing the excitatory post-synaptic current (EPSCs) recorded from the same 
synapses in the absence (solid blue line) and presence of IR light illumination (dashed red line) 
using protocol 1. Each trace was an average of 50 trials. All traces were recorded from the same 
terminal clusters. The three panels share the same horizontal scale bar on the bottom left. (b) 
Normalized EPSC amplitude changes (arrows in (a)) caused by the IR light of four different pulse 
power levels. (c) Differences in the timing of the EPSC peak (arrowheads in (a)) in response to the 
applied IR light pulse. Each type of symbols (colors) in (b) and (c) represents data obtained from 
one preparation dissected from an individual crayfish. The red bars in (b) and (c) indicate the mean 
± SEM (N = 6). 
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Figure 5-8: Modulation of the synaptic transmission during the rising phase of the IR light-induced 
temperature rise. (a) Traces showing the EPSC under control (solid blue line) and IR light 
illumination (dashed red line) conditions with Protocol 2. The numbers (6th, 10th, and 15th) represent 
the order of the EPSCs. Each trace was averaged over 50 trials. All traces share the same vertical 
scale bar on the left. (b) Plot showing the normalized EPSC amplitude changes (black circles), 
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differences in the timing of the EPSC peak (green triangles), and localized temperature transient 
(dashed red) caused by an IR light pulse of 10 mW. (c) Normalized EPSC amplitude changes (left 
axis) and changes in the timing of the EPSC peak (right axis) plotted against the normalized IR 
light-induced temperature rise (x axis). Each type of symbols represents a set of data obtained from 
one preparation dissected from an individual animal (N = 4). 

 

Figure 5-9: Modulation of the synaptic responses after the termination of IR light illumination. (a) 
Illustration of the experimental protocol to evaluate the synaptic transmission during the recovery 
phase of the IR light-induced temperature transients (first 200 ms after the end of the IR light pulse). 
(b) Plot showing the normalized EPSC amplitude changes (black circles), changes in the timing of 
the EPSC peak (green triangles), and localized temperature transient (dashed red) caused by an IR 
light pulse of 13 mW during the first 200 ms of the temperature recovery phase. 

 

5.3.3 Dynamics of the EPSCs during IR light-induced temperature rise 

 The IR light modulated synaptic transmission was further examined by evaluating 

the EPSC time course. Figure 5-10(a) and Figure 5-10(b) illustrate the example EPSCs and 

their corresponding derivative of the voltage (V) with respect to time (dV/dt) with and 

without IR light illumination. The minimal peak of the dV/dt of enhanced EPSC was 

approximated two times larger than its control counterpart (see arrows in Figure 5-10(a)). 

On the other hand, when the EPSC was significantly suppressed, the dV/dt minimum was 

smaller (arrowheads, Figure 5-10(b)). The percentage changes in EPSC dV/dt minimum 

were plotted against their corresponding changes in EPSC amplitude in Figure 5-10(c) (N 
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= 15). A linear correlation between the two parameters was observed, suggesting that the 

two measurements accurately reflect the trend of the IR light-mediated synaptic 

enhancement and inhibition. All EPSCs in the presence of IR light illumination showed a 

reduced synaptic delay (Figure 5-10(d), N = 15), as indicated by the measurement of the 

timing of the EPSC dV/dt minima, consistent with the data shown in Figure 5-6 and Figure 

5-8. However, the delay in the timing of the dV/dt minimum and the normalized changes 

of the EPSC amplitude exhibited no significant correlation statistically (Figure 5-10(d)), 

suggesting that the synaptic processes underlying the two parameters have different 

temperature sensitivities and were likely regulated individually by the IR light-induced 

temperature rise. 



 

 

122 

 

Figure 5-10: Dynamic changes of the IR light-modulated EPSCs. (a), (b) Comparison of EPSCs 
with (dashed red line) and without (solid blue line) IR light pulse illumination and their 
corresponding dV/dt traces for two scenarios: one with the EPSC amplitude enhanced by the IR 
light pulse (a) and the other suppressed (b). Each trace was averaged over 50 trials. (c) Scatter plot 
showing a positive correlation between the IR light-induced EPSC amplitude changes and the IR 
light-induced EPSC dV/dt minimum changes. (d) Scatter plot of the IR light-induced EPSC 
amplitude changes against the IR light-induced EPSC delays measured using the time when the 
dV/dt minimum occurs. Data in (c) and (d) are collected from 15 animals under different IR light 
power levels with Protocol 1 and Protocol 2. EPSCs whose amplitude was suppressed by more than 
90% were not included in the analysis. 

 

5.3.4 IR light effects on terminal APs 

 Our previous study showed that IR light pulse can suppress the amplitude and 

duration of propagating APs recorded in the main trunk of the motor axon [172]. Though 

the axonal APs recorded around the main branching point remained completely unchanged 


























































































