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Novel Methods of Thermally Mediated Selective 

Neural Inhibition  

Abstract 

by 

 
JUNQI ZHUO 

 
 
 
 
Small-diameter axons (e.g., unmyelinated C fibers) are commonly afferent axons that 

carry critical sensory signals. Selective inhibition of dysfunctional small-diameter axons 

can be useful for basic neuroscience research and lead to treatments for neurological 

diseases (e.g., neuropathic pain and persistent hypertension), but remains an unmet need. 

Conventional pharmaceutical targets are distributed throughout the body, which causes 

systematic side effects. Electrode-based neuromodulation modalities tend to block large-

diameter axons first. Other efforts, such as multi-electrode designs, have achieved spatial 

selectivity, which is challenged by the degradation of electrode performance due to 

immune responses. There is a need for a modality that can intrinsically and reliably induce 

size-selective inhibition of small-diameter axons. 

Our lab and collaborators have demonstrated in previous studies that infrared (IR) 

neural inhibition (INI) can selectively inhibit small-diameter axons via the heat induced by 

the absorption of IR light (e.g., 1470 nm, 1860 nm) which thermally accelerates ion-
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channel dynamics. In this work, we first explored the possibility of lowering the IR power 

threshold for INI with isotonic ion replacement using glucose and/or choline in the 

extracellular fluid. We applied IR and isotonic ion replacement simultaneously to the same 

nerve segment, both at a sub-threshold level, and the results confirmed that the IR power 

threshold of size-selective INI can be lowered by isotonic ion replacement. Second, we 

tested the hypothesis that resistive heating can reproduce the size selectivity of INI. We 

fabricated a customized resistive heating cuff and tested localized heat application via 

both resistive heating and INI on the same nerve. The experimental results confirmed that 

resistive heating can reproduce the size-selective inhibition on small-diameter axons with 

higher overall energy efficiency. Further numerical simulation showed that INI and 

resistive heating required similar temperature elevations on the axons for the same 

inhibitory effect. In addition to the two projects, related preliminary methods and test 

results are included in the appendix. 

Here, we present efforts to provide modalities for size-selective inhibition on small-

diameter axons. Further studies in this direction can help researchers and physicians 

explore the functionalities of small-diameter axons and develop future therapeutic options. 
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Chapter 1. Introduction 

1.1 Motivation 

There is an unmet need to block the signaling of small-diameter afferent axons. Small-

diameter axons are commonly afferent axons (e.g., unmyelinated C fibers) that carry 

various sensory signals that are critical for vital physiological conditions 1. Selective 

inhibition of dysfunctional small-diameter axons can help treat diseases. For example, it 

will be valuable to selectively block aberrant, persistent nociceptive pain signals while 

avoiding disruption to motor functions and other systematic side effects2,3. This can be 

hard to achieve with conventional pharmaceuticals. Another example is persistent 

hypertension caused by hyperactive sensory feedback signals, which may be blocked by 

selective inhibition of the small-diameter axons 4. In addition, selective inhibition of small-

diameter afferent fibers can help researchers explore the functionality of neural circuits by 

manipulating the inputs. 

Currently, all standard pathways to block small-diameter fibers have their limitations, 

despite the many potential applications 1,5. Conventional pharmaceuticals are limited in 

their selectivity as the agents usually diffuse throughout the whole body and also affect 

off-targets that lead to side effects 6,7. Electrode-based neuromodulation modalities tend 

to block large-diameter axons as the transmembrane potential evoked by the extracellular 

electrodes is proportional to the axon diameter. Additional efforts on the electrode 

configuration and stimulation waveform have to be made to achieve limited success in 

selective neural inhibition of the small-diameter axons 2. And the selectivity can be further 

degraded as the electrode properties change and anatomy structure varies during chronic 
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implantation. There is a need to develop a neuromodulation modality that can reliably 

induce selective inhibition of small-diameter axons 1,5.  

Infrared (IR) neural inhibition (INI) has been demonstrated in previous studies to 

selectively inhibit small-diameter axons via the heat induced by the absorption of IR light 

(e.g., 1470 nm, 1860 nm) 8. The wavelengths used in INI have a strong water absorption 

coefficient and can induce heat directly inside the nerve. It has been modeled and 

experimentally verified that heating during INI caused the acceleration of voltage-gated 

potassium ion channels which lead to the inhibitory effect 9,10. The IR application protocol 

for selective inhibition of small-diameter axons has been explored in invertebrates (Aplysia) 

and successfully transferred to vertebrates (musk shrew) 8, which holds potential for future 

translation applications. Despite the potential for translational application of INI, there are 

currently limitations in our understanding of the effects of the thermal loads applied to 

neural tissue during the procedure. Additionally, the feasibility of using INI in vivo with an 

implantable design has been questioned due to the mechanical stiffness of optical fibers 

and the relatively low power efficiency of infrared light sources. 

1.2 Dissertation outline 

In this work, we first explored the possibility of lowering the IR power threshold for INI with 

isotonic ion replacement in the extracellular fluid. It has been shown that neural conduction 

can be blocked with isotonic ion replacement alone (i.e., with high glucose saline, high 

choline saline, or high glucose/high choline saline). We identified the concentration 

threshold for the ion-replacement agents (i.e., glucose and/or choline) mixed in regular 

saline for inducing neural inhibition. We applied IR and isotonic ion replacement 

simultaneously to the same segment of the nerve, both at a sub-threshold level, and 

achieved selective neural inhibition. The results confirmed that the IR power threshold for 



12 

INI can be lowered by isotonic ion replacement, which can help lower the thermal load on 

neural tissue during INI 

Second, we identified that the low conversion efficiency from electricity to IR light 

at the laser diode was a major limitation for implementing INI with an implantable design. 

To bypass this limitation, we tested the hypothesis that other heating modalities such as 

resistive heating (RH), when applied in a similar manner, can induce selective inhibition 

on the small-diameter axons. To conduct the test, we fabricated a customized resistive 

heating cuff with a thermal sensor to apply localized heat on the nerve and monitor the 

induced temperature elevation (ΔT). We tested the heating cuff in comparison with the INI 

in terms of the ΔT threshold of selective inhibition, the size selectivity across different 

nerves, and the efficiency of converting electricity to heat. A numerical simulation of the 

heating process during INI and resistive heating was conducted to explore the uniformity 

of the induced heat distribution inside the nerve. The simulation suggested that the ΔT 

thresholds for inducing selective inhibition at the central region where the axons are 

located were similar between the two modalities. This study proposes a resistive-heating- 

based neural interface that can be fabricated using flexible materials and has a high 

energy conversion efficiency, which could significantly increase its feasibility as an 

implantable solution. Furthermore, this work also suggested that selective inhibition on the 

small-diameter axons can be an inherent property of heat-based neural inhibition 

modalities. 

In addition, Appendix A included the preliminary test results of the parameter 

spaces of infrared neural inhibition are included. Appendix B included the protocols for 

fabricating spiral resistive heating nerve cuffs. Appendix C included the considerations for 

conducting ex vivo electrophysiological tests with Aplysia nerve. Appendix D included the 
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experimental protocols for conducting nerve dissection and ex vivo electrophysiological 

tests for photobiomodulation (PBM) with rat sciatic nerve.  

1.3 Summary  

The present research summarizes our efforts to provide modalities for size-

selective inhibition on small-diameter axons. The isotonic ion replacement method can 

help lower the thermal dose applied to neural tissues during INI. The resistive heating 

neural interface showed that thermally-mediated neural inhibition is selective for small-

diameter axons. The resistive heating-based neural interface also significantly increased 

the feasibility of applying thermally-mediated size-selective inhibition with implantable 

designs. Further studies in this direction can help researchers and physicians explore the 

functionalities of small-diameter axons and develop future therapeutic options.
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Chapter 2. Background 

2.1 Neurophysiology 

2.1.1 Neurons and action potentials 

It is necessary to understand neuroanatomy and how neurons function for 

developing/optimizing neuromodulation technologies. Neurons are highly specialized cells 

that can transfer information (i.e., neural activity) via electrochemical signals between 

neurons and other effector organs (e.g., muscles). Dendrites and axons are the unique 

cellular structures of a neuron. Dendrites are branched extensions of the neuron’s cellular 

structure, which can receive electrochemical signals from other neurons and send them 

to the somata for integration. Axons are the major extension of the neuron structure that 

can connect to other neurons or organs and transfer information over a long distance (up 

to ~ 1m). A bundle of axons (also called nerve fibers) that travel together is called a nerve.  

Within the cell membrane of a neuron, different types of ion channels are 

expressed to permit the movement of electrically charged ions across the cellular 

membrane. The ion channels cause the cellular membrane to have selective permeability 

for each ion species. Types of ion channels can be defined based on the mechanism of 

gating: voltage-gated ion channels, ligand-gated ion channels, mechanical-gated ion 

channels, temperature-gated ion channels, light-gated ion channels, and other gating 

mechanisms 11,12. There are also ion channels that are not gated and remain open all the 

time (i.e., “leak channels”) 13–15. The opening of ion channels increases the membrane 

permeability to specific ion species. The flow direction and flux of ions through ion 

channels depend on the ion concentration gradient and electrical potential gradient across 

the membrane. In addition to ion channels, there are ion pump proteins within the neuron 
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membrane that actively transfer ions across the membrane, using the energy of ATP 

hydrolysis 16–18. One example is the Na+-K+ pump, which can transfer three Na+ ions 

outwards and two K+ ions inwards at a time, and is important for the maintenance of the 

ion concentration gradient; it also contributes partially to the resting membrane potential 

across the membrane 19. 

As a result of all the ion movement, the ion concentration is different across the 

membrane, but on both sides of the membrane, ion concentrations are constrained by the 

need to maintain bulk electroneutrality and osmotic balance. In the resting state, neurons 

have a high K+ ion concentration and a low Na+ ion concentration within the cytoplasm. 

The ion concentration gradient across the membrane (from the cytoplasm to the 

extracellular fluid surrounding the neuron) causes a resting membrane potential that is 

more negative on the inside of the membrane. Each species of ions contributes to the 

resting potential by its equilibrium potential according to the Nernst equation: 

𝐸𝑥 =
𝑅𝑇

𝑧𝐹
ln

[𝑖𝑜𝑛]𝑜𝑢𝑠𝑖𝑑𝑒

[𝑖𝑜𝑛]𝑖𝑛𝑠𝑖𝑑𝑒
 

where R is the ideal gas constant (8.314 J/mol/K), T is the temperature in degrees 

on the Kelvin scale, z is the valence (the electrical charge) of the ion, and F is Faraday’s 

constant (F= 96,485 C/mol). When calculating the resting potential, usually only Na+, K+, 

and Cl- ions are taken into consideration. But other ions, such as Ca2+ and Mg2+ can also 

play important roles in establishing membrane potentials. Based on the Nernst equation, 

a reversal potential can be calculated for each ion species. When the membrane potential 

is changed across the reversal potential, the ionic current reverses. At the reversal 

potential, there is no net ion current across the membrane. For most neurons, the reversal 

potential is about +60 mV for Na+ ions, about -80 mV for K+ ions, and about -60 mV for Cl- 

ions. As the results of all the ionic current flow across the membrane, most neurons have 
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a resting membrane potential of about -70 mV. When the gated-ion channel of the specific 

type of ion is opened, the ion flow across the membrane will bring the membrane potential 

towards the equilibrium potential of that ion. In other words, the concentration gradient 

that is actively maintained by the ion pumps provides the driving force for the rapid 

membrane potential change during neural conduction, as will be described next. 

 When an electrical or certain chemical stimulus is applied to a neuron’s membrane, 

the membrane potential can be changed. Depending on the intensity of the stimulus, either 

a graded potential or an action potential can be initiated. Due to the presence of voltage-

gated sodium channel thresholds, the response to this change in membrane potential can 

be divided into graded potentials and action potentials. Local changes in membrane 

potential can further alter the membrane potential in nearby regions, which at a 

macroscopic level appears to be the conduction of neural signals.  

A graded potential is initiated when the stimulus is not large enough to activate the 

voltage-gated Na+ channels sufficiently to generate an action potential. Graded potentials 

can vary in amplitude and duration based on the stimulus parameters. A graded potential 

will gradually repolarize/hyperpolarize (depending on the initial stimulus) towards the 

resting potential by non-gated ion channels and subthreshold responses of voltage-gated 

channels. When a graded potential is initiated, it can alter the adjacent membrane’s 

potential and induce the passive conduction of neural signals. However, passive 

conduction attenuates rapidly over distance as it does not induce a regenerative response. 

When stimuli are applied at short intervals, it is possible to have the summation of graded 

potentials on the same membrane region, because ion channels need time to change the 

membrane potential back to the resting potential. A summed graded potential can 

propagate further via passive conduction as it has a bigger initial amplitude and/or duration. 

This typically happens on the post-synaptic membrane of dendrites where the summation 
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of graded potentials changes the excitability of the specific region of the membrane. When 

the activity of one neuron regulates the excitability of other neuron(s), it is called 

neuromodulation. Similarly, if a neuron releases a chemical that alters the responsiveness 

of a neuron to other chemical signals, this is also called neuromodulation. This is the 

original and biological form of neuromodulation as opposed to the biomedical engineering 

form of neuromodulation where an external modality is applied to change a neuron’s 

excitability or alter the neural conduction. 

In contrast to graded potential and passive conduction, an action potential is 

initiated when the stimulus is strong enough to depolarize the membrane potential 

sufficiently that the inward current through the voltage-gates Na+ ion channels is larger 

than the outward current through other channels, leading to an explosive regenerative 

positive feedback loop that rapidly opens many more Na+ ion channels. There are four 

phases of an action potential: depolarization, repolarization, hyperpolarization, and 

recovery (to resting potential). First, the initial membrane depolarization beyond the 

threshold increases the likelihood of opening the voltage-gated Na+ ion channels. As some 

of the voltage-gated Na+ channels begin to open, Na+ ions flow into the neuron rapidly and 

further depolarize the membrane potential. As a result of this positive feedback, more 

voltage-gated Na+ ion channels will open and result in a rapid inflow of Na+ ions. This 

rapidly depolarizes the membrane potential toward the equilibrium potential of Na+. At 

about +30 mV, the voltage-gated K+ channels begin to open due to the membrane 

depolarization, but at a rate slower than the voltage-gated Na+ channels. As the potassium 

channels begin opening, the voltage-gated Na+ channels will begin to close and reduce 

the inflow of Na+ ions due to the inactivation process caused by sustained depolarization. 

The peak voltage reaches approximately +40 mV.  The peak amplitude of action potentials 

remains constant for a given neuron membrane and does not depend on the intensity of 
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the initial stimulus. This is summarized as the "all or none" characteristic of an action 

potential, similar to a digital discrete signal. Since the peak amplitude does not depend on 

the initial stimulus, it cannot be used to convey information. Instead, the firing rate of action 

potentials is used to represent the strength of the neural signal. For example, a higher 

firing rate of a motor neuron can generate a stronger muscle force. A higher firing rate of 

a sensory neuron represents a stronger stimulus. It should be noted, however, that the 

peak of the action potential can vary due to the build-up of sodium inactivation, or to the 

activation of other slower ion conductances, so the simplification that an action potential 

is an “all-or-nothing” binary signal is not correct, and the differences in amplitude of the 

peak of the action potential can also contain information. 

After reaching the peak, the repolarization phase of the action potential begins as 

the outflow of K+ ions increases. When the membrane repolarizes and reaches the resting 

potential, the membrane potential will continue to hyperpolarize due to the time lag to 

close the voltage-gated K+ channels. Then the membrane potential gradually returns to 

the resting potential as the voltage-gated K+ channels close and potassium permeability 

returns to its resting state value. After that, the axon membrane is ready for the initiation 

of the next action potential. Because the action potential is essentially regenerated along 

the entire length of an axon, the action potentials can propagate rapidly over a long 

distance without attenuation. Due to the inactivation of the voltage-gated Na+ channels, 

there is an absolute refractory period during which the membrane won’t be able to respond 

to a stimulus. This is followed by a relative refractory period, during which a stimulus 

stronger than usual will be required for the initiation of an action potential. The existence 

of refractory time ensures the directional propagation of action potentials and limits the 

maximum frequency of transmission. 
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2.1.2 Peripheral nerve structure 

The nervous system can be divided into two main parts: the central nervous system (i.e., 

the brain and spinal cord), and the peripheral nervous system (i.e., the nerves that branch 

from the brain and spinal cord and innervate the whole body). The peripheral nerves are 

a collection of axons connecting and communicating with different regions in the body. 

The axons in the peripheral nerve can be categorized as afferent nerve fibers that relay 

sensory signals toward the spinal cord or brain or the efferent fibers that relay signals to 

peripheral organs to achieve an effect (e.g., activate a muscle). 

 

Figure 2.1. Schematic of the structure of a peripheral nerve.  

The figure shows the structure of myelinated and unmyelinated axons. It also shows the different 

layers of connective tissues and other surrounding tissue. (Guedan-Duran et al., 2020. The original 

work is published with permission under a Creative Commons Attribution 4.0 International License. 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/).  

Since axons project over long distances from the somata to reach their target 

organs, it is necessary to protect the fragile axons with glial cells. In the peripheral nervous 
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system, Schwann cells can make myelin to insulate axons and increase signal 

transduction. Axons with myelinated Schwann cells are called myelinated axons (see 

Figure 2.1). The myelin forms a laminated structure wrapping around the axon with a 

period of approximately 12 mm along the length of the axon. The exposed axonal regions 

between segments of myelin are the nodes of Ranvier. Schwann cells also support and 

provide nutrition for the unmyelinated axons, by wrapping around a bundle of 5 to 20 

unmyelinated axons, which is called a Remak bundle (see Figure 2.1).  

Based on the axon diameter and speed of neural conduction along the nerve (i.e., 

conduction velocity), nerve fibers (axons) can be categorized into A, B, and C fibers. A 

fibers can be further subdivided into Aα, Aβ, Aγ, and Aδ as the size decreases. A fibers 

include all the somatic efferent and afferent fibers. B fibers are the preganglionic fibers in 

the autonomic nervous system. C fibers include both somatic afferent fibers and the 

postganglionic fibers in the autonomic nervous system. Both A and B fibers are myelinated 

whereas C fibers are unmyelinated. Here is a summary of the properties of the nerve fiber 

groups: 

Table 2.1. Classification of nerve fibers 20 

Fiber Type Sub-type Functions 
Radius 
(μm) 

Conductance 
Velocity (m/s) 

A α Myelinated somatic 
afferent and efferent 

Proprioception, 
somatomotor 

12-20 70-120 

β Touch, pressure 5-12 30-70 

γ Motor for muscle spindles 3-6 15-30 

δ Pain, cold, touch 2-5 12-30 

B 
 

Myelinated preganglionic autonomic < 3 3-15 

C Dorsal 
horns 

Unmyelinated somatic 
afferent 

Pain, temperature, 
mechanoreception, reflex 
response 

0.5-2 0.5-2 
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Fiber Type Sub-type Functions 
Radius 
(μm) 

Conductance 
Velocity (m/s) 

Sympathe
tic 

Unmyelinated 
autonomic 
postganglionic 

Pilomotor, sudomotor and 
vasomotor 

0.7-2.3 0.7-2.3 

 

Further, there are several general principles regarding axon diameter, myelination 

condition, conduction velocity, and function. First, myelinated axons are generally larger 

in diameter compared with unmyelinated axons because axons need to be larger than 

approximately 1 μm for myelination to commence 21. Second, myelinated axons have a 

faster conduction velocity compared with unmyelinated axons because the myelination 

enabled the saltatory conduction between the nodes of Ranvier 22. Third, under the same 

myelination condition, axons with a smaller diameter will have a slower conduction velocity. 

For unmyelinated axons, the conduction velocity is related to the axon diameter through 

the following approximation equation: 

𝑣 ≅
1

8

1

𝐶𝑚
√

𝑑

𝑅𝑚
∗ 𝑅𝑖

, 

where 𝐶𝑚 is the membrane capacitance per unit area, 𝑑 is the axon diameter, 𝑅𝑚
∗

 is the 

membrane resistance of a unit area, and 𝑅𝑖 is the intracellular resistivity. Fourth, afferent 

fibers are mostly small-diameter axons. About 70% of all the noxious afferent fibers are C 

fibers 11.  

In addition to the axons, the design of the neural interface needs to take into 

account the influence of the other structures that can help protect and provide nutrients to 

the axons to achieve normal neural conduction (see Figure 2.1). The epineurium is the 

outermost dense connective tissue that insulates the whole nerve. Within the nerve, the 

perineurium warps around fascicles, which are bundles of many axons. Within each 
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fascicle, the endoneurium forms an elongated supporting mesh structure that protects the 

axons and Schwann cells. Adipose tissue wraps around the epineurium and also around 

fascicles to provide support for the nerve to slide between muscles and bones 23. 

Vasculature exists at all levels of the nerve branching from the arterioles at the epineurium 

to the capillaries at the endoneurium. The maintenance of normal intraneural blood flow 

is critical for the supply of oxygen and nutrition that axons need 24. Intraneural blood is so 

important that a previous study demonstrated that applying pressures over 20 mmHg can 

block intraneural blood flow and cause adverse effects 25,26.  

Overall, an understanding of the peripheral nervous system’s structure, properties, 

and function can guide the design of new neuromodulation devices that are effective, 

reliable, and safe. 

2.1.3 Dysfunction of small-diameter axons 

Dysfunction of small-diameter axons, including the afferent sensory axons (Aδ and C 

fibers) and the autonomic fibers (B fibers), can severely impact the normal function of the 

peripheral nervous and autonomic nervous systems. In the peripheral nervous system, Aδ 

fibers transmit sensory information related to pain, temperature, and mechanical stimuli, 

while C fibers transmit pain and temperature sensations 27. This sensory information is 

critical for both reflexive and voluntary movements. In the autonomic nervous system, the 

small-diameter axons innervate various organs and provide critical sensory information 

for the maintenance of homeostasis 28. Various pathological processes can cause damage 

to small-diameter axons, including mechanical injury, and underlying medical conditions 

such as diabetes and autoimmune diseases. Consequently, dysfunction of small-diameter 

axons can further cause a range of syndromes/disorders, including but not limited to 

neuropathic pain, persistent hypertension, and heart failure 29,30.  
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As an example, neuropathic pain is a common issue associated with the dysfunction 

of small-diameter axons (Aδ and C fibers) 31. After an injury or other pathological 

processes, the damaged small-diameter axons may become hyperactive or 

hypersensitive 32,33, primarily due to the upregulation of sodium-ion channel expression 34–

36. When the hypersensitive C fibers are repeatedly activated or spontaneously firing, 

dorsal horn neurons will exhibit a progressively increased response to repetitive C-fiber 

activation which is called the windup effect 37. The windup effect can further cause central 

sensitization which means increased sensitivity to C-fiber activity 38. Eventually, the 

overwhelming afferent signal will trigger hard-to-treat neuropathic pain 39,40. The 

prevalence of neuropathic pain in the general population is about 7 – 10 % 41,42, which 

makes it a major public health issue 43. While the symptoms can range from mild to 

incapacitating 44, the economic burden on the patients and society is universal 45,46. 

Research data from the 2006 – 2008 National Health and Wellness Survey shows that 

51.2% of neuropathic pain patients report their pain as severe with an annual direct cost 

of $12,856 47. According to a more recent estimation, neuropathic pain caused an $80 

billion loss in total lost wages for patients and a related $216 billion loss in the gross 

domestic product (GDP) 48.  

While pharmaceuticals are commonly used to treat disorders related to small-

diameter axon dysfunction, the ability to selectively target small-diameter axons with drugs 

is limited. For example, for pain management, both over-the-counter (OTC) and 

prescription pain medications can provide a non-invasive intervention. However, these 

medications can cause systematic side effects as the active ingredients may diffuse 

throughout the body and bind to receptors in various organs. Therefore, side effects 

involving the unwanted inhibition of motor functions are common 6. Pain medications also 
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often become ineffective after the establishment of drug resistance 49,50. The local 

application of anesthetics that work on the axonal membrane, such as lidocaine, can 

selectively block small-diameter C fibers due to their unmyelinated nature 51–53. However, 

this method can only provide temporary pain relief and is not effective in treating chronic 

pain. Opioid analgesics are used to manage pain that is resistant to other first-line pain 

medications54. However, their use has contributed to the opioid epidemic due to their 

strong potential for addiction and dose dependence 54–56. When medication methods are 

exhausted for treating pain, denervation is often the last resort 57,58, which terminates 

neural conduction on all axons using tools such as radio-frequency ablation (RFA), and 

gamma-knife radiosurgery 59–63. But the function loss of both large- and small-diameter 

axons can lead to unwanted side effects such as weakness of muscle 64,65. As another 

example, renal denervation using (RFA) can be an effective treatment for patients with 

persistent hypertension caused by abnormal afferent input, who have not responded to 

pharmaceuticals. 4,66. But the procedure ablates both afferent and efferent axons without 

selectivity. Therefore, the potential damage of efferent axons can cause a significant 

functional loss, which limits its translational application 60,67. 

In short, dysfunction of small-diameter axons can lead to severe disorders due to 

their critical role in the normal functioning human body. Current treatments for small-

diameter axon dysfunction, such as medications and denervation procedures, lack the 

selectivity on small-diameter axons and may have undesirable side effects. The 

development of modalities for selectively inhibiting small-diameter axons could help 

identify their roles in the neural circuits and develop new treatments that can effectively 

target these axons. 
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2.2 Light tissue interaction 

When light is emitted toward a biological tissue, several interactions can happen, including 

reflection, refraction, scattering, and absorption. When a much higher photon density is 

applied, nonlinear effects can also happen (e.g., second-harmonic generation, two-photon 

absorption, and optical parametric oscillation). As infrared neuromodulation does not rely 

on those nonlinear effects, it will not be discussed here.  

2.2.1 Reflection and refraction 

When light hits the interface between the tissue's outer surface and the surrounding 

medium, reflection and refraction can happen. The angle of the incident light and the 

difference of refractive indexes between the two mediums determine the angle of reflected 

and refracted light based on the Fresnel equations and Snells law 68. Further, reflection 

and refraction can happen wherever there is a refractive index mismatch in the light path. 

The refractive index, n, can be defined as the ratio between the speed of light in vacuum 

and the speed of light in a given medium.  

2.2.2 Absorption 

Electromagnetic absorption can manifest by electronic, vibrational, or rotational transitions. 

There are several possible outcomes of the excited molecule. For electronic transition, the 

excited electron can relax to the ground state by emitting another photon (fluorescence or 

phosphorescence). The absorption of a photon can also stimulate the molecule’s 

vibrational and rotational modes and manifest macroscopically as heating of the medium. 

For the wavelengths (1460 nm and 1860 nm) used in infrared neuromodulation, water in 

biological tissues is the major absorber as it has an absorption coefficient orders higher 

than other major components in the nerve 69. For the wavelengths (650 nm, 808 nm, and 

980 nm) used in photobiomodulation (PBM), the specific absorber of light is suggested to 
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be cytochrome C 70, although this is still under debate 71. To estimate a tissue’s light 

absorption properties, scientists have measured the light absorption spectrum of the 

common compositions of tissue, such as water melanin, and hemoglobin 72,73.  

2.2.3 Scattering 

Two types of scattering can happen in biological tissue: elastic and inelastic (e.g., Raman 

scattering) scattering. Both types of scattering involve the change of photon direction. 

Elastic scattering does not involve energy exchange between the photon and the 

scattering particle whereas inelastic scattering does. The probability of inelastic scattering 

is much lower than elastic scattering and will not be discussed in this thesis. For elastic 

scattering, the direction of a scattered photon depends on the light wavelength, λ, and the 

size of the scattering particle. When the scattering particle is much smaller than the 

wavelength of the incident light, Rayleigh scattering can be used to approximate scattering 

in the medium. Rayleigh scattering states that the amount of scattering is inversely 

proportional to the 4th power of the wavelength. Mie theory is typically used for particles 

similar in size to the wavelength. The Mie solution solves light scattering from a spherical 

particle using the Maxwell equations. Unfortunately, solutions for other shaped particles 

are not available and approximations are needed. Geometrical scattering can be used for 

estimating scattering from particles much larger than the light wavelength. 

2.2.4 Modeling of the light propagation in biological tissue 

It is very valuable to understand how light is distributed in biological tissues during delivery, 

not just for optical neuromodulation but also for many other biomedical optical applications. 

The theoretical calculation of light distribution using Maxwell’s equation is only possible 

for ideal sphere objects, which is not true for biological tissues. It is also impractical to 

know the exact composition and optical properties of the biological tissue. Taking one step 
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back, biological tissues can be simplified as the composition of several types of typical 

tissues for the purpose of light distribution modeling. The level of detail depends on the 

problem to be solved and the availability of necessary parameters (e.g., structural 

information and optical properties). Scientists have measured the optical properties of 

representative molecules and representative biological tissues 74,75. The widespread 

scattering process in biological tissues changes the photon direction randomly following 

an angle distribution and prevents the deduction of light distribution within the tissue using 

the measurements outside of the tissue.  

Different optical properties can be used to characterize light propagation. When 

the scattering process can be ignored, Beer-Lambert’s law can provide an estimate of light 

distribution at different depths in tissue 76: 

𝐼 =  𝐼𝑜𝑒[−𝜇𝑎(𝜆) ∙ 𝑧], 

where 𝐼𝑜 is the light intensity at the incident surface, 𝜇𝑎 is the absorption coefficient, 

and z is the depth along the light path. For scenarios where scattering is evident, several 

optical properties are defined to characterize the light propagation. The scattering 

coefficient, 𝜇𝑠, is defined as the probability of a scattering event per unit length in a given 

medium. The anisotropy factor, 𝑔, is used to characterize the change of photon direction, 

which is the average of the cosine of scattering angles by a given scattering particle. An 

anisotropy factor can vary between -1 to 1, where 1 indicates that all of the photons are 

scattered forward, 0 indicates the scattering is happening isotropically and -1 indicates 

that all of the photons are scattered backward. To characterize the loss of light intensity 

due to scattering per given length, the reduced scattering coefficient, 𝜇𝑠
′ =  𝜇𝑠 × (1 − 𝑔), 

is used 77. For scenarios where scattering is present but the spatial distribution is not 

needed, 𝜇𝑎 can be replaced by the total extinction coefficient 𝜇𝑡, which can be calculated 
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as 𝜇𝑡 =  𝜇𝑎 + 𝜇𝑠 to provide an estimate of light intensity at a given depth. Scientists have 

measured the optical properties of typical tissues, such as skin, muscle, fat, and brain 

75,78,79 to estimate the optical properties of a given tissue. 

2.2.5 Monte Carlo Simulation and diffusion theory 

To get an estimate of the spatial light distribution in biological tissue, a Monte Carlo 

simulation of light propagation can be utilized. Monte Carlo simulation is a stochastic 

model which simulates the propagation of discrete packets of photons in a computational 

geometry that consists of many finite elements to approximate the geometry in the real 

world. Based on the light source’s properties, packets of photons are launched with the 

initial packet weight, direction, and step length. For each step, the attenuation of the 

photon packet’s weight is calculated based on the absorption coefficient of each finite 

element on the light path. Reflection and refraction are simulated whenever there is a 

refractive index mismatch between finite elements on the light path. If the photon packet 

is not considered as terminated (i.e., its weight is larger than the minimum weight 

threshold), the simulation will continue and the scattering coefficient and anisotropy factor 

will determine the next step length and direction. The simulation is repeated until the 

photon packet is terminated or the photon packet leaves the geometry being simulated. 

By simulating a vast number of photon packets, the summation of the light flux and 

absorption on each finite element can provide an estimate of the spatial and temporal light 

distribution in the simulated tissue. Recent works using graphical processing unit (GPU) 

acceleration of Monte Carlo simulation have greatly reduced the time needed for a 

simulation and permitted more detailed simulations 80,81. While Monte Carlo simulation 

based on voxels can provide a good approximation of light propagation in layered 

biological tissues82, recent work using mesh-based Monte Carlo simulation can provide a 

more accurate representation of the tissue geometry, especially for curved structures 83–
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85. In a Monte Carlo simulation of highly scattering biological tissue, coherence, 

polarization, and nonlinearity are commonly neglected as they usually do not noticeably 

impact the light distribution. Depending on the power of incident light and the absorption 

coefficient, tissue heating during the light application can cause changes in the tissue’s 

optical properties, which will require incorporating a thermal dynamic simulation into the 

workflow and updating the tissue's optical properties accordingly 86.  

Further, when scattering is the dominant process and absorption is weak, the 

spatial light distribution in biological tissue can be approximated using Fick’s law in 

diffusion theory 87,88. The diffusion theory treats light propagation as the diffusing process 

of diffusive particles, which is not as computationally intensive as the Monte Carlo 

simulation.  

2.3 Neuromodulation for selective neural inhibition 

2.3.1 Electrical neuromodulation  

Electrical neuromodulation has been the most commonly used non-pharmaceutical 

method to modulate neural activity. Examples of electrical neuromodulation include deep 

brain stimulation (DBS) for Parkinson’s disease 89, spinal cord stimulation (SCS) for 

chronic pain 90, and vagus nerve stimulation (VNS) for epilepsy and depression 91. 

Electrical nerve interfaces preferentially modulate large-diameter axons 92–95. For example, 

in the simplified scenario of two parallel planar electrodes sandwiching an axon, the 

transmembrane potential evoked by extracellular electrodes is proportional to axon 

diameter and the small-diameter axons will experience a smaller extracellular voltage. 96,97. 

To reverse the preference for the large-diameter axons, complex designs involving 

specialized multi-electrode layouts 98–100, waveforms 101, and frequencies 102,103 have been 
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promoted for both stimulation 104 and inhibition 102,103,105. While these sophisticated designs 

improve their functionality, further improvements are needed.  These designs are more 

likely to deal with problems such as electrode erosion and dislocation/rotation during long-

term implantation, requiring repeated adjustments or even explant from the patient 89,106–

108. 

2.3.2 Thermally mediated neuromodulation modalities 

Researchers have been exploring various physics modalities for selective neural 

block and comparing their effectiveness for pain management 109,110. It has been known 

for decades that temperature has an impact on neural conduction 111. The thermally-

mediated neural inhibition includes both heat-based and cold-based neural inhibition and 

has been studied for its potential application in pain management 112. The conventional 

heat-based neural block involves transcutaneous heat application (e.g., IR lamp, hot pad) 

and has been widely used to reduce pain 113,114. It has been reported in rats 115 and humans 

116,117 with systematic hyperthermia that the reflex response mediated by the small-

diameter afferent fibers was suppressed. It has also been established that localized heat 

application induces neural conduction block in rat sciatic nerves 118,119, cat pudendal nerves 

(with heating after cooling) 120, and human median and ulnar nerves 121. On other hand, 

inspired by the fact that sensory functions are impaired when the extremities of the human 

body are experiencing a low temperature, the cooling-based neural block (Cryotherapy) 

also has been developed for pain management 114,122. Recent studies also showed that 

alternation between cooling and heating can lower the threshold of thermally-mediated 

neural block 120,123. 

Other neural inhibition modalities can be affected by heat mechanisms. For 

example, studies have shown that high-frequency biphasic stimulation’s blocking 
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threshold can be lowered by heating 124–127. Recent studies showed that clinical kHz spinal 

cord stimulation and deep brain stimulation protocols can induce tissue temperature 

elevation as well 128–131. Both findings show that tissue heating during high-frequency 

electrical stimulation may play a role in its function. Similarly, recent studies on ultrasound-

based neural inhibition suggested that temperature elevation can be the mechanism 132–

134. Unfortunately, in those studies, the size selectivity of neural inhibition was not explored.  

The depth of transcutaneous heat/cold penetration is limited to the subcutaneous 

region because of heat dissipation via the abundant blood flow through the deeper tissues 

135. Simply increasing the heat dose can cause nociceptive stimulation on the skin or even 

skin burns before raising the intramuscular temperature high enough for the neural block 

135. Other modalities like ultrasound 109,134 and radiofrequency 136,137 are being explored for 

their heating effect and the capability of the neural block. For those modalities, the 

advantage of generating heat inside tissue also caused difficulty in measuring tissue 

temperature and controlling the thermal dose. Therefore, radiofrequency has focused on 

applications via minimally invasive procedures for thermal ablation of neural tissue which 

does not require maintaining the temperature elevation within the safety margin 4,138–140
. 

Similarly, cryoablation has been applied for destructive denervation in the treatment of 

various diseases 141,142. In addition, researchers also have demonstrated the possibility of 

selective ablation of the small-diameter axons via localized application of chemicals like 

capsaicin 143.  

Naturally, thermally mediated neural inhibition is associated with the risk of thermal 

damage. From the experimental data on the peripheral nerves, the limitation of thermal 

dose that can be applied is 44 °C and 30 minutes or an equivalent dose at other 

temperatures 144. Hyperthermia on the nerve can cause axonal oedema, vasculature 

alteration145, and initiating the demyelination/degeneration of axons 144,146 . Both the 
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duration and the temperature of hyperthermia have an impact on the intensity of thermally-

mediated neuronal damage 147. Intensive acute heat stress on neurons can lead to 

apoptosis or necrosis via several potential pathways, including the activation of caspase, 

mitochondria damage (which can lead to accumulation of reactive oxygen species), and 

protein misfolding 147,148. Injured/damaged axons can also be hypersensitive/hyperactive, 

which can lead to excitotoxic and cause neuronal cell death 147. In contrast to the abundant 

studies on the hyperthermia of the central nervous system, local hyperthermia’s effect on 

the peripheral nervous system is much less studied 148.  

Overall, thermally mediated neural inhibition has the potential to be a promising 

neural inhibition modality, but several important considerations such as safety, tissue 

thermal load, and size selectivity must be addressed before it can be effectively translated 

into clinical applications. 

2.3.3 Infrared neuromodulation 

For many years, researchers have been investigating the feasibility of using light to 

modulate neural activities. Compared with other neuromodulation modalities, light can be 

tightly focused on the targeted region and minimize the potential to affect/damage the 

surrounding tissue. Before introducing infrared neuromodulation, which is the research 

focus of my Ph.D. project, I would like to review some other wavelengths and techniques 

that have been examined in this field first 149–151. The invention of the laser enabled 

scientists to test and characterize the neuromodulation effect of intensive light 149,152. Low-

power near-infrared light has been explored for pain management 153,154, wound healing 

155, and preventing muscle fatigue 156. Optogenetics can help identify the critical molecular 

mechanism of neuropathic pain in animal models 157–160. However, as it relies on gene 

editing and the introduction of exogenous agents, there are still many technical and ethical 
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challenges before it can be implemented in human patients. Our lab and collaborators 

have been studying infrared neuromodulation which does not rely on exogenous agents 

for the neuromodulation effect. Here is a brief review of the research on infrared 

neuromodulation, including infrared neural stimulation and infrared neural inhibition. 

Infrared neural stimulation 

In 2005, our collaborator from Vanderbilt University first demonstrated the in vivo 

neural stimulation by IR light 161,162. Infrared neural stimulation has been used to evoke 

responses in rat’s 163,164, and monkey’s 165–168 brains for the mapping of neural circuits. 

Infrared light has also been used for the stimulation of cardiac potentials 169–171. Infrared 

stimulation of the cochlear has been developed for over a decade with steadily improving 

selectivity and functionality 172–174, which has great potential to be a novel implantable 

solution to deafening 175–178.  Zhu et al. also demonstrated the safety of infrared neural 

stimulation in rat 166, whose results showed that the transient thermal elevation during 

infrared neural stimulation does not generate acute tissue damage. Using crayfish, Dr. 

Sanders’ group demonstrated infrared inhibition and stimulation on individual neurons and 

the change in their excitability 179–182. In addition, researchers have demonstrated that 

injecting exogenous agents, such as gold nano-particles 183,184, graphene 185, and 

macromolecular photothermal transducers 186, into the target neural tissue can help 

increase the localized absorption of infrared light, which can enhance the spatial selectivity 

and enable infrared neuromodulation in deep tissue 187. 

Infrared neural inhibition 

The following contents are adapted from a review article that I am the first author of and 

was accepted for publication in Frontiers in neuroscience – neural technology. 
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In 2012, Duke et al. first reported the inhibitory effect of pulsed infrared light 

application in Aplysia nerves, which they discovered while exploring temporal factors 

affecting the threshold of hybrid electro-optical stimulation 188. The inhibitory effect was 

further explored in Aplysia since the anatomy of a buccal nerve and its branches make it 

tractable for testing the spatial selectivity of infrared neural inhibition (INI), as shown in 

Figure 2.2 189. They demonstrated that infrared (IR) laser light could transiently and 

reversibly induce inhibition in Aplysia axons with precise spatial selectivity. As illustrated 

in Figure 2.2, electrical stimulation was applied to the proximal buccal nerve trunk and 

recording was done at all three distal branches. When the infrared laser was applied 

concurrently with electrical stimulation to one region of the proximal nerve trunk, neural 

conduction to the corresponding branch was blocked. Once the INI protocol was explored 

on Aplysia axons (Figure 2.2, a - d), the investigators were able to use a nearly identical 

stimulation protocol to block action potential propagation on the tibial branch of the rat 

sciatic nerve (Figure 2.2, e - h). A roughly 9 °C temperature elevation was measured 

during the infrared light application on Aplysia.  When the infrared laser was turned off, 

the temperature rapidly dropped, and the inhibitory effect ceased. According to the 

temporal response test by Lothet et al, the inhibitory effect of INI is caused by a baseline 

temperature elevation 8 rather than a spatiotemporal temperature gradient, which is critical 

for infrared neural stimulation 162.  
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Figure 2.2. Nerve conduction block in buccal nerve 2 (BN2) of Aplysia (a to d) and in rat 

sciatic nerve (e to h).  

Panel a to d: A train of low radiant exposure (0.50 ± 0.02 J/cm2), high frequency (200 Hz) infrared 

pulses (λ = 1450 nm, pulse width = 0.2 ms) produced a rise in local tissue temperature and blocked 

responses projecting to BN2c. Panel a: experimental setup; b: overall view of the recorded 

responses; c: representative signals showing the response before, during, and after the presence 

of infrared neural inhibition effect; d: calculated area under the curve showed the spatial selective 

inhibitory effect. Panel e to h: Similarly, applying infrared pulses (same temporal parameters, 75.7 

± 5.3 mJ/cm2) to the tibial branch of the rat sciatic nerve, approximately 1 cm distal to the site of 

electrical stimulation, reduced evoked EMG amplitude of the lateral gastrocnemius (LG) but not the 

medial gastrocnemius (MG).  Panel e: experimental setup; f: overall view of the recorded responses; 

g: representative signals showing the response before, during, and after the infrared light 

application; h: calculated area under the curve showed the spatial selective inhibitory effect. 

[Reproduced with permission from (Duke et al., 2013). The original work is published under a 

Creative Commons Attribution-Noncommercial-NoDerivs 3.0 Unported License. To view a copy of 

this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/] 

In 2017, Lothet et al. presented a general theory for how any modality (e.g., 

infrared neural inhibition) that acted on the axonal surface could scale with axon diameter 

and induce size selectivity 8. When a neuromodulation modality primarily affects the ion 
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channels in the axon membrane, it was shown that the minimum required exposure length 

is proportional to the square root of the axon diameter. The theory suggested that small-

diameter axons would be more susceptible to inhibition induced by baseline temperature 

elevation than large-diameter axons. To demonstrate this, Lothet et al. directly used 

individually identified neurons (B3 and B43) in Aplysia that had large and small diameter 

axons, respectively. As Figure 2.3 shows, the B3 and B43 neurons were electrically 

stimulated intracellularly while extracellular electrodes recorded propagation of their action 

potentials through a nerve both before and after an infrared laser application. When 

infrared light was delivered, only the small diameter axon was inhibited. The experiment 

was enabled by three unique features of Aplysia neurons. First, the average neuron size 

is larger than other commonly used mammalian neurons, making it easier to conduct 

intracellular stimulation. Second, there are a variety of neuron sizes accessible in the 

same ganglion, enabling the comparison between large and small-diameter axons. Third, 

those specific neurons with different sizes (B3 and B43) are identified and can be found 

across different individuals, making it possible to repeat the experiment with minimal 

variance. These features enabled the researchers to directly demonstrate the size-

selectivity on small-diameter axons by infrared neural inhibition without ambiguity.  

Furthermore, after establishing size-selectivity during INI using single neuron 

stimulation, the size-selectivity of INI was verified at the whole nerve level using compound 

action potentials (CAPs). When stimulating the whole nerve, action potentials from all 

axons with different diameters can be evoked simultaneously and propagate along the 

axons throughout the length of the nerve. The summation of those action potentials 

recorded extracellularly forms the CAP. In unmyelinated axons, conduction velocity is 

proportional to the square root of the axon diameter 190. Therefore, as the CAP travels 

along the nerve, the latencies of different CAP components represent the response from 
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different axon-size subpopulations. The long nerves of Aplysia combined with the 

relatively slow conduction velocity of unmyelinated axons permit researchers to easily 

differentiate the response from different axon-size subpopulations. Lothet et al. developed 

a size-selective infrared neural inhibition protocol for small-diameter axons in Aplysia that 

was successfully transferred to the vagus nerve in the musk shrew Suncus murinus 

(Figure 2.4). Along with the protocol adaption from Aplysia to musk shrew, the baseline 

temperature elevation threshold of selective inhibition was reduced from ~9 °C to ~3 °C 

owing to the differences between species 8. 

 

Figure 2.3. Direct demonstration of size-selective neural inhibition with B3 and B43 neurons 

in the Aplysia buccal ganglion. 

Intracellular electrical stimulation was applied to a large-diameter neuron (B3) and to a small-

diameter neuron (B43), both of which have axons that project through a common nerve. When 

infrared laser light was applied via an optical fiber that was positioned between two extracellular 

recording electrodes on the nerve, only the neural conduction on the small-diameter axon was 

blocked (indicated by arrow). [Reproduced with permission from Lothet et al. (2017). The original 

work is published under a Creative Commons Attribution 4.0 International License. To view a copy 

of this license, visit http://creativecommons.org/licenses/by/4.0/.] 
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Figure 2.4. Demonstration of selective inhibition on small-diameter axons in Aplysia (left) 

and Musk Shrew (right). 

Compound action potentials (CAPs) were evoked and recorded before, during, and after infrared 

neural inhibition (INI). Arrows indicate the selective inhibition effect on small-diameter axons that 

have a slower conduction velocity. The CAPs before and after INI remained similar, suggesting that 

the selective inhibition effect was reversible and the nerve’s health was not compromised acutely. 

Reproduced with permission from Lothet et al. (2017). The original work is published under a 

Creative Commons Attribution 4.0 International License. To view a copy of this license, visit 

http://creativecommons.org/licenses/by/4.0/.] 

In 2019, Ganguly et al. used a NEURON simulation of a squid giant axon to 

demonstrate that a likely mechanism for thermal inhibition was the acceleration of the 

kinetics of the voltage-gated potassium ion channels, resulting in a rapid depolarization-

activated hyperpolarization due to elevated temperature (see Figure 2.5, a, b) 9. They also 

showed that this inhibitory effect would be greater in smaller-diameter axons, as the 

mathematical model predicted in the previous research by Lothet et al. 8.  
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Figure 2.5. Computational modeling (a, b), and experimental validation in an Aplysia nerve 

(c, d) of the effect of blocking different ion channels on the heat-induced neural block. 

(a) A schematic of a model axon with a central region where the temperature can be locally elevated 

(representing the thermal effect during IR application) and where the ion channel conductance can 

be set to zero (representing the local application of ion channel blocker). (b) The modeled action 

potential recordings under different conditions. Only when voltage-gated potassium channels are 

blocked (gK = 0) is the heat-induced block effect reversed, suggesting that the heat-induced block 

requires voltage-gated potassium channels. (c) An experimental schematic of an ex vivo 

electrophysiology test of an Aplysia nerve. IR light was applied to the central region of the nerve, 

which was also exposed to modified saline with different ion channel blockers. (d) The recorded 

CAPs during different combinations of IR light application and ion channel blockers. In agreement 

with the modeling prediction, only when TEA was applied to block the voltage-gated potassium ion 

channels was the IR neural inhibition effect reversed. Reproduced from Ganguly et al. 2019 9,10 with 

permission. The original works are licensed under the terms of the Creative Commons Attribution 

3.0 License and Creative Commons Attribution 4.0 Unported License respectively. See license 

detail at https://creativecommons.org/licenses/by/3.0/ and 

https://creativecommons.org/licenses/by/4.0/] 

In the same year (2019), Ganguly et al. then provided experimental evidence for 

the hypothesis using Aplysia nerves (see Figure 2.5, c and d) 10. As the Aplysia axon and 
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squid giant axon are both unmyelinated axons with different diameters, the qualitative 

conclusions from the modeling work should apply directly to Aplysia axons. As Figure 2.5d 

shows, selectively blocking voltage-gated potassium ion channels (using TEA) eliminated 

the thermal inhibition, whereas blocking voltage-dependent sodium ion channels (using 

TTX) did not prevent thermal inhibition. Thus, experimental evidence from Aplysia 

confirmed the modeling work based on the squid giant axon and demonstrated that the 

infrared neural inhibition relies on the accelerated potassium-channel kinetics during 

baseline temperature elevation induced by the absorption of infrared light in the nerve.  

These studies were extended by Ford et al. showing that one could reduce the IR 

dose required for thermal inhibition by illuminating a greater length of the nerve 191,192, and 

by Zhuo et al. showing that ion substitution could also reduce the dose of laser light 

needed for thermal inhibition (included in chapter 3)  193. Most recently, Zhuo et al. have 

demonstrated that selective IR inhibition can be reproduced by resistive heating (included 

in chapter 4) 194. Further studies are needed to apply this thermally mediated selective 

inhibition in both basic neuroscience research and potentially translational applications. 

2.4  Aplysia as the animal model 

The majority of the research in this thesis is conducted on Aplysia californica, which is a 

robust animal model for developing novel neuromodulation technologies that can 

selectively inhibit small-diameter axons. This session briefly describes the aspects of 

Aplysia’s physiology that make it advantageous for developing novel neuromodulation 

modalities and neural interfaces. The following contents in this section are adapted from 

my first-author review article:  
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Zhuo J, Gill JP, Jansen ED, Jenkins MW and Chiel HJ (2022) Use of an 

invertebrate animal model (Aplysia californica) to develop novel neural interfaces for 

neuromodulation. Front. Neurosci. 16:1080027. doi: 10.3389/fnins.2022.1080027 

2.4.1 Aplysia neurophysiology 

New tools for monitoring and manipulating neural activity will be critical for understanding 

the function of neural circuits and for treating nervous system diseases. In recent years, 

many new approaches have been developed whose functionality, specificity, and reliability 

have steadily improved. Here we review the use and utility of an invertebrate animal, the 

marine mollusk Aplysia californica, to develop novel neural interface technologies for 

recording and/or modulating neural activities. After briefly describing the advantages of 

Aplysia’s physiology for developing novel neural interfaces, we will focus on a specific 

example that illustrates the power of Aplysia for accelerating technology development: 

using heat to selectively inhibit small-diameter unmyelinated axons. 

In the 1960s, Aplysia’s large, pigmented neurons attracted the attention of 

neuroscientists who wanted to better understand the biophysical properties of individual 

neurons. Early studies demonstrated that the neurons could be repeatedly and reliably 

identified by their location and anatomy, their electrophysiological properties, their 

synaptic inputs and followers, their biochemical properties, and their functional roles as 

sensory neurons, motor neurons, and interneurons 195,196. The neurons’ somata (cell 

bodies) are very large (about 30 to 500 µm in diameter). A major advantage of Aplysia’s 

neuron is that its soma is electrically compact just like vertebrate neurons 197,198, allowing 

the neurites to be electrically manipulated from a single control point. In contrast, 

arthropod neurons (e.g., crustacean and insect neurons) are often not electrically compact 

and their somata are not often excitable 199. Thus, in Aplysia, researchers can easily 
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monitor neuronal activity via the somata, which is the largest and most accessible part of 

the cell. Furthermore, because the Aplysia neuron’s somata are electrically excitable, 

activating or inhibiting neurons at these locations can turn the rest of the neuron on or off, 

making it possible to test the ability of novel neural interfaces to monitor and manipulate 

individual identified neurons in a neural circuit. The neurons are arranged in groups 

(referred to as ganglia) that generally contain ~2000 neurons. The entire nervous system 

contains approximately 20,000 neurons. Studies of neural circuitry and behavior in Aplysia 

have clarified the neural, biophysical, and molecular basis of learning and memory 200,201, 

sleep 202,203, and complex behaviors such as mating 204 and feeding 205,206. Many novel 

technologies can take advantage of the deep understanding of neural circuitry controlling 

behavior in Aplysia to study the effects of manipulating single neurons or small numbers 

of neurons on behavior in both reduced preparations and intact, behaving animals.  

2.4.2 Advantages and examples of using Aplysia for developing novel neural 

interfaces 

In addition to the advantages that led researchers to initially use Aplysia’s nervous system 

in their work, there are several other reasons to use Aplysia. Here, we highlight the 

rationale for using Aplysia for the development of novel interface technologies that focus 

on monitoring or manipulating axons.  

First, Aplysia does not produce myelin, providing a model animal where the 

conclusions based on the Hodgkin-Huxley model and its variants can be directly tested in 

the laboratory, as Ganguly et al. did in 2019 regarding the critical role of voltage-gated 

potassium channels during INI 9,10. Aplysia nerves connect the different ganglia which 

consist of many neurons that have been identified previously. The nerve bundle consists 

of populations of unmyelinated axons whose diameters range from less than one µm to 
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over ten µm. Thus, one can examine the effects of a variety of techniques for manipulating 

axonal activity in a pure population of unmyelinated axons that vary greatly in diameter. 

This makes the animal a particularly useful model of the unmyelinated C fibers in 

vertebrates that are known to carry important sensory information, including those that 

signal pain.  

One example is how Aplysia nerves helped researchers explore the feasibility of 

selective neural inhibition using high-frequency alternating current (HFAC), which has 

been studied for decades for its capability to reversibly and repeatedly block neural 

conduction in frogs, rats, and cats 95,207,208. From computational simulations and 

experimental studies, it was believed that the block threshold (i.e., minimum HFAC 

amplitude required) increases monotonically with frequency for all nerve fibers, and those 

small-diameter axons would therefore have a higher block threshold than larger-diameter 

axons. These observations suggested that it would be impossible to selectively inhibit 

small-diameter axons with HFAC, as it would primarily block the large-diameter axon first. 

However, a more recent experiment on unmyelinated Aplysia axons 105 showed that, once 

the HFAC frequency was higher than 12 kHz, the block threshold of these unmyelinated 

small-diameter axons would begin to decrease, instead of constantly increasing as 

previously believed. Therefore, the findings from this Aplysia experiment provided the 

theoretical basis for selective inhibition of different axon types with different frequencies. 

In other words, with a high enough HFAC frequency, the block threshold for small-

diameter axons could be decreased to be lower than the threshold for large-diameter 

axons, which would permit selective inhibition of small-diameter axons. This hypothesis 

for selective inhibition was successfully verified in frogs and rats 102,103. Additionally, 

researchers also used Aplysia to demonstrate the possibility of combining HFAC with 

infrared neural inhibition (INI) to block the onset response during HFAC application 209. 
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Second, neural tissue harvested from Aplysia can be kept viable with active neural 

signaling for many hours. The reason is that Aplysia lives in the intertidal zone. Thus, 

unlike many marine animals that live in the ocean, Aplysia is regularly found in tide pools 

that are exposed to significant changes in temperature, salinity (e.g., high salinity as pools 

dry out and low salinity during rain), and tidal surge. Since the animals do not maintain a 

fixed body temperature, and their soft bodies readily change volume in response to 

osmotic changes, their nervous systems, which are exposed to the animal’s open 

circulatory system, are very robust. Excised musculature and nervous systems from 

Aplysia can be maintained without anesthesia at room temperature. The excised tissue 

respires slowly, so it can be studied for many hours without significant changes in function. 

Although rarely mentioned in research articles, this advantage greatly extends the 

experimental time and increases the ability to collect data from the same animal, collect 

longitudinal data, and limits data noise due to inter-animal variance. These advantages 

are especially important for novel neural modulation technologies, as researchers need to 

explore the parameter space to identify an effective configuration.  

For example, Duke et al. developed a sophisticated experimental design with 

Aplysia nerve consisting of four electrodes and two optical fibers, which they used to 

establish their INI protocol and demonstrate its capabilities 189. As the authors wrote in 

their paper, “hours of intermittent stimulation” was done and the response was stable 

without visibly identifiable damage or significant change in the physiological recordings. 

Later in the process of optimizing the infrared neural inhibition threshold, both Ford et al. 

and Zhuo et al. have explored the parameter space of INI protocols, which required a 

substantial number of repeated experiments on the same nerve to avoid variation between 

animals 192,193. Furthermore, in the research of comparing the dose-response curve 

between resistive heating and INI, Zhuo et al. applied both heating modalities with different 
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levels of power on the same nerve sequentially and compare the responses 194. The 

robustness of the Aplysia preparation enabled those studies to be conducted in a 

reasonable amount of time and with a minimal number of animals.  

The Aplysia nerve’s robustness is not limited to thermally mediated 

neuromodulation. It has been demonstrated that focused ultrasound (FUS) applied to the 

central nervous system can stimulate or inhibit neural activity in a wide range of vertebrate 

animal models, but the optimal paradigm for each type of effect is still yet to be determined 

due to the complexity of neural circuits in the brain 210,211. In contrast, Aplysia ganglia 

consist of much smaller numbers of neurons and therefore provide a more tractable animal 

model for researchers to study. It has been reported that FUS can alter the excitation level 

of Aplysia neurons 212. In recent studies, an ex-vivo FUS testing system used an isolated 

Aplysia ganglion and connected nerve, enabling the researchers to thoroughly explore the 

FUS parameter space on the same ganglion, and investigate the mechanisms of action 

213. 

Third, in large Aplysia, the nerves between the ganglia may be many centimeters 

in length. The nerve length makes it possible to easily discriminate large-diameter axons 

from small-diameter axons based on the conduction velocity difference. When stimulating 

a nerve, a compound action potential (CAP) can be evoked, which is the summation of 

action potentials conducted on all the different axons. Since axonal conduction velocity 

decreases proportionally to the square root of axon diameter in unmyelinated axons, by 

the time the CAP reaches the other end of the long nerve, it naturally separates into 

different components. Researchers can explore the size selectivity of a given 

neuromodulation modality based on the response from different CAP components. 
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In addition, Aplysia neurons are large and can be repeatedly identified, which has 

been used to develop novel single-cell neural interfaces. Aplysia neurons have been used 

to develop both diamond electrodes 214 and carbon fiber microelectrodes 215. In both 

studies, Aplysia was selected as the animal model since there are neural circuits that are 

thoroughly studied with standard electrophysiological methodologies that can be used as 

the gold standard for comparison. The surgical procedures are also simpler than in rats, 

mice, or other vertebrate animals, so that iterations of the novel neural interface design 

can be tested rapidly to quickly achieve the goal. 

Overall, these results demonstrate that Aplysia californica as a tractable 

experimental system has several unique advantages: Neurons that can be repeatedly 

identified and excited; neural tissues that can last for a long period in an ex vivo 

experimental setup; nerves consisting of pure unmyelinated axons with different diameters; 

and neural circuits that are well-studied and that permit different levels of experimental 

design (from single neuron tests to whole behavioral tests). Generally, Aplysia is suitable 

for testing modalities in which the basic biophysics of that modality is likely to be similar 

across species (e.g., responses to temperature or changes in ionic concentration), and 

during initial tests of novel modalities in which the exploration of parameter spaces and 

the determination of fundamental mechanisms are likely to be broadly applicable across 

species. Previous studies have demonstrated that novel technologies that interface with 

and manipulate the nervous system can be developed using Aplysia and then migrated to 

vertebrate animals 8,189. As a tractable experimental system, Aplysia californica can help 

the rapid development of novel neuromodulation technologies. 
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Chapter 3. Isotonic ion replacement combined with 

infrared neural inhibition 

3.1 Preface 

This chapter presented the effort to lower the threshold of selective infrared neural 

inhibition. Section 3.2 was published as: 

Zhuo, J., Ou, Z., Zhang, Y., Jackson, E. M., Shankar, S. S., McPheeters, M. T., ... & 

Jenkins, M. W. (2021). Isotonic ion replacement can lower the threshold for selective 

infrared neural inhibition. Neurophotonics, 8(1), 015005. 

This work was inspired by both the previous hypothesis by Lothet et al. that a modality 

that primarily acts on the axon membrane will have a selectivity on the small-diameter 

axons and the modeling and experimental work by Ganguly et al. showing that thermally-

accelerated voltage-gated potassium ion channels are critical for the selective infrared 

neural inhibition effect. This work discussed how isotonic ion replacement with glucose 

and/or choline can lower the power threshold for infrared neural inhibition and maintain 

the size selectivity on the small-diameter axons. The presented work of IR inhibition 

combined with isotonic ion replacement can guide further development of a more effective 

size-selective IR inhibition modality for future research and translational applications. 
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3.2 Isotonic ion replacement can lower the threshold for selective 

infrared neural inhibition 

Junqi Zhuo 1, Zihui Ou 2, Yuhan Zhang 2, Elizabeth M. Jackson 2, Sachin S. Shankar 1, 

Matthew T. McPheeters 1, Jeremy B. Ford 3, 4, E. Duco Jansen 3, 4, 5, Hillel J. Chiel 1, 2, 6, 

and Michael W. Jenkins 1, 7 

Abstract 

Significance: Infrared (IR) inhibition can selectively block peripheral sensory nerve fibers, 

a potential treatment for autonomic-dysfunction-related diseases (e.g., neuropathic pain 

and interstitial cystitis). Lowering the IR inhibition threshold can increase its translational 

potential. Aim: Infrared induces inhibition by enhancing potassium channel activation. We 

hypothesized that the IR dose threshold could be reduced by combining it with isotonic 

ion replacement. Approach: We tested the IR inhibition threshold on the pleural-abdominal 

connective of Aplysia californica. Using a customized chamber system, the IR inhibition was 

applied either in normal saline or in isotonic ion-replaced saline, which could be high 

glucose saline, high choline saline, or high glucose/high choline saline. Each modified saline 

was at a subthreshold concentration for inhibiting neural conduction. Results: We showed 

that isotonically replacing ions in saline with glucose and/or choline can reduce the IR 

threshold and temperature threshold of neural inhibition. Furthermore, the size selectivity 

of IR inhibition was preserved when combined with high glucose/high choline saline. 

 
1 Case Western Reserve University, Department of Biomedical Engineering, Cleveland, Ohio, United States 
2 Case Western Reserve University, Department of Biology, Cleveland, Ohio, United States 
3 Vanderbilt University, Department of Biomedical Engineering, Nashville, Tennessee, United States 
4 Vanderbilt University, Biophotonics Center, Nashville, Tennessee, United States 
5 Vanderbilt University, Department of Neurological Surgery, Nashville, Tennessee, United States 
6 Case Western Reserve University, Department of Neurosciences, Cleveland, Ohio, United States 
7 Case Western Reserve University, Department of Pediatrics, Cleveland, Ohio, United States 
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3.2.1 Introduction 

Inhibition of peripheral nerves can be useful for treating disease (e.g., pain,216 persistent 

hypertension,217 or obesity 218). We showed that infrared (IR) light can block action potential 

propagation in both neural and cardiac tissues 8,188,189,219 and others have confirmed these 

findings 179,220–223. Unlike IR stimulation, which depends on spatiotemporal thermal gradients 

(𝑑𝑇 𝑑𝑡⁄ , 𝑑𝑇 𝑑𝑧⁄ )  169,224–227, studies suggest that IR inhibition is due to an IR-induced 

baseline temperature increase 228. Recently, we showed that temperature increases lead to 

rate increases in Hodgkin–Huxley gating mechanisms so that the K+ channel activation rate 

overwhelms the Na+ channel activation rate 9,10. We have modeled, experimentally 

demonstrated, and mathematically proven that IR inhibition can preferentially block action 

potential propagation in small-diameter sensory fibers 8–10. 

We have explored ways to apply IR inhibition effectively and safely for translational 

applications 191. We showed that IR inhibition is safe and reversible in previous acute 

studies 8,219. In addition to optimizing the IR inhibition protocol (e.g., changing the block 

length 191), we are exploring whether other inhibition modalities could be combined to 

reduce the IR threshold. For example, combining IR with electrical current lowered the 

threshold for IR neural stimulation 188,226. Similarly, we hypothesized that adding another 

inhibitory modality could reduce the IR inhibition threshold, enhancing potential 

translational applications. 

Since IR inhibition speeds up the gating of voltage-gated potassium channels 9,10, 

adding a different modality that works via the axon membrane, such as affecting the voltage-

gated sodium channels, could demonstrate synergy. Glucose block, which replaces 

isotonic glucose solution for normal saline, has been used for safe and reversible neural 

conduction inhibition since the 1930s 229–232. Similarly, choline chloride has been used for 
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sodium-ion substitution. Using the pleural-abdominal connective of Aplysia californica, we 

tested the hypothesis that replacing part of the saline with isotonic glucose or choline 

solution can reduce currents through ion-selective channels and lower the IR inhibition 

threshold. An additional test with both glucose and choline was conducted to explore if 

there is any synergetic effect on the IR threshold reduction when both isotonic ion 

substitutions were used. 

3.2.2 Method 

Animal Preparation 

We used the pleural-abdominal connectives from Aplysia californica (298 ± 58 g, South 

Coast Bio-Marine, California), a nerve that consists solely of unmyelinated axons. The 

nerve on both sides was dissected after anesthetizing the animal with magnesium chloride 

solution (333 mM, 50% body weight). Nerves were kept in normal Aplysia saline (460 mM NaCl, 

10 mM KCl, 10 mM MOPS, 10 mM glucose, 22 mM MgCl2· 6H2O, 33 mM MgSO4· 7H2O, 

13 mM CaCl2, pH 7.5) at room temperature (∼22°C). 

Experimental Setup 

a. Electrophysiology 
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Figure 3.1. The experimental setup.  

The system shown schematically makes it possible to position a nerve across three isolated 

chambers. In the two outer chambers, the nerve was stimulated and recorded using suction 

electrodes in normal Aplysia saline. In the middle chamber, a 600-µm optical fiber in contact with 

the nerve delivered IR light at the same time that the nerve could be bathed in either normal saline 

or modified saline. The modified saline could be high glucose saline, high choline saline, or high 

glucose/ high choline saline, each of which was at a subthreshold concentration for inhibiting neural 

conduction. Perfusion of either the modified saline or normal Aplysia saline was monitored by an 

inline conductivity meter. 

Electrical stimulation and recording via suction electrodes (0.35-mm inner diameter) were 

used to assess neural conduction (Figure 3.1). The nerve was stimulated with bipolar 

electrical current pulses (1 Hz, 2 ms, 0.1 to 0.5 mA) generated by a pulse stimulator (Model 

2100, A-M Systems, Washington) and delivered by a stimulus isolator (A395, World 

Precision Instruments, Florida). The current was adjusted to ensure that a full compound 

action potential (CAP) was evoked. The evoked CAPs were amplified and band-pass 
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filtered (×10; 000, 100 to 500 Hz) by a differential ac amplifier (Model 1700, A-M Systems, 

Washington). The amplified signal was recorded by a data acquisition (DAQ) device (USB-

6003, National Instruments, Texas) using the AxoGraph X software (AxoGraph, California). 

b. Modified saline and fluid control 

In the chamber system, the test nerve was placed in a groove that went across three 

chambers, while the middle chamber was perfused with different solutions using a 

peristaltic pump (7524- 10, Barnant Co, Illinois), allowing the simultaneous application of 

both inhibitory modalities (Figure 3.1). The solution was either normal Aplysia saline (in 

which the standard glucose concentration is 10 mM∕L) or one of the modified saline 

solutions: 

1. High glucose saline: 20% v/v of isotonic glucose solution mixed with 80% v/v 

normal Aplysia saline, in which all the ion concentrations were diluted to 80% 

of the level in normal Aplysia saline. The elevated glucose concentration (235 

mM∕L) was the minimum level that did not cause significant inhibition or 

spontaneous activity in our preliminary test. In the same test, the threshold for 

acute inhibition with glucose was 1105 ± 20 mM∕L (N = 5, data not shown). 

2. High choline saline: 20% v/v of isotonic choline chloride solution mixed with 80% 

v/v normal saline. The choline chloride concentration (113 mM∕L) was selected 

to match the osmotic concentration of the additional glucose in the high glucose 

saline, so the dilution to the other ions was the same (80%). Since we are using 

choline chloride, the chloride concentration was maintained instead of being 

diluted, which does not have a significant effect on neural conduction. 
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3. High glucose/high choline saline: 10% v/v of isotonic glucose solution and 10% 

v/v of isotonic choline chloride solution mixed with 80% v/v normal saline. The dilution 

of other ions was the same as the 80% level (except that it was 90% for chloride). 

In this modified saline, concentrations of the added glucose and choline were 

cut in half (glucose: 121 mM∕L, choline: 57 mM∕L). 

Normal Aplysia saline was used in the two outer chambers. The chambers were isolated 

using Vaseline Petroleum Jelly (Unilever, Connecticut. We incorporated a conductivity meter 

(CON6+, OAKTON Instruments, Illinois) into the perfusion line to monitor the solution’s 

concentration based on the conductivity difference between the modified saline and 

normal Aplysia saline, which is caused by the dilution of ion concentrations. The solution 

in the middle chamber was considered correctly perfused when a stable conductivity 

reading equal to the reference value of the modified saline was achieved. All test solutions 

were kept at room temperature (∼22°C) during the experiment for consistent conductivity 

measurements. 

c. Laser 

The IR light was generated by a single-mode laser diode (λ = 1485 nm, QFBGLD-1480-

500, QPhotonics, Michigan) driven by a diode driver and thermoelectric cooler controller 

(6340-4A, Arroyo Instruments, California). The laser was coupled into a 600-μm 

multimode optical fiber (P600-5 VIS-NIR, Ocean Insight, Florida), which was held in direct 

contact with the nerve by a micromanipulator. The 10-second laser pulse train (1250 Hz, 

400 μs pulse width) was triggered by a DAQ device (USB-6218, National Instruments, 

Texas). Radiant exposure level was calculated using the average power measured by a 

power meter (PS19Q, Coherent, California). 
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Thermal Measurements 

To measure the IR-induced temperature rise under different IR thresholds, we used a 

thermal camera (FLIR A325sc, Oregon) to measure the temperature distribution of an 

approximated midplane solution as previously reported 8,219. In brief, we cut a Petri dish 

along its midline and covered the cut end with a thin flat cover glass. The dish was filled with 

normal Aplysia saline or modified saline to mimic the experimental conditions. A 600-μm 

optical fiber was positioned vertically aiming downward so that its enface diameter was 

bisected by the glass–water interface and in contact with the cover glass’s upper edge. With 

calibration, the measured temperature distribution on the outer surface of the thin cover 

glass is an approximation to the actual mid-plane temperature distribution in the solution. 

When the laser light was applied through the fiber, we extracted the maximum temperature 

from the thermal distribution to represent the thermal condition that a nerve may 

experience during the IR application. The same IR parameters as applied in the inhibition 

experiments were used to determine temperature changes induced by IR inhibition alone 

versus IR inhibition combined with glucose. 

Experimental Design and Analysis 

We used separate groups of nerves to test the hypothesis that the IR inhibition threshold 

can be lowered by combining each type of isotonic ion-replaced saline. Using high-glucose 

saline as an example, here are the testing steps: (1) verify that high-glucose saline could 

not induce inhibition; (2) identify the IR threshold (Icombined) for inhibition when IR was 

applied along with the high-glucose saline in the middle chamber; (3) verify that the identified 

IR threshold (Icombined) in the previous test was a subthreshold IR level that alone could not 

induce inhibition; (4) identify the IR threshold (IIR) in normal Aplysia saline. Control tests to 

generate CAPs in normal Aplysia saline before and after all the inhibition tests were 

conducted to assess the nerve’s health. More specifically, in each 105-second experimental 
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trial, three 10-second applications of IR light were applied at the 10th, 45th, and 80th seconds 

of the trial. The IR power was carefully ramped up across trials to identify the IR threshold 

for inhibition. 

We calculated and compared the rectified area under the curve (RAUC) of the CAPs to 

verify that the IR thresholds under different testing solutions correspond to the same 

inhibition level. Since heat accumulates during the first 6 seconds, only the CAPs from the 

7th to 10th second of each IR application were analyzed. For the initial and final trials without 

IR application, CAPs at identical time points were used, which helped take account of the 

very gradual rundown of the CAP due to electrical stimulation over time. To make a 

comparison of inhibition strength across nerve samples, the average RAUC of each 

nerve’s response at the designated time points was normalized to the average RAUC of 

the first 10 CAPs of its first normal saline control test. For each group of nerves tested with 

given modified saline, we compared the IR thresholds in the modified saline versus in 

normal saline, once the normalized RAUC response confirmed the consistency of IR 

inhibition strength. A one-tailed t-test was conducted on the IR thresholds to see if it was 

lowered by the given modified saline. Finally, we calculated the percent change of the IR 

threshold as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝐼𝑅 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =  (
𝐼𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑

𝐼𝐼𝑅
− 1) × 100 (%). (1) 

We conducted an ANOVA test on those percentage changes in IR threshold under 

different types of modified saline to explore if there was a preferable method. For the 

quantification and statistical analysis of size selectivity, we used the same method as 

previously described 8. The CAPs were divided into fast-conducting and slow-conducting 

regions at a point of low variability. To be more specific, because all axons were stimulated 

simultaneously by the suction electrode, the latency of the CAP subcomponents arriving 

at the recording electrode was inversely proportional to the conduction velocity. For 
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unmyelinated axons, large-diameter axons typically have a higher conduction velocity and 

are responsible for motor output, whereas smaller axons have a slower conduction 

velocity and are responsible for sensory input 233. Therefore, we separated the CAP signal 

into two subpopulations, fast- and slow-conducting axons, based on latency, which 

allowed us to examine the selective inhibition effect across different axon subpopulations, 

as has been done in previous research 8,192.  

The segmentation of CAPs was done by defining the two outer boundaries that 

cover the whole duration of the CAP, and an inner boundary between the fast- and slow-

conducting subpopulations. Although the general CAP shape and conduction velocity 

distribution remain similar across nerves, the conduction velocity can shift over time owing 

to fatigue 234, temperature 111, or variance across preparations. As a consequence, the 

segmentation boundaries of CAPs were detected by a custom algorithm and manually 

inspected for each nerve. The outer boundaries of the CAPs were detected as the CAP 

signal amplitude rises/falls beyond the normal range of background noise (mean ± 

3*standard deviation). The inner boundary between the fast- and slow-conducting 

subpopulations was selected by determining the minimum value for the variance across 

heating trials. This minimized the fluctuation caused by the shift of CAP subcomponents 

across the inner boundary.  

Next, we calculated the normalized RAUC within each region using the defined 

boundary between the fast- and slow-conducting regions. For both fast and slow regions, 

we categorized a region as inhibited during a given CAP only when the normalized RAUC 

was lower than 0.6. Twenty-eight CAPs (four per animal) were analyzed for each type of 

modified saline. The chi-squared test was used to compare the inhibition effect on fast-

conducting large-diameter axons and slow-conducting small-diameter axons. 
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3.2.3 Results 

 

Figure 3.2. Representative data of the test of combined inhibition effect.  

A typical raw data set shows that subthreshold IR combined with subthreshold high glucose saline 

can achieve full inhibition similar to the threshold level IR alone in normal saline. a) A normal saline 

control experiment elicited a full CAP from electrical stimulation. b) Subthreshold high glucose 

saline did not elicit a significant inhibitory effect. c) When subthreshold IR was combined with 

subthreshold high glucose saline, an almost full inhibitory effect was observed. d) When the same 

subthreshold IR level was applied alone, it did not show a significant inhibitory effect. e) When IR 

was applied in normal saline alone, a higher power level was needed to induce an inhibition effect 

similar to panel c. f) A normal saline control test after all the tests showed a CAP similar to panel a, 

suggesting the nerve’s health was not affected. 

All three types of subthreshold ion-replaced saline were able to lower the IR inhibition 

threshold. For example, Figure 3.2 shows a typical dataset in which the IR inhibition 

threshold was lowered by high glucose saline. As positive controls, neither subthreshold 

high glucose saline nor subthreshold IR radiant exposure (12.2 mJ/cm2) alone could inhibit 

the CAPs (Figure 3.2 b and d). In contrast, when the same subthreshold IR radiant 

exposure was combined with the subthreshold high glucose saline, full inhibition was 

achieved (Figure 3.2 c). The radiant exposure threshold for IR inhibition alone in normal 

Aplysia saline was higher (13.7 mJ/cm2, Figure 3.2 e). The CAPs in the normal saline 

control tests before and after inhibition tests (Figure 3.2 a and f) did not show an obvious 

difference. The experiments were repeated seven times for high glucose saline and the 
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normalized RAUC results are shown in Figure 3.3.  

 

Figure 3.3. Normalized RAUC results from seven nerves.  

For each nerve, the absolute RAUC number was normalized to the averaged RAUC from the first 

10 CAPs of the initial normal saline control experiment. Group b and d show little to no inhibition 

with a RAUC well above 0.6, suggesting that both subthreshold high glucose saline and 

subthreshold IR cannot inhibit the action potential conduction alone. Both groups c and e show a 

strong inhibitory effect (normalized RAUC < 0.6, p< 0.05 for paired test with the control group a) 

suggesting that the combined modality (c) can achieve a similar inhibition as IR alone (e) but 

requiring lower IR levels. The nerve’s health was not affected by the different treatments as groups 

a and f did not show significant differences.  

The RAUC result confirmed that IR combined with high glucose saline achieved the 

same inhibitory effect as IR alone, but required lower IR levels. A paired t-test between 

the combined inhibition and IR inhibition (Figure 3.3 c and e) did not show a significant 

difference (p = 0.539). Neither subthreshold modality lowers the RAUC below 0.6, a level 

we considered as obvious inhibition (Figure 3.3 b and d). The RAUC for the two control 

tests (Figure 3.3 a and f) did not show a significant difference in the paired t-test (p = 

0.274). Thus, inhibition tests did not significantly affect the nerve’s health. The same 

RAUC analysis was conducted on the results from the high choline saline group and high 

glucose/ high choline saline group, and our paired t-tests showed consistent inhibition 

between groups c and e for each type of modified saline. This enabled accurate 

measurements of the reduction in IR threshold or temperature. 
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Figure 3.4. The IR radiant exposure threshold and the IR-induced maximum temperature 

change in normal Aplysia saline versus in each type of isotonic ion-replaced saline.  

(a) The IR radiant exposure threshold for inhibition in each type of isotonic ion-replaced saline 

showed a significant drop compared with the threshold in normal Aplysia saline. Each line indicates 

a pair of IR thresholds tested on the same nerve in different conditions. IR radiant exposure 

thresholds for inhibition were significantly lower (one-tailed t-test, p < 0.05) in all three types of ion-

replaced saline than in normal Aplysia saline (b) The changes in IR thresholds were not significantly 

different between different types of modified saline. A one-way ANOVA test of the IR threshold 

changes across different types of modified saline did not show a significant difference (p = 0.724). 

(c) The box-whisker plot of maximum IR-induced temperature rise showed a significant drop when 

IR is applied in each type of modified saline compared with the reading in normal Aplysia saline. 

The thermal camera measurement showed a significant drop (one-tailed t-test, p < 0.05) of the IR-

induced maximum temperature rise in all three types of modified saline compared to the 

temperature needed for IR alone in normal Aplysia saline (d) The changes in IR-induced maximum 

temperature increase were not significantly different between different types of modified saline. A 
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one-way ANOVA test of the temperature threshold changes across different types of modified 

saline did not show a significant difference (p = 0.653). 

 IR radiant exposure thresholds for inhibition were significantly lower (one-tailed t-test, 

p < 0.05) in all three types of ion-replaced saline than in normal Aplysia saline (Figure 3.4 

a). The percentage changes in the IR threshold were: 14.1 ± 3.7% for high glucose saline, 

14.3 ± 4.5% for high choline saline, and 12.6 ± 1.3% for high glucose/ high choline saline 

(Figure 3.4 b). A one-way ANOVA test of the IR threshold changes across different types 

of modified saline did not show a significant difference (p = 0.724). The thermal camera 

measurement showed a significant drop (one-tailed t-test, p < 0.05) of the IR-induced 

maximum temperature rise in all three types of modified saline compared to the 

temperature needed for IR alone in normal Aplysia saline (Figure 3.4 c). The percentage 

changes of the IR-induced maximum temperature rise were: 12.9 ± 3.4% for high glucose 

saline, 13.3 ± 4.1% for high choline saline, and 11.7 ± 1.3% for high glucose/ high choline 

saline (Figure 3.4 d). A one-way ANOVA test of the temperature threshold changes across 

different types of modified saline did not show a significant difference (p = 0.653).    

  

Figure 3.5. Selective inhibition on slow-conducting small-diameter axons when IR was 

applied in subthreshold high glucose/ high choline saline.  

(a) Partial block of the compound action potential (CAP) components carried by the slower-

conducting small-diameter axons. From top to bottom is the CAP before, during, and after the 
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partial block. The red dashed line indicates the low variability point for separation. The artifact 

caused by electrical stimulation was blanked. (b) The normalized RAUC quantification in panel b 

showed that only the slow components were significantly inhibited by the IR application, two-sample 

t-test (p < 0.05). 

Selective inhibition of slow-conducting small-diameter axons was observed with each 

type of isotonic ion-replaced saline. A typical CAP is shown in Figure 3.5 a for IR combined 

with high glucose/ high choline saline. As shown in Figure 3.5 b, the fast-conducting 

components carried by the large-diameter axons were not inhibited while the slow-

conducting components carried by the small-diameter axons were inhibited (two-sample 

t-test, p < 0.05). For all three types of modified saline, we conducted the same RAUC 

calculation and categorization of the fast/slow components of the CAPs during IR 

application. After the categorization, the cumulative number of CAPs in response to the 

IR application combined with each type of modified saline is shown in Table 3.1. 

Table 3.1. Cumulative number of categorized CAPs when IR was applied in combination with 

different types of isotonic ion-replaced saline 

Type of modified 

Saline 

Type of 

response 

Number of CAPs 

  
Fast-conducting, 

large-diameter 
Slow-

conducting, 

small diameter 
High glucose saline 

  
Uninhibited 18 4 

Inhibited 10 24 
High choline saline 

  
Uninhibited 24 0 

Inhibited 4 28 
High glucose-high 

choline saline 
Uninhibited 24 8 

Inhibited 4 20 
 

Using chi-squared tests, all three types of modified saline showed statistically 

significant inhibition preference in the slow-conducting regions as compared to the fast-
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conducting regions (p < 0.05 for all three groups). This suggests that the size-selectivity 

of IR inhibition was preserved when combined with isotonic ion-replaced saline which is 

similar to our previous results using IR alone 8. 

3.2.4 Conclusion and Discussion 

The results confirmed our hypothesis that combining IR inhibition with isotonic ion replacement 

by glucose and/or choline can lower the required radiant exposure threshold for IR 

inhibition. The combined method can lower the IR-induced temperature increase, which 

can potentially reduce the risk of damage due to acute IR-induced heating. More importantly, 

the size selectivity on small-diameter axons of IR inhibition was preserved when combined 

with isotonic ion replacement. The combined method appears to be safe in the acute 

setting since the inhibition effect is reversible after each inhibition modality. 

For all three types of modified saline, we observed a similar reduction effect on the IR 

threshold, suggesting that the similar level of dilution to the ions in the modified saline was 

the major reason for the reduction effect. These results are consistent with our previous 

mathematical analysis 8 that any modality (e.g., isotonic ion replacement used in the 

combination here) that primarily works on the membrane will selectively affect small-

diameter axons. It is important to point out that when glucose and choline were both applied 

in half the osmotic concentrations that they had been applied alone, the modified saline still 

induced a similar reduction in IR threshold as the reduction when glucose or choline was 

applied alone. This finding provides a basis for future studies using several solutes for 

isotonic ion replacement to lower the IR inhibition threshold, keeping each solute within safe 

concentrations. It has not escaped our notice that diabetes patients already have an 

elevated glucose level that is 2 to 4 times higher than normal, which can make neural 

conduction more vulnerable and cause chronic neuropathy or functional toxicity 235–237. Oral 

administration of phosphatidylcholine as a choline supplement has shown a maximum ~4 
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times elevation of plasma choline concentration 238. Therefore, it may be feasible to lower 

the threshold for IR inhibition or other heating modalities to treat the neuropathic pain 

caused by diabetes by the administration of choline and/or other ion-substitution solutes, 

in addition to the already elevated glucose level. 

The present work is an acute study of IR inhibition combined with isotonic ion 

replacement. To accurately find the IR threshold for each condition, six tests were 

performed (see Figure 3.3), which took multiple rounds of IR application and fluid changing. 

This experimental design allowed us to measure two IR inhibition thresholds for each 

nerve: one in the normal saline and one in the test solution while ensuring that the nerve’s 

health remained consistent (e.g., control tests did not show significant differences in RAUC) 

throughout the experimental process. The results confirmed that the selected substrate 

concentrations, although higher than therapeutic levels 239, were safe for the present acute 

ex vivo tests. More importantly, those acute tests demonstrated that isotonic ion replacement 

can lower the IR threshold regardless of the substrate or substrate mix used for the ion 

replacement. This finding will serve as the basis for further chronic studies of IR inhibition 

combined with isotonic ion replacement to explore: (1) the stability of the isotonic ion-

replaced saline’s reduction effect on the IR inhibition threshold over the repeated test; (2) 

multiple ion-replacement compounds, in combination, could be used at concentrations 

that were suitable for potential translational applications; (3) the ratio between the 

inhibition threshold and the damage threshold in normal saline versus in isotonic ion-

replaced saline. 

Infrared neuromodulation has been combined with other modalities to lower the IR 

threshold. For example, Duke et al 226. demonstrated that combining electrical and IR 

neural stimulation (INS) could reduce the threshold for INS. Our data highlight the 

potential practical benefit of combining IR inhibition with other inhibitory modalities. The 
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combination of IR inhibition with isotonic ion replacement lowered the IR threshold and the 

related temperature rise while preserving the size selectivity on the small-diameter axons. 

These results will guide the development of a more effective size-selective IR inhibition 

modality for future research and translational applications. 
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Chapter 4. Resistive heating for size-selective neural 

inhibition 

4.1 Preface 

This chapter presented the work of reproducing the infrared neural inhibition’s size-

selectivity via resistive heating. Section 4.2 was published as: 

Zhuo, J, Weidrick, C. E., Liu, Y., Moffitt, M. A., Jansen, E. D., Chiel, H. J., Jenkins, 

M. W. (2023). Selective IR neural inhibition can be reproduced by resistive heating. 

Neuromodulation: Technology at the Neural Interface, (accepted) 

This work was motivated by the need for an implantable system to test localized heat 

application on the peripheral nerve in vivo, both acutely and chronically. The overall 

energy efficiency of neural inhibition systems based on infrared light applications is limited 

by the conversion efficiency from electricity to infrared light at the laser diode. This has 

been greatly improved over the past years and remains 25% or lower for the wavelength 

we have been using (e.g., 1470 nm and 1860 nm). This efficiency limitation makes it 

difficult to design a battery-powered implantable infrared neural inhibition system for in 

vivo tests. On top of that, infrared light delivery relies on optical fibers that are much stiffer 

than biological tissues and can cause difficulties for implantable device design. We were 

inspired by Dr. Ganguly’s modeling and experimental work showing that the thermally 

accelerated temporal dynamics of voltage-gated potassium ion channels is the 

mechanism of infrared neural inhibition 9,10. In other words, other heating modalities should 

be able to reproduce the inhibition effect induced by the infrared neural inhibition protocol. 

More importantly, with the mathematical analysis in the supplemental material of the size-

selective inhibition demonstration paper by Lothet et al. 8, we were expecting that other 
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heating modalities should be able to reproduce the size-selectivity on the small-diameter 

axons. We selected resistive heating as the alternative heating modality as it has great 

energy efficiency in converting electricity to heat. Although we were not able to make the 

whole implantable thermally-mediated neural inhibition system for an in-vivo test, owing 

to time limitation and fabrication capabilities, the ex vivo results proved the feasibility of 

designing such a system for inducing size-selective inhibition on the small-diameter axons 

with resistive heating. To our knowledge, this is the first comprehensive comparison 

between infrared neural inhibition and resistive heating for size-selective neural inhibition. 

4.2 Selective IR neural inhibition can be reproduced by resistive 

heating  

Junqi Zhuo, MS2; Chloe E. Weidrick, BA; Yehe Liu, PhD1; Michael A. Moffitt, PhD1; E. 

Duco Jansen, PhD3,4,5; Hillel J. Chiel, PhD6,7,1; Michael W. Jenkins, PhD1,8 

Abstract  

Objectives: Small-diameter afferent axons carry various sensory signals that are critical 

for vital physiological conditions but sometimes contribute to pathologies. Infrared (IR) 

neural inhibition (INI) can induce selective heat block of small-diameter axons, which holds 

potential for translational applications such as pain management. Previous research 

suggested that IR-heating-induced acceleration of voltage-gated potassium channel 

kinetics is the mechanism for INI. Therefore, we hypothesized that other heating methods, 

such as resistive heating (RH) in a cuff, could reproduce the selective inhibition observed 
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by INI. Materials and Methods: We conducted ex vivo nerve heating experiments on 

pleural-abdominal connective nerves of Aplysia californica using both IR and resistive 

heating. We fabricated a transparent silicone nerve cuff for simultaneous IR heating, RH, 

and temperature measurements. Temperature elevations (ΔT) on the nerve surface were 

recorded for both heating modalities, which were tested over a range of power levels that 

cover a similar ΔT range. We recorded electrically evoked compound action potentials 

(CAPs) and segmented them into fast and slow subcomponents based on conduction 

velocity differences between the large and small diameter axonal subpopulations. We 

calculated the normalized inhibition strength and inhibition selectivity index based on the 

rectified area under the curve (RAUC) of each subpopulation. Results: INI and RH 

showed a similar selective inhibition effect on CAP subcomponents for slow-conducting 

axons, confirmed by the inhibition probability vs. ΔT dose-response curve based on 

approximately two thousand CAP measurements. The inhibition selectivity indices of the 

two heating modalities were similar across six nerves. RH only required half of the total 

electrical power required by INI to achieve a similar ΔT. Significance: We show that 

selective INI can be reproduced by other heating modalities such as resistive heating. 

Resistive heating, because of its high energy efficiency and simple design, can be a good 

candidate for future implantable neural interface designs. 

4.2.1 Introduction  

Selective inhibition of small-diameter axons is a critical and unmet medical need. Small-

diameter nerve fibers carry various sensory signals that are critical for the homeostasis of 

vital physiological conditions 27,240. Selective inhibition of small-diameter axons has the 

potential to treat various diseases (e.g., pain 216, obesity 218, and hypertension 217) that are 

difficult to treat using conventional pharmaceuticals 2. The current use of local anesthetics 
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cannot reliably induce selective block of small-diameter fibers 241,242 while the use of 

systemic drugs, in particular opioids, has numerous deleterious side effects 56,243.  

Traditional electrode-based neuromodulation can induce neural block but has had limited 

success in preferentially blocking small-diameter axons. Examples include direct current 

(DC) nerve block 94,97 and high-frequency alternating current stimulation (HFAC) 244,245. 

These neuromodulation modalities preferentially block large-diameter efferent axons 

because the transmembrane potential evoked by the extracellular electrode is proportional 

to the axon diameter 96,97. Therefore, selective inhibition of small-diameter axons requires 

additional effort, such as changing the stimulation frequency of HFAC 102,103. The small-

diameter axon selectivity can be further degraded due to electrode corrosion and 

dislocation during chronic implantation 246,247. There is still a need for a selective 

neuromodulation modality for small-diameter axons. 

We have previously shown that infrared (IR) neural inhibition (INI) can selectively inhibit 

the small-diameter slow-conducting nerve fibers 8. This is achieved using IR light (e.g., 

𝜆 ~ 1470 nm, 1550 nm, and 1860 nm) with a high water absorption coefficient. INI can 

inhibit the propagation of both neural 8,182,188,189 and cardiac action potentials 219. In addition 

to size selectivity, IR light can also achieve spatial selectivity of fine structures (e.g., 

neurons) to explore their functionality 180,220–222. At the same wavelength, infrared neural 

stimulation (INS) can be achieved using a spatial-temporal thermal gradient caused by the 

absorption of short IR pulses 169,224–227. In contrast, INI relies on the IR-induced baseline 

temperature elevation that causes thermal acceleration of K+ channel kinetics to block 

neural conduction 9,10,228. The power threshold for INI can be lowered by changing the 

length of the axon along which IR is applied 191,192 or by isotonic extracellular ion 

replacement 193 while maintaining the size selectivity during inhibition. In addition, other IR 
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wavelengths have been used to modulate neural activity in vertebrate animals 166,180,183,248–

250.  

Heat-induced inhibition of neural conduction has been reported in previous studies. 

Hodgkin and Katz reported a heat-induced neural block effect on giant squid axons in 

1949 111. Direct heat application induces neural conduction block in rat sciatic nerves 118,119, 

cat pudendal nerves (with heating before cooling)  120,123, and human median and ulnar 

nerves 121. Other neural inhibition modalities are affected by heating. For example, studies 

have shown that high-frequency biphasic stimulation’s blocking threshold can be lowered 

by heating 124–127. Recent studies showed that clinical kHz spinal cord stimulation and deep 

brain stimulation protocols can also induce tissue temperature elevation 128–131. Both 

findings indicated that the heating effect during high-frequency electrical stimulation may 

be related to its mechanism of action. Similarly, recent studies on ultrasound-based neural 

inhibition suggested that temperature elevation may be the mechanism 132–134. 

Unfortunately, in those studies, the size selectivity of neural inhibition was not explored. 

But it has been reported in rats 115 and humans 116,117 that during hyperthermia, the reflex 

response mediated by the small-diameter afferent fibers was suppressed. Previous 

studies also suggested that the selective inhibition effect during INI was heat-based 8–10. 

Therefore, we hypothesized that selective inhibition with INI could be reproduced using 

another heating modality, resistive heating (RH). In this study, we developed a nerve cuff 

for RH and temperature monitoring. We compared the inhibition strength under different 

temperature elevations (dose-response) and the selective inhibition as a function of axon 

diameter in response to INI and RH on the pleural-abdominal connective nerve in Aplysia 

californica, a preparation consisting solely of unmyelinated axons of varying diameters. 

We selected RH as the representative heating modality, primarily because it can be 

designed to minimize the spatial variance of induced temperature elevation. In addition, 
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RH can be applied in a relatively simple design and could have better energy efficiency 

than INI. These advantages could facilitate the further development of battery-powered 

implantable devices, increasing the availability of selective inhibition of small-diameter 

axons for basic research and translational applications. 

4.2.2 Materials and Methods 

Animal Model 

We tested our hypothesis in vitro (N = 6) on the pleural-abdominal connective nerve of 

Aplysia californica (278 ± 40 g, South Coast Bio-Marine, CA). Although the use of Aplysia, 

an invertebrate animal, does not require Institutional Animal Care and Use Committee 

(IACUC) approval, we ensured that animals were fully anesthetized before extracting 

nerves, and then were euthanized with an excess of anesthetic (magnesium chloride). 

The Aplysia nerve consists only of unmyelinated axons with large and small diameters, 

because Aplysia does not make myelin. This provides a robust testing platform for 

exploring the relationship between the inhibitory effect and axonal size differences without 

having to consider the effects of myelination 8,105. While further studies and parameter 

optimization would need to be carried out when translating selective block by RH to 

vertebrate neurons, our previous work has shown that IR-based heating translates directly 

from Aplysia to vertebrate systems (rat and musk shrew) at much smaller values of T. 

8,188,189.  

Electrophysiological recording 

Customized suction electrodes (0.35 mm inner diameter) were printed using a 3D printer 

(Form 3, Formlabs, MA, USA) for electrical stimulation (2 Hz with 2 ms symmetric biphasic 

current pulses, 1 ms per phase) and compound action potential (CAP) recording. The 

stimulation pulsing signal was generated using a pulse stimulator (Model 2100, A-M 
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Systems, WA, USA) and converted into current pulses using a stimulus isolator (A395, 

World Precision Instruments, FL, USA). The current was adjusted for each nerve between 

0.3 – 0.5 mA to ensure full recruitment of all CAP components. The evoked CAPs were 

amplified and filtered (×10,000, 100–500 Hz) using a differential AC amplifier (Model 1700, 

A-M Systems, WA) and digitized with a data acquisition (DAQ) device (USB-6003, 

National Instruments, TX, USA) at 5000 Hz sampling rate using AxoGraph X software 

(AxoGraph, CA, USA). The nerve was placed in a chamber filled with Aplysia saline (460 

mM NaCl, 10 mM KCl, 10 mM MOPS, 10 mM glucose, 22 mM MgCl2·6H2O, 33 mM 

MgSO4·7H2O, 13 mM CaCl2, pH 7.5) at room temperature (~20 °C) to sustain the health 

of the nerve during the experiments.  

2.3 Resistive heating (RH) 

We fabricated heating cuffs by embedding nichrome heating wires (#761500, 25.4 µm 

bare diameter, A-M Systems, WA, USA) between two layers of medical grade 

polydimethylsiloxane (PDMS) tubing (#60-011-05 and #60-011-08, Dow Corning, MI, USA) 

for the application of RH. Figure 4.1 (a) illustrates the heating cuff design and the 

constructed heating cuff is shown in Figure 4.1 (c) and (d). Here are the fabrication steps 

of the miniature resistive heating cuff: 

1) The outer PDMS tube (1.575 mm inner diameter, McMaster-Carr, OH, USA) 

was cut axially and unwrapped into a flattened sheet; 2) the nichrome heating wire 

(#761500, 25.4 µm bare diameter, A-M Systems, WA, USA) was sewed into the 

unwrapped outer PDMS tube; 3) the outer PDMS tube was re-wrapped around the inner 

PDMS tube (1.016 mm inner diameter, McMaster-Carr, OH, USA); 4) the thermocouple 

(5SC-TT-T-40-36, dia. = 200 µm, Omega Engineering, CT, USA) was sewn through both 

layers of the PDMS tube and placed on the inner surface of the cuff; 5) the inner cuff was 

cut along the slit of the outer PDMS tube; 6) the entire heating cuff assembly was 
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encapsulated with silicone adhesive (KWIK-SIL, World Precision Instruments, FL, USA) 

while using a steel pin (0.024 in. diameter, McMaster-Carr, OH, USA) as the place holder 

for the nerve; 7) A slit was cut through all layers of material along the existing cut of the 

outer PDMS tube; 8) the pin was removed to leave an opening for the nerve after curing 

the silicone adhesive; and 9) excessive silicone adhesive was trimmed away. 

The fabricated heating cuff has the following dimensions: an inner diameter of 0.7 

mm; an outer diameter of 4.3 mm and an overall length of 10.1 mm. A ~4.5 mm 

(longitudinal) region of the core channel was surrounded by the embedded heating wire 

and the heated length of the nerve will be slightly longer than that due to thermal diffusion. 

A thermocouple (5SC-TT-T-40-36, dia. = 200 µm, Omega Engineering, CT, USA) was 

embedded using silicone adhesive (KWIK-SIL, World Precision Instruments, FL, USA) on 

the inner side of the heating cuff to measure the temperature of the nerve surface. Two 

multi-strand copper wires (30 American-wire-gauge) were used to connect the heating cuff 

to the temperature controller. The total DC resistance (including the connection wires) was 

40.1 Ω, including a 3.0 Ω resistance of the contacts and a 37.1 Ω resistance of the heating 

wire embedded in the cuff. A modified temperature controller (TC-324C, Warner 

Instruments, MA, USA) was used to control the direct current level passing through the 

heating wire. See supplemental materials for the fabrication process and the relationship 

between direct current level and temperature elevation (Figure 4.2). The heating cuff was 

applied by sliding a nerve into the core channel of the heating cuff via the slit. The heating 

circuit was fully insulated and driven by direct current instead of alternating current to 

minimize the chance of interfering with electrophysiological recordings. Figure 4.2 showed 

the relationship between the direct current applied and the induced temperature elevation 

at the nerve surface. 
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Figure 4.1. The schematic and image of the heating cuff design and the experimental setup. 

Panel (a) shows the side view (left) and top view (top right) of the heating cuff along with the main 

fabrication steps (bottom right; see supplemental material for detailed steps). Note that the slit 

opening angle for nerve positioning and optical fiber insertion in the schematic is enlarged for the 

purpose of illustration. Panel (b) shows the schematic of the experimental setup where the nerve 

was stimulated and recorded by suction electrodes while the optical fiber for IR light delivery and 
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the heating cuff were collocated on the same segment of the nerve. Panels (c and d) show the top- 

and side-view of the constructed heating cuff (scale bar: 2 mm). Panel I shows a zoomed-in view 

of the experimental setup. A heating cuff was wrapped around an Aplysia’s pleural-abdominal 

connective, with an optical fiber inserted into the slit for infrared light delivery. Suction electrodes 

are not shown in the image as they are further away, located at the nerve ends. Scale bars in panel 

c to d: 2 mm. I.D.: inner diameter. O.D.: outer diameter. 

 

Figure 4.2. The direct current level vs. temperature elevation for the heating cuff.  

Because 𝑃𝑜𝑤𝑒𝑟 =  𝐼2 ∙ 𝑅 and ∆𝑇 ∝ 𝑃𝑜𝑤𝑒𝑟, we have ∆𝑇 ∝ 𝐼2. The resistance of the heating wire 

can be considered as unchanged as the nichrome heating wire has a very low temperature 

coefficient of resistivity (0.017% resistivity change per °C). 

Infrared neural inhibition (INI) 

IR light was generated with a single-mode laser diode (QFBGLD-1470-250, QPhotonics, 

MI, USA, λ = 1470 nm) and a controller (6340-4A, Arroyo Instruments, CA, USA). The 

optical power was controlled by setting the current. A DAQ device (USB-6218, National 

Instruments, TX, USA) triggered 60-second laser pulse trains (1250 Hz, 400 µs pulse 

width). The relationship between the IR laser diode current and IR optical power at the 

fiber tip was determined using a power meter (PS19Q, Coherent, CA, USA). The laser 
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diode temperature was held constant at 20 °C for stable and repeatable optical power 

output. IR light was delivered to the targeted nerve region via an optical fiber (P600-VIS-

NIR, Ocean Insight FL, USA, 600-µm core, NA = 0.39).  While 600 µm is the illuminated 

area, the heated region will be slightly larger than that as previous studies have 

demonstrated 191,192. As shown in Figure 4.1 (e), the optical fiber was inserted into the slit 

of the heating cuff to directly touch the nerve and fix its location relative to the nerve 

through the experiments. 

Temperature elevation (ΔT) measurement 

RH and INI were applied to the same nerve segments to minimize variability. The heating 

cuff, optical fiber tip, and nerve were fully immersed in saline to provide a stable thermal 

environment. The temperature at the nerve surface was recorded using the thermocouple 

embedded in the heating cuff, see Figure 4.1 (a). The temp signal was converted by a 

thermocouple-to-analog converter (SMCJ-T, Omega Engineering, CT, USA) to an analog 

voltage signal (0-100 mV for 0-100 °C), which then was digitized and recorded using the 

same DAQ device for the CAP acquisition. And then ΔT was calculated by subtracting 

the baseline temperature from the temperature during heating, see Figure 4.3. As the 

temperature and CAP were recorded simultaneously, we calculated ΔT for each CAP 

using the temperature recorded when the CAP was evoked. For all six nerves, the baseline 

temperature was similar (20.2 ± 0.3 °C). Because the fluctuations in baseline temperature 

are negligible compared to the temperature rise induced by the heating trials, and also to 

make the subsequent discussion about CAP response versus temperature more intuitive, 

we chose to use show ΔT in the subsequent analysis. 
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Experimental protocol 

The experiments were performed in six excised pleural-abdominal connectives from 

Aplysia to test the effects of INI and RH on neural conduction. Each nerve was tested with 

INI and RH sequentially. We randomized the sequence of INI and RH tests to minimize 

the accumulative effect due to the previous heating modality. Of all six nerves, three were 

first tested with INI, and the rest were first tested with RH. Both heating modalities were 

evaluated with a series of 150-second heating trials with increasing power applied at the 

neural interface until predefined endpoints were met (a partial inhibition was evident, or 

the maximum ΔT ≥ 15 °C). The step increase of power applied was set so that the 

maximum ΔT during a given heating trial was approximately 2 °C higher than the previous 

one. The empirical maximum ΔT limit at 15 °C was determined based on our previous 

experience with repeated heating tests. To be more specific, from our experience in 

previous studies and the preliminary tests, when the maximum temperature elevation is 

greater than 15 °C, there is a high likelihood of inducing an irreversible inhibitory effect, 

which may be due to thermally induced irreversible tissue damage that prohibited any 

further testing on the same nerve. Therefore, it was necessary to limit the maximum 

temperature elevation to 15 °C, which permits us to maintain the nerve’s health after 

completing the test of the first heating modality. On the other hand, this maximum 

temperature elevation limit prevented us from conducting the temperature threshold 

analysis for the large-diameter axons, as they remain uninhibited most of the time in this 

temperature range. Since we are focusing on the selective inhibitory effect, we considered 

this limitation acceptable. 

Each 150-second heating trial consisted of a 10-second control period (no heating), 

a 60-second heating period, and an 80-second cooling period, as shown in Figure 4.3 (a). 

Electrical stimulation was applied throughout the heating trials to monitor the neural 
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conduction status, as shown in Figure 4.3 (b). The inhibitory effect was assessed by 

comparing the CAPs during the initial 10-second control period and the 60-second heating 

period. The acute health conditions of the nerves after heating were assessed by 

comparing the CAPs at the end of the initial 10-second control period and at the end of 

the 80-second cooling period.  

 

Figure 4.3. The heating test protocol and a representative CAP recording with ΔT change 

during the 150-second heating trial.  
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(a) Two heating modalities were tested sequentially on the same nerve. Each heating modality was 

tested with gradually increasing power applied at the neural interface until predefined endpoints 

were met (a partial inhibition was evident or the maximum ΔT ≥ 15 °C). (b) A representative 

compound action potential (CAP) recording and ΔT change. The yellow dashed lines indicate the 

time point between different phases of the heating trial. The red box and curve indicate where the 

temperature was considered quasi-stable (changing rate < 0.02 °C/sec) and used for extracting 

CAPs and ΔTs for data analysis. 

To identify any potential methodological bias between the two heating modalities, it is 

necessary to compare the total thermal dose applied to the nerve by each heating modality. 

However, calculating the commonly used cumulative temperature elevation dose (CEM43) 

using absolute temperature 251,252 is not applicable since Aplysia is a heterothermic animal. 

As Aplysia’s natural habitat is intertidal pools, its body temperature can be changed by the 

environment 253 rather than maintaining a constant body temperature as is done by 

mammals. Therefore, we calculated the thermal dose for each heating modality as follows 

for a first approximation: 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 = ∑ ΔT ∙ duration of each ΔT  

Data analysis 

CAP recording pre-processing 

To prepare the CAP data for analysis, several pre-processing steps were applied (see 

details in the supplemental materials):  

We removed the DC components from the recorded CAPs by a high-pass filter at 

a 1 Hz cut-off frequency to avoid any drift due to electrodes or circuitry. We collected a 

background noise sample by recording a short period from the CAP channel during which 

no electrical stimulation was applied. The background noise sample and its properties 

were then used to subtract the noise from subsequent analyses.  
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For the analysis, we selected only the CAPs during the quasi-steady temperature period 

during which the temperature change rate was smaller than 0.02 °C/s. As shown in Figure 

4.3, when heating was applied, the temperature increased rapidly during the initial 15 s 

and then stabilized.  Preliminary experiments indicated that the profiles of the tissue 

heating ramps were different between the two heating modalities (INI vs. resistive, yielding 

internal absorption of light vs. heating from the surface), and the inhibition effect was 

therefore different during this ramp period. In comparison with INI, resistive heating 

inherently produces a slower change of temperature in the nerve because heat needs to 

be conducted from the surface inward. The temperature elevation is independent of the 

heating method only after it reaches a steady state. Therefore, we limited the comparison 

of the inhibition effect (i.e., CAP analysis) to the period in which temperature was near a 

steady state.  Therefore, we have empirically defined the quasi-steady temperature period 

for CAP extraction as corresponding to a temperature change rate < 0.02 °C/s (as shown 

by the red curve in Figure 4.3).  

Because axonal subpopulations with different diameters have different conduction 

velocities (i.e., larger diameters correspond to faster conduction velocities), we then 

segmented the CAPs into fast- and slow-conducting subcomponents which correspond to 

large- and small-diameter axons, as we did in the previous studies8,191,192. Please see the 

details in session 3.2.2. The boundary detection results between the fast- and slow-

conducting subcomponents were inspected to ensure that the boundary did not bisect 

CAP components, and in 97/111 trials, no adjustments were necessary. 

Quantification of inhibition effect 

To quantify inhibition strength, we separately calculated the rectified area under the curve 

(RAUC) for the fast- and slow-conducting subpopulations in the CAP, as shown in Figure 

4.4. The RAUC during the heating period was normalized to the average RAUC during the 
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last three seconds of the control period. The normalized inhibition strength (NIS) can then 

be calculated as the reduction in the normalized RAUC:  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 1 − 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑅𝐴𝑈𝐶. 

The NIS value will increase from 0 up to 100% if an inhibitory effect is present. A 

NIS below 0 indicates an excitatory effect. It can be compared across different 

subpopulations and nerves as it does not depend on the absolute value of the RAUC.  

We calculated the inhibition probability for each axonal subpopulation as the 

number of inhibition events divided by the total number of CAPs. A CAP was considered 

an inhibition event when the NIS for the given subpopulation was greater than 50%. To 

quantify the change in the inhibition probability as ΔT increased, the NIS data from all 

nerves were pooled and grouped into non-overlapping 1 °C ranges (e.g., [0 1) °C and [1 

2)°C) based on their corresponding ΔT. The inhibition probability was calculated for each 

1 °C range using the NIS data within that range. 

To estimate and compare ΔT thresholds of inhibition between INI and RH, probit 

regression was applied to the inhibition probability data. Probit regression is suitable for 

assessing responses from experiments with binominal results. Previous studies on laser-

tissue interactions have applied probit regression to characterize the response during 

laser ablation 254 and INS 169,188,255. For the probit regression, we fit a normal cumulative 

distribution function (CDF) to the inhibition probability in response to an increase in ΔT. 

The probit regression function is: 

𝐹𝑖𝑡𝑡𝑒𝑑 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑝) =  
1

2
[1 + 𝑒𝑟𝑓 (

ΔT − 𝑇50

𝛿 · √2
)], 

where ΔT is the independent variable. The fitting process results in an estimate of the ΔT50 

for inhibition, which is the ΔT threshold for a 50% probability of inhibition. It also estimates 
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𝛿, which is the standard deviation of ΔT. Probit regression was conducted separately for 

the fast- and slow-conducting subpopulation during the INI and RH tests, respectively. The 

ΔT50 parameters of the fitted models were compared to determine the ΔT threshold 

difference between the two heating methods. 

To characterize the selectivity of inhibition in the slow-conducting subpopulation, 

we constructed the parameter inhibition selectivity index as follows: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  
𝑁𝐼𝑆 𝑜𝑓 𝑠𝑙𝑜𝑤

𝑁𝐼𝑆 𝑜𝑓 𝑠𝑙𝑜𝑤 + 𝑁𝐼𝑆 𝑜𝑓 𝑓𝑎𝑠𝑡
 , 

where “NIS of slow” means the normalized inhibition strength of the slow-conducting 

subpopulation and “NIS of fast” means the normalized inhibition strength of the fast-

conducting subpopulation. The inhibition selectivity index was only calculated for CAPs 

with an inhibition event (as previously defined), across the whole temperature range.  

The inhibition selectivity index can be interpreted as the contribution of inhibition 

of the small-diameter axons to the overall inhibitory effect. When the NIS for both 

subpopulations is equal, the inhibition selectivity index will be 0.5. Any inhibition selectivity 

index higher than 0.5 indicates a selective inhibition of the slow-conducting subpopulation. 

Conversely, an inhibition selectivity index lower than 0.5 indicates a selective inhibition of 

the fast-conducting subpopulation. A paired t-test of the inhibition selectivity index was 

conducted to compare whether size-selectivity was statistically different between the two 

heating modalities.  

Characterization of the power efficiency of the heating process 

While it is important to explore the electrophysiological response for both heating 

modalities, the efficiency of the heating process is also important for the potential 

implantable design with those heating modalities. Here, we characterized the efficiency of 
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the power applied at the neural interface and the efficiency of total electrical power 

separately, to have a comprehensive understanding of the heating process.  

The efficiency of the power applied at the neural interface can be evaluated as the 

final ΔT (the average ΔT during the last three seconds of each heating trial) when a given 

power was applied at the neural interface. This parameter indicates how effective the 

modality is for coupling power into the tissue for generating ΔT. For INI, the power applied 

at the neural interface is the optical power of IR light emitted from the optical fiber tip. For 

resistive heating, the power applied at the neural interface is the electrical power delivered 

to the heating wire. As we have two distinct heating processes here (volumetric energy 

deposition by INI and surface heat conduction by RH), it is necessary to evaluate the 

difference in the efficiency of the power applied at the neural interface between the two 

heating modalities. To compare the efficiency of power applied at the neural interface 

between the two heating modalities, we calculated the final ΔT as the average ΔT during 

the last three seconds of the heating period, when a given power was applied at the neural 

interface. 

The efficiency of total electrical power can be calculated as the total electrical power 

(the electrical power consumed from the wall outlet) required for achieving a target final 

ΔT. Higher efficiency of total electrical power will permit a longer running time for a battery-

powered implantable design. If the implant design is externally powered, a smaller 

electrical power requirement can also lower the difficulty of wireless power delivery. For 

INI, the total electrical power is calculated as the electrical power consumed by the laser 

diode. For resistive heating, the total electrical power is calculated as the power consumed 

by the entire heating circuit, including the cable connecting the heating wire to the 

temperature controller. The electrical power consumed by the controlling device (e.g., the 

temperature controller or laser diode driver) was not included in this study because it 
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involved irrelevant power consumption such as the power for the display. In addition to 

heating efficacy and overall energy efficiency, it is also important to examine the 

repeatability of the heating response across different nerves. 

Simulation of the temperature elevation 

Since it is difficult to measure the temperature distribution inside nerves with existing 

techniques, numerical simulations are often used to explore thermal effects under infrared 

laser irradiation 250,256,257. We simulated the temperature elevation induced by INI and 

resistive heating using COMSOL Multiphysics® (COMSOL) software and a mesh-based 

Monte Carlo simulation in the MATLAB® environment (MMClab) 80,83,84 for light scattering 

and absorption. For INI and resistive heating, 3D models representing the experimental 

setup (e.g., the nerve and heating element) were recreated in Solidworks with the same 

dimensions as in the real world. The nerve’s diameter was approximated as 600 µm based 

on our measurement (614 ± 70 µm). A saline object (10 mm × 5 mm × 10 mm) was created 

as the background object to bisect and surround all the other objects. The 3D objects 

representing each type of material were then imported into COMSOL for generating the 

corresponding tetrahedral mesh. The mesh density and quality were controlled to satisfy 

the requirement of heat transfer simulation and MMClab.  

There are some common settings in the simulation for both INI and resistive heating. 

Most of the physical properties were assigned to each object domain using built-in 

materials in COMSOL: The saline domain was modeled using the water (liquid) material. 

The PDMS cuff was modeled using silicone material. The heating wire was modeled using 

the nichrome (solid, steady-state) material.  The optical fiber was modeled using silica 

glass material. Some objects (e.g., nerve and heating wire) required the use of externally 

referenced physical properties, as shown in Table 4.1. The nerve’s thermal property was 

approximated based on the nerve’s water content as described in previous literature 256,258. 
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Laminar flow caused by the density change during heating was simulated in the laminar 

flow module for both INI and RH. Gravity was included in the laminar flow module as the 

negative direction along the z-axis. Heat dissipation caused by laminar flow was simulated 

using COMSOL’s multiphysics module: nonisothermal flow. The top surface of the saline 

was defined as the interface between ambient air and saline, where heat loss due to 

radiation was included in the simulation. All other outer surfaces of the saline were defined 

as symmetric boundaries where heat transfer and flow rate were both negligible. All 

objects and the ambient air were set to have an initial temperature of 22 °C. The reference 

air pressure was 1 atm and the top surface of the saline object was defined as an open 

boundary with no stress in the laminar flow module. The model was simulated with a time-

dependent solver for 0 to 60 s (the same heating period as in the heating protocol), with a 

0.1 s output interval and physics-limited dynamic time steps. To validate the models, we 

simulated the temperature elevation distribution at the thermocouple location with several 

power levels applied at the neural interface. The simulated temperature elevation was 

then compared with the experimental result to validate the model. After validation, we 

simulated the required power to be applied at the neural interface for achieving the 50% 

probability of inhibition in the slow-conducting subpopulation, by each heating modality 

separately. 

Table 4.1. Externally referenced physical material properties 

Object Property Value Unit 

Heating Wire * Thermal conductivity 15 W/(m·K) 

 
Heat capacity at 

constant pressure 

465 J/(kg·K) 
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Relative permittivity 800 a.u. 

Nerve 256,258 Thermal conductivity 0.49 W/(m·K) 

 Heat capacity at 

constant pressure 

3581 J/(kg·K) 

 
Density 1106 kg/m3 

* Directly from the supplier: A-M Systems, WA, USA 

For resistive heating, we simulated the heat transfer in solids and fluids (in nerve, 

saline, PDMS, and heating wire), laminar flow (in saline), and electric currents (in heating 

wire) using existing COMSOL modules by those names.  The heat source for the heater 

transfer was from the multiphysics module: electromagnetic heating. The power levels 

simulated for heating response validation were from 25 mW to 150 mW with a 25 mW step. 

A simulation of 103.1 mW power applied at the neural interface by resistive heating was 

performed to evaluate the temperature elevation across the nerve when a 50% probability 

of inhibition of the slow-conducting subpopulation was achieved experimentally. 

For INI, we simulated the heat transfer in solids and fluids (in nerve, saline, and 

PDMS) and laminar flow (in saline), using existing COMSOL modules by those names. 

The heat source for the heat transfer module was generated using MMClab. We used 

LiveLink™ for MATLAB® to import the generated tetrahedral mesh from COMSOL as the 

mesh data for MMClab. Using the same mesh as the COMSOL model can help reduce 

the computational load when the MMClab result was imported back into COMSOL and 

mapped to the mesh nodes. In MMClab, optical properties for each type of material (nerve, 

saline, PDMS, and optical fiber) were assigned to the corresponding mesh element, as 

shown in Table 4.2. The nerve’s optical properties were approximated using the average 

values from other species 256,258,259 as there is no measurement available for a nerve in 
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Aplysia. The optical property of Aplysia saline was approximated by the values for water. 

A cone-shaped light source was used to mimic the light output profile from the optical fiber 

tip in an aqueous medium. Since the simulation’s goal was to estimate the temperature 

distribution at the end of the heating period, the temporal fluctuations of temperature 

caused by each laser pulse were not investigated. Instead, we simulated the energy 

deposition of the laser pulse train using a continuous (CW) laser source with equivalent 

average optical power as the pulsed laser. The MMClab generated the normalized impulse 

response as energy deposition at each mesh node over time. We then converted it to the 

step response for a unitary CW source by convolution, which means integrating over time 

and multiplying by the time step in the discrete domain. This energy deposition caused by 

the unitary CW source was then imported back into COMSOL. We then scaled the unitary 

response by the optical power to be simulated and used it as the heat source for the heat 

transfer in solids and fluids module. The power levels simulated for heating response 

validation were from 15 mW to 75 mW with a 15 mW step. A simulation of 52.4 mW power 

applied at the neural interface by INI was performed to evaluate the temperature elevation 

across the nerve when a 50% probability of inhibition of the slow-conducting subpopulation 

was achieved experimentally. 

Table 4.2. Optical parameters of the materials 

Material 𝜇𝑎 (1/cm) 𝜇𝑠 (1/cm) 
Anisotropy 

(a.u.) 

Refractive Index 

(a.u.) 

Saline 69,260 30.0 0 N/A 1.36 

Nerve 256,258,259 24.0 2.0 0.9 1.36 

PDMS 261 1.4 0.1 1 1.43 
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Optical Fiber 

Core 
0** 0** N/A 1.47 

Optical Fiber 

Cladding 
0** 0** N/A 1.42 

* Directly from the supplier: Ocean Insight FL, USA 

** Approximated to be zero to simplify the calculation 

To validate the simulation models, we simulated the temperature elevation at the 

thermocouple location as different powers were applied at the neural interface by each 

heating modality. The simulated results shown in Figure 4.7 (a) (INI - with the 

semitransparent yellow line; resistive heating – blue line) were similar to experimental 

measurements. This suggests that the models were a good approximation to the real-

world experimental setup.  

We simulated the two heating modalities by applying the power at the neural 

interface (INI: 39.8 mW, RH: 80.7 mW) required to reach their respective T50 temperatures. 

The simulated average temperature elevation of the axon-containing region in the nerve 

was similar: 7.45 °C for INI and 7.53 °C for resistive heating, see Figure 4.7 (a to d). To 

evaluate the impact of the uncertainty on the estimated physical parameters of the nerve, 

a parametric sweep was conducted; the maximum changes of simulated average 

temperature elevations for the axon-containing region were 0.57 °C for INI and 0.04 °C for 

RH.  Since the heating process under the current heating protocols is dominated by heat 

diffusion, the changes due to the uncertainty of estimated physical parameters are evened 

out over space and do not cause a significant change in the simulated temperature 

elevation. In addition, the simulation allowed us to deduce the ΔT at the axon-containing 

region of the nerve using the thermocouple measured ΔT at the surface of the nerve, 
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which allowed us to estimate the relationship between the inhibition probability and the 

simulated axonal region temperature. 

4.2.3 Results  

Nerve’s thermal exposure was similar between INI and RH 

To compare the changes in the electrophysiological responses induced by the two heating 

modalities, it is necessary to examine if there is a systematic bias in the available data 

and thermal exposure between the two heating modalities. On average, we conducted 8 

± 2 trials for RH and 7 ± 1 trials for INI on each nerve and the average interval between 

heating trials was 3 minutes. From the quasi-steady period during heating, we collected 

1927 CAPs during INI and 2260 CAPs during RH. The number of valid CAPs in each 

nerve between the two heating modalities did not show a significant difference (p = 0.70, 

paired t-test). The normalized RAUC after heating is on average 94.4% ±  5.9% of the 

RAUC before heating. The ΔT step from one heating trial to the next was 1.4 ± 0.9 °C for 

INI and 1.3 ± 0.8 °C for RH with no significant difference (p = 0.55, paired t-test). The total 

thermal dose of each heating modality was calculated for the six nerves. We applied an 

average thermal dose of 2405 °C· s during INI and 2945 °C· s during RH on each tested 

nerve, with no significant difference between the two heating modalities (p = 0.17 paired 

t-test). Overall, the data and thermal exposure of the nerves were similar for both INI and 

RH, allowing an unbiased comparison of the inhibitory effect between the two modalities.  

Resistive heating can induce a selective inhibition effect similar to infrared neural 

inhibition 

The representative data in Figure 4.4 shows that RH produced a selective inhibition effect, 

similar to INI. The ΔT for this representative data (INI: 9.5 °C, RH: 10.6 °C) was high 

enough to induce a block on the slow-conducting subpopulations (Figure 4.4, panel a, red), 
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while still too low to significantly inhibit the fast-conducting subpopulations (Figure 4.4, 

panel a, blue). Raw normalized RAUC data (Figure 4.4, panel b) confirmed that both 

heating modalities could induce a similar drop in the signal for the slow-conducting 

subpopulation. The control test conducted after the heating test (Figure 4.4, panel a, Ctrl2) 

showed a response similar to that of the initial control test (Figure 4.4, panel a, Ctrl1), 

suggesting that the health of the nerve was not acutely impacted. This can be also 

confirmed by the normalized RAUC after cooling for each trial conducted on the same 

nerve, as shown in Figure 4.4 (c). 
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Figure 4.4. Representative compound action potential (CAP), the corresponding normalized 

RAUC, and the normalized RAUC after cooling for all trials conducted on a nerve. 

(a) Representative compound action potentials show the selective INI on small-diameter axons can 

be reproduced by resistive heating (RH) via a heating cuff. Blue: the large diameter subpopulation 

with fast conducting velocity. Red: the small diameter subpopulation with slow conduction velocity. 

A dashed line indicates the segmentation point between the fast- and slow-conducting 

subpopulations. From top to bottom, Ctrl1: the control test before heating application; INI: infrared 

neural inhibition application showed selective inhibition of the slow conducting subpopulation; RH: 

the heating cuff was able to induce a similar selective inhibition effect of the same CAP 

subpopulation; Ctrl2: the control test after all heating tests after the temperature has returned to 

baseline. The response in Ctrl2 was similar to Ctrl1, suggesting that selective inhibition was 

reversible. The baseline temperature during the tests was 20.3 °C. The ΔT was 9.3 °C for the INI 
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trial and 10.2 °C for the RH trial. The conduction velocity for the fast and slow conducting groups 

in this nerve was 0.956 m/s and 0.239 m/s, respectively (estimated using the peak of each group). 

(b) The normalized RAUC for each trial in (a), was calculated for the fast (blue) and slow (red) 

subpopulation separately. IR application and RH were able to induce a similar level of RAUC 

reduction. When the heating was turned off, the RAUC recovered to the control test’s level. (c) The 

normalized RAUC after cooling for each trial that was conducted on the same nerve. The red bars 

indicate trials for the INI test and RH test, respectively. A.U.: arbitrary units.  

To further examine the selective inhibition effect on all tested nerves, we calculated 

the normalized inhibition strength (NIS) for the fast- and slow-conducting subpopulations 

of CAPs recorded during the quasi-steady state of the heating period (see Methods). For 

each 1 °C temperature range, the NIS data from each nerve were averaged to represent 

the response of a given nerve. The response of all six nerves is shown in Figure 4.5 (a) 

and (b). When comparing across different subpopulations, the NIS of the slow-conducting 

subpopulations was generally higher than the corresponding values for fast-conducting 

subpopulations from the same CAP. RH showed an overall trend similar to that of INI, but 

with a wider separation between the fast- and slow-conducting components.  
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Figure 4.5. The normalized inhibition strength (NIS) and inhibition probability for fast- and 

slow-conducting subpopulations under infrared neural inhibition (INI) and resistive heating 

(RH). 

The top row (panels a and b) shows the median (bars) and lower/upper quartiles (whiskers) of the 

NIS data from all six nerves. The NIS data increased as the temperature elevation increased and 
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the slow-conducting components showed a higher level of inhibition compared to the fast-

conducting components (red bar vs. blue bars, respectively). The y-axis ticks are the same for 

panels a and b. The bottom row (panels c to f) shows that, for all groups, the inhibition probability 

increased as the temperature elevation increased. The y-axis ticks are the same for each horizontal 

row. The fitted line shows the probit regression result for each subpopulation, and the dashed lines 

show the 95% confidence interval. The threshold temperature elevation for 50% inhibition 

probability on the slow-conducting components was 7.40 °C for INI and 8.03 °C for resistive heating, 

noting the baseline temperature was 20.2 ± 0.3 °C for the six nerves. Although not all nerves 

showed full inhibition, the probit regression was applied to the fast-conducting subpopulation to 

compare it to the slow-conducting subpopulation. Blue circles: fast-conducting subpopulation. Red 

circles: slow-conducting subpopulation. Unfilled marker: INI. Filled marker: RH. 

When we calculated and compared the inhibition probability (probability of inducing 

a NIS of > 50%) for each 1°C range using pooled data from all six nerves, the similarity 

of the trends was more obvious (see Figure 4.5, c to f). The inhibition probabilities were 

calculated using all NIS data rather than only the averaged data shown in Figure 4.5 (a 

and b). As ΔT increased, the inhibition probability for both heating modalities increased 

more rapidly for the slow-conducting subpopulation. To compare the inhibition probabilities 

of fast- and slow-conduction subpopulations across the whole ΔT range, we conducted a 

one-tailed paired t-test and confirmed that the inhibition probability in the slow-conducting 

subpopulation was higher (p < 0.01 for both INI and RH). This indicates that the inhibition 

probability was significantly higher for the slow-conducting subpopulations than for the fast 

subpopulations in response to the same temperature with both heating modalities. Probit 

regression was applied to the inhibition probabilities of both fast- and slow-conducting 

components for each heating modality. The fitted lines (probit regression) are shown in 

Figure 4.5, (c to f). Table 4.3 lists the optimal probit regression fitting parameters with the 

95% confidence interval range indicated in brackets.  
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Table 4.3. Optimal fits for the probit regression of inhibition probabilities for each 

subpopulation 

Heating 

Modality 

Sub-

population 

ΔT50 δ Root mean squared 

error 

IR Neural 

Inhibition 

Fast 10.42 

[9.79, 11.04] 

0.35 

[0.35, 0.35] 

0.150 

 

Slow 7.40 

[6.15, 8.64] 

1.14 

[0.49, 1.78] 

0.165 

Resistive 

Heating 

 

Fast 
13.68 

[13.45, 13.91] 

0.35 

[0.35, 0.35] 

0.0386 

 

Slow 8.03 

[6.23,9.83] 

1.58 

[0.51, 2.64] 

0.081 

 

Comparing the fitted parameters, we can see that the ΔT threshold for inhibiting 

the slow-conducting subpopulation with RH (8.03 °C) was slightly higher than the 

threshold with INI (7.40 °C). The ΔT50 for fast-conducting components is higher than the 

ones for the slow-conducting components under both conditions, confirming the size-

selective inhibition effect on the small-diameter slow-conducting components. Although 

the probit regression was performed for the fast-conducting subpopulation, the study was 

not designed to induce a full block of the fast-conducting subpopulation, since this might 

subject the nerves to excess thermal stimulation when the same nerve is tested under 

both conditions. In the six nerves tested, full inhibition was only observed in three nerves 

during the INI test and in the other three nerves during the RH test. Only one nerve showed 

a full inhibition response during the test of both heating modalities. The limited raw data 
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for the inhibition probability of fast-conducting components caused the optimal estimate of 

δ to be limited at the theoretical boundary of 0.35.  

We compared the inhibition selectivity index when an inhibition event was present for 

either or both subpopulations. The calculation was conducted for each nerve separately, 

across the whole tested temperature range. As shown in Figure 4.6, RH had a higher 

average inhibition selectivity index (0.86) than INI (0.76), although the difference was not 

significant according to a paired t-test (p = 0.37). The average inhibition selectivity indexes 

for both methods were higher than 0.5 demonstrating that RH reproduced the size-

selective inhibitory effect of INI. From Figure 4.6, we also see that the variance in the 

inhibition selectivity index for each nerve was smaller for RH in general. This suggests 

that RH can induce selective inhibition more reliably when the nerve’s geometry and 

fascicle orientation vary from one nerve to another.  

 

Figure 4.6. The inhibition selectivity index on the slow-conducting subpopulation for IR 

neural inhibition (INI) and resistive heating (RH).  

(a): The inhibition selectivity index (see Methods) for each nerve with each heating modality. The 

index was calculated for all inhibition events (a normalized inhibition strength larger than 50% for 
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either fast- or slow-conducting subpopulation), regardless of the temperature. An inhibition 

selectivity index closer to 1 indicates a more selective inhibition of the slow-conducting small-

diameter axons. The error bars indicate the upper and lower quartiles. (b): Box plot of the average 

inhibition selectivity index for INI (0.76) and RH (0.86). The difference was not significant according 

to a paired t-test (p = 0.37). A.U. arbitrary unit. 

In summary, the results show that RH can reproduce INI’s selective inhibition effect 

on a slow-conducting small-diameter subpopulation with a similar temperature threshold. 

4.2.4 Discussion 

The current study demonstrated that selective inhibition of small-diameter axons induced 

by INI can be reproduced by another heating modality such as RH (Figure 4.4). RH relies 

solely on the induced temperature elevation for inducing size-selective inhibition (Figure 

4.6). As selective INI has been demonstrated using Aplysia and then successfully 

migrated to vertebrates with substantially lower ΔT thresholds 8, we expect that the 

selective inhibitory effects of RH will also translate to vertebrates with a future in vivo 

chronic implantable design. RH may also be used in future studies to investigate non-

blocking neuromodulation effects (e.g., the change of neurons’ excitability and neural 

plasticity) induced by chronic localized heat application on neurons. Here are some 

aspects of this potential application that are worth discussing. 

Size selectivity as an inherent property of heat-induced neural block 

Previous studies have suggested that INI relies on thermally accelerated ion channel 

kinetics, particularly voltage-gated potassium channels 9,10. Hence, we tested the 

hypothesis that a pure heating process could induce the same size-selective inhibition. 

Unlike INI, RH does not involve optical processes. We used the direct current, which only 

generated a static electromagnetic field that did not stimulate the nerve. The RH test 

results showed a similar size-selective inhibition as compared to INI, although with a 

slightly different ΔT (7.40 °C for INI and 8.03 °C for RH).  
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This difference in the ΔT50 (Table 4.3) and dose-response curve (Figure 4.5) can 

likely be attributed to the difference in heat conduction direction between the heating 

modalities. An experimental limitation of our approach was that only the temperature at 

the nerve surface can be measured, as shown in Figure 4.1 (a), which can be different 

from the temperature at the core of the nerve where the axons are located. Due to the 

difference in where the heat was generated (INI: in the nerve, RH: around the nerve), the 

temperature at the nerve’s core can have a different relationship to the measurable 

temperature at the nerve surface (INI: core temperature higher than surface temperature; 

RH: core temperature lower than surface temperature). From our previous measurements 

of the Aplysia’s pleural-abdominal connective, the average diameter of the region that 

axons occupy is 242.9 ± 76.8 µm, which is less than half of the nerve’s total diameter at 

611.7 ± 85.0 µm (n = 48). The gap between the nerve surface and the core region where 

the axons are located can allow a temperature gradient to exist. Therefore, the difference 

in the measured ΔT threshold for selective inhibition between the two heating modalities 

may be attributed to the difference in the heat generation locations rather than a difference 

in biological processes.  

Since it is difficult to measure the temperature distribution inside nerves with 

existing techniques, numerical simulations are often used to explore thermal effects under 

infrared laser irradiation 250,256,257. We simulated the scenario that INI and RH were applied 

with appropriate power (INI: 39.8 mW, RH: 80.7 mW) to achieve their respective ΔT50 (INI: 

7.40 °C, RH: 8.03 °C) at the nerve surface. The simulation was conducted on a 3D finite 

element model (FEM) that duplicates the geometry and physical properties of the RH and 

INI setup, using COMSOL Multiphysics® (COMSOL) software and a mesh-based Monte 

Carlo simulation in the MATLAB® environment (MMClab) 80,83,84 for light scattering and 

absorption (see supplemental materials for details). Using the simulated temperature 
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distribution, we calculated the average ΔT50 at the axonal area of the nerve (as shown in 

Figure 4.7 (a to d) by the dashed circles, dia. = 0.243 mm). The simulated average ΔT50 

of the axon-containing region in the nerve was similar: 7.45 °C for INI and 7.53 °C for RH, 

see Figure 4.7, (a to d). We also used the simulation to estimate the dose-response curve 

of inhibition probability as ΔT increases at the axon-containing region of the nerve. The 

thermal dose-response curves based on the ΔT at the core region of the nerve were not 

significantly different between the two heating modalities (p = 0.43, paired t-test), see 

Figure 4.7 (e). This similarity of the simulated thermal dose-response curves again was 

consistent with our hypothesis that both heating modalities, INI, and RH, induce neural 

inhibition by the same thermal effects.  

Further research (e.g., parameter optimization functional tests) will be required to translate 

selective block by RH to vertebrates and explore the feasibility of size-selective inhibition 

(primarily on the unmyelinated fibers) in vivo. 
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Figure 4.7.  The simulated radial temperature elevation distribution over the cross-section 

of the nerve and the inhibition probability based on the core temperature elevation of the 

nerve.  

INI: infrared neural inhibition, RH: resistive heating. Panel (a) to (d): The radial cross-section view 

of the simulated temperature distribution for each heating modality. Panel (a) and (b) are the overall 
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views while panels (c) and (d) are the zoomed-in views of the same simulated temperature 

distributions (respectively). The geometry in the light blue line indicates the geometry of the nerve 

cuff, including the heating wire. The solid black circles indicate the location of the nerves. The 

dashed black circles indicate the axon-containing region. The simulated powers applied at the 

neural interface correspond to the amount required to induce an inhibition probability of 50% on the 

slow-conducting subpopulation (INI: 39.8 mW, RH: 80.7 mW). The colormap for panels (c) and (d) 

was adjusted to show the temperature gradient more clearly. The arrows and dots (white filled with 

a black border) indicate where the thermocouple was located in the real-world setup. The scale bar 

is 1 mm for panels (a) and (b), and 200 µm for panels (c) and (d). Panel (e): The inhibition probability 

of the slow-conducting subpopulation as a function of temperature elevation in the axon-containing 

region was not statistically different between INI and RH (p = 0.40, paired t-test). Red-filled triangle: 

slow-conducting subpopulation with RH. Red unfilled triangle: slow-conducting subpopulation with 

INI. A.U.: Arbitrary unit. 

Therefore, based on the experimental and simulation results, we can expect that 

any heating modality (e.g., RH and INI) that can generate a homogeneous temperature 

elevation across the nerve cross-section will selectively inhibit small-diameter, slow-

conducting subpopulations preferentially. Furthermore, the application of RH to 

vertebrates for selective inhibition is a promising next step, as selective INI has been 

explored in Aplysia and successfully translated to vertebrates with similar protocols but 

much lower T 8,189. Future research on the effects of RH on vertebrates can build upon 

the paradigms established in Aplysia and investigate the feasibility of size-selective 

inhibition (primarily on the unmyelinated fibers) in vivo. In addition, other heating 

modalities could be explored for their size selectivity during neural inhibition, including 

current neuromodulation modalities such as HFAC and ultrasound whose mechanism(s) 

may be related to heating (as mentioned in the Introduction). 

RH showed less size selective variability than INI because of less spatial selectivity 

In the present study, RH showed reliable size-selective inhibition when different nerves 

were tested, as shown in Figure 4.6. This was expected as the current design (a heating 

wire wrapping around the nerve) was selected to create a uniform temperature elevation 
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across the cross-section of the nerve. The simulated temperature distribution shown in 

Figure 4.7 (a and b) demonstrated the uniformity of the heating. Should the heating cuff 

be adopted for a chronic study, this spatial uniformity would minimize the likelihood that a 

shift in the orientation of the heating cuff after implantation would lead to a loss of size 

selectivity. Of course, if spatial selectivity is needed, a heating cuff could be designed to 

have multiple heating elements arranged around the nerve such that some control over 

the spatial thermal distribution could be achieved, especially in large-diameter nerves. 

Nevertheless, thermal conduction limits the spatial thermal gradient that can be created in 

this way.  

In contrast, spatial selectivity may have adversely contributed to the variability in 

size selectivity for INI, as shown in Figure 4.6.  Due to anatomic variability across different 

nerves, there are differences in the spatial arrangement of each axonal subpopulation 

within the nerve. Since IR light is incident on one side of the nerve, there is a spatial 

thermal gradient across the cross-section of the nerve, as can be seen in Figure 4.7 (a). 

The nerve region distal to the optical fiber tip has a lower ΔT because the light is strongly 

absorbed in the proximal region. Therefore, when the ΔT in the proximal region is high 

enough to induce inhibition (“hot side”), the subpopulation located distally may not reach 

the ΔT threshold yet (“cold side”). If the large-diameter subpopulation is predominantly 

located at the proximal end (“hot side”) and the small-diameter subpopulation is 

predominantly located at the distal end (“cold side”), the large-diameter subpopulation may 

be inhibited first. In other words, the variance in size selectivity observed in the INI 

experimental results is possibly a manifestation of spatial specificity. A previous study has 

shown that the high spatial specificity of IR light delivery can cause variance in the results 

of IR neuromodulation 188. 
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In short, RH showed a stronger and more robust size selectivity than INI (although 

not statistically significant) because of two reasons: 1) RH can generate a more even 

temperature distribution that is less prone to anatomical variability and changes of cuff 

orientation; 2) INI’s spatial selectivity adversely affected its size-selectivity.  

Resistive heating for implantable neural interface design 

In this study, RH efficiently induced selective inhibition, making it a good candidate for an 

implantable neural interface design. Several additional aspects of implantable designs are 

therefore worth addressing. 

Thermal safety 

Although the ΔT requirement for RH of the Aplysia nerve is high (e.g., the ΔT50 shown in 

Table 4.3), a lower threshold can be expected when migrating to a vertebrate animal. 

When the INI protocol was migrated from Aplysia to musk shrews, the threshold ΔT for 

selective inhibition dropped from 9.7 ± 3.7 °C to 2.9 ± 0.8 °C 8. Both the experimental and 

modeling results in the current study demonstrate that resistive heating and infrared neural 

inhibition rely on the same heat-based thermal block mechanism and the threshold 

temperature was very close. Therefore, a similar reduction in the temperature elevation 

threshold can be expected if resistive heating were transferred from Aplysia to vertebrates, 

as previous INI work demonstrated 8. In addition, our modeling suggests that RH 

generated a spatially homogeneous temperature elevation across the nerve, as shown in 

Figure 4.7 (d), minimizing the danger of local overheating 188 due to spatial thermal 

gradient during INI as shown in Figure 4.7 (c). 

The temperature threshold and safety margin of localized heating for neural block 

still need to be determined and can be effectively explored using resistive heating. From 

our experiments, a slight accumulative trend (not statistically significant) of RAUC after 
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repeated heating tests can be observed in Figure 4.4 (c). As the nerve in our current in 

vitro preparation is limited in its capability to respond to accumulated thermal stress, 

further in vivo experiments are needed to explore the accumulative effect of repeated 

localized heating on the nerve. It has been reported in humans that when core body 

temperature was elevated to about 40 °C, the reflex response mediated by the small-

diameter afferent fibers was suppressed 116,117. On the other hand, previous studies have 

shown that local heating higher than 45 °C on the peripheral nerve can cause irreversible 

neural block 144,252,262,263. Recent studies have partially explored the safety margin of 

localized heating in neural tissue either with optogenetics in rats 166,264 or by resistive 

heating directly in mice 265. Other recent studies have used a combination of cooling and 

heating to reduce temperature changes needed to induce block 120,123. This new advance 

in thermal nerve block can use the heating cuff design in the current study to provide safe 

brief heating to lower the amount of cooling needed for block. 

In short, the current study was not designed to directly address the safety of the 

potential in vivo application. Further tests are needed to assess if selective inhibition of 

small-diameter axons can safely be implemented via resistive heating. Resistive heating 

also provides a simple design for future experiments exploring the chronic safety of 

localized nerve heating, which could benefit the translation of other heating modalities. 

The efficiency of the power applied at the neural interface and total electrical power 

One major advantage of RH is that electrical power can be converted to heat very 

efficiently, but the heat has to be conducted through layers of materials until reaching the 

axons. While INI suffers from low conversion efficiency from electricity to light at the laser 

diode, the heat can be generated directly inside the nerve and does not rely on thermal 

conduction as RH did. As each modality has its advantages and disadvantages, we 

characterized the efficiency of the power applied at the neural interface and the efficiency 
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of total electrical power, to identify which modality is more feasible to be adopted as an 

implantable design in the future. 

We first characterized how efficiently the power at the neural interface was 

converted into heat by comparing the power requirement at the interface (INI: optical 

power emitted from the optical fiber tip; RH: electrical power applied by the heating wire) 

for achieving the respective ΔT50 for a 50% inhibition probability of the small-diameter 

axons. INI required 39.8 mW of optical power emitted from the optical fiber tip to achieve 

its ΔT50 at 7.40 °C (the corresponding irradiance at the optical fiber tip is 14.1 W/cm2). RH 

required 80.7 mW electrical power on the nerve surface to achieve its ΔT50 at 8.03 °C. The 

detailed data and linear regression of the power applied at the neural interface vs. ΔT for 

each heating modality across different nerves can be seen in Figure 4.8(a). INI was more 

effective in inducing ΔT compared with the current resistive heating cuff design when a 

given power was applied at the neural interface. 
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Figure 4.8. The power efficiency at the neural interface and the total electrical power were 

compared between infrared Inhibition (INI) and resistive heating (RH).  

Brown dashed lines: INI. Blue: RH. (a): The efficiency of the power applied at the neural interface 

was evaluated by the temperature elevation (ΔT) when a given power was applied at the neural 

interface by INI or RH, across six tested nerves. The brown dashed lines with open circles are for 



106 

INI and the blue solid lines with filled circles are for RH. The results showed that the same power 

applied at the neural interface by INI can induce a higher temperature elevation, which means INI 

has higher efficiency for the power applied at the neural interface than RH. But the ΔT induced by 

RH is more repeatable across the six nerves. The semitransparent yellow line (for INI) and the blue 

line (for RH) are the simulated temperature elevation with given powers applied at the neural 

interface. The simulated heating response was consistent with the experimental measurement, 

showing that the model was a good approximation of the experimental setup (see Discussion). (b): 

The efficiency of total electrical power was evaluated as the total electrical power required for a 

given target ΔT. We conducted linear regression of the data to get the predicted values (the circles) 

and predicted intervals (the error bars). The results showed that RH only needs about half of the 

total electrical power required by INI to achieve the same temperature elevation. 

The higher power requirement at the neural interface for RH can be attributed to 

the heating element size difference (INI: an optical fiber with a 0.6 mm diameter; RH: a 

heating wire surrounding 4.5 mm of length along the nerve). A larger heated volume would 

inevitably require more heating power. For the Aplysia nerve we tested here, the optimum 

length would be approximately 1 mm according to our previous study 191,192; a heat block 

length beyond that does not improve the efficacy of the thermally induced neural inhibition. 

The current 4.5 mm length was selected due to the limitations of the manual fabrication 

process and to ensure that effective neural inhibition can be observed. Another factor of 

the power requirement difference can be attributed to the location of heat generation (INI: 

inside of nerve, RH: outside of nerve). Future studies can explore the feasibility of safely 

inducing heat inside the nerve for the heat-based neural block. In addition, with a given 

amount of power applied at the neural interface, the ΔT induced by RH was more 

repeatable across the six tested nerves, compared with INI.  The 360° wrapping design of 

the heating cuff is less sensitive to variability in the nerve anatomy and the nerve’s relative 

position in the heating cuff. Because of this repeatable heating response, an RH-based 

heating cuff is expected to be less prone to movement following chronic implantation. 

We then characterized the total electrical power consumption of the two modalities 

for achieving the given final ΔT values. For example, to achieve an inhibition probability of 
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50% on the small-diameter axons, INI needs 155.9 mW total electrical power for its ΔT50 

at 7.40 °C whereas RH only needs 85.2 mW total electrical power for its ΔT50 at 8.03 °C. 

Due to the difference in the efficiency of total electrical power, the current resistance-

heating nerve cuff could have a 55% longer runtime than the INI laser used in this study. 

Indeed, for the current heating cuff design, 93% of the total electrical power can be 

converted to the power applied at the neural interface, whereas the laser diode can only 

convert 24-27% of the total electrical power into the optical power of infrared light applied 

to the nerve.  

The current cuff design was only a proof-of-concept and could be further optimized 

for improving its efficiency in future studies. For example, the inner PDMS tube of the 

heating cuff could be thinner or altered to achieve better thermal conductivity 266–268. This 

could promote better thermal conduction from the heating wire to the nerve and increase 

the efficiency of the power applied at the neural interface. Second, with a finer 

manufacturing process, the length of the axial heated region of the heating cuff could be 

shortened to the optimal length requirement. A microfabrication process could achieve 

much better control of the heating element morphology and integrate the thermal sensor 

in a smaller dimension, as demonstrated in previous studies 265,269,270. In addition, a 

customized temperature controller could be made with parameters optimized for RH to 

help reach the target temperature quicker and avoid fluctuation/overshooting. It is worth 

noting that the in vivo thermal condition will be different from the ex vivo experimental 

setup (e.g., intraneural blood flow can cause additional heat dissipation), which may lead 

to changes in the heating power requirement. A recent study has observed an inhibitory 

effect on neural activity by resistive heating in the cortical tissue of mice in vivo 265. More 

future experiments will be needed for characterizing the effect of in vivo thermal conditions 
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(e.g., intraneural blood flow) during the heat-based neural block, both acutely and 

chronically. 

Biocompatibility 

RH has the potential to meet the biocompatibility requirements for an implantable neural 

interface. The current heating cuff design can be made of inert and biocompatible 

materials to match the mechanical compliance of tissue, thereby minimizing deleterious 

mechanical effects and associated foreign body response 271,272. In addition, the RH cuff 

does not inject charge into the tissue, as standard electrical stimulation and block methods 

do, and therefore will not induce charge-injection-related tissue damage 106,273,274. The 

heating circuit was driven by direct current and was fully insulated, thus reducing the 

likelihood of interfering with other electrophysiological electrodes (recording/stimulation) 

that may be present in the surrounding tissue. 

4.2.5 Conclusions 

In this study, we explored the possibility of using RH to reproduce INI’s size-selective 

inhibitory effect on small-diameter axons. The dose-response curves of both modalities 

showed a similar trend of increased inhibition probability when ΔT was increased. RH 

reproduced the selective inhibition of slow-conducting small-diameter axons. The 

measured nerve surface ΔT for a 50% probability of inhibition on the slow-conducting 

small-diameter axons was 7.40 °C for INI and 8.03 °C for RH. Simulation of the heating 

process revealed that the average ΔT in the axon-containing region of the nerve was 

similar (9.39 °C for INI, and 9.40 °C for RH). While INI showed a higher heating efficacy 

by depositing energy directly inside the nerve, RH showed a higher overall energy 

efficiency because the heating wire can efficiently convert electricity to heat. These results 

demonstrate that the selective neural inhibition effect of INI can be reproduced by another 
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heating modality such as RH. Furthermore, the high overall energy efficiency of RH can 

facilitate further development of battery-powered implantable devices, increasing the 

availability of selective inhibition of small-diameter axons in basic research and 

translational applications.  
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Chapter 5. Conclusion and future directions 

The research in this dissertation showed that combining size-selective infrared neural 

inhibition with extracellular ion replacement can lower power thresholds and that the size 

selectivity of small-diameter axons can be replicated using other heating methods such as 

resistive heating. It is important to note that the size selectivity of small-diameter axons 

was preserved either by combining with ion replacement or by reproducing the effect using 

resistive heating. The numerical simulation results of the temperature distribution across 

the nerve also confirm and strengthen the experimental finding that both resistive heating 

and infrared neural inhibition induce selective inhibition by raising the baseline 

temperature of the nerve. Overall, the findings support the previous hypothesis in the 2017 

Lothet et al. paper that modalities that primarily affect the axon membrane will have a size 

selectivity preference for small-diameter axons, which is different from the spatial 

selectivity that has been studied previously. This provides researchers and doctors with a 

more comprehensive set of tools to study the role of small-diameter axons and identify 

potential treatments for conditions caused by the dysfunction of small-diameter axons. 

Other than being used as an inhibition modality, the thermal inhibition threshold of 

nerves can be used to assess the nerve’s underline health condition. Even with the 

pathological disruption (e.g., diabetic peripheral neuropathy) to extracellular ion 

composition, neural conduction velocity may not show a significant change 275,276, and 

neurons can still integrate inputs and generate an all-or-nothing response as if there is no 

pathological process happening. From a macroscopic view, a patient may not experience 

any significant functional difference until the pathological process is severe enough to 

block neural conduction, making the early detection of neuropathy difficult. This is also 

supported by the experimental results that sub-threshold ion-replaced saline cannot block 
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neural conduction but lowered the power threshold of infrared neural inhibition. One 

potential way to interpret the result in chapter 3 with isotonic ion replacement is that the 

nerve’s sensitivity to infrared neural inhibition depends on the homeostasis of normal 

extracellular ion composition in the nerve. Therefore, when a pathological process (e.g., 

diabetes) in a patient’s body induces an alternation to the extracellular ion composition in 

the nerve, we can expect a lowered threshold of infrared neural inhibition. In another word, 

the threshold test of infrared neural inhibition (or other thermally-mediated neural inhibition) 

can be used as an early identification method of the pathological alteration to the 

extracellular ion composition in the nerve. 

The results in chapter 4 have demonstrated that resistive heating is a viable 

alternative to infrared neural inhibition in ex vivo experimental setups. To further 

understand its potential for in vivo use, future experiments consisting of 

electrophysiological, behavioral, and histological tests are needed to examine the effects 

of localized heat application on nerves both acutely and chronically. It is important to 

explore how the in vivo condition affects the temperature threshold, size selectivity, and 

safe operating margin. The numerical simulation in chapter 4 revealed that both resistive 

heating and infrared neural inhibition can create a temperature gradient within the nerve. 

However, in order to reach the desired temperature increase, there is a risk of overheating 

other areas of the nerve. It is not a significant issue as the current study was conducted 

on Aplysia nerves with a diameter of around 600 μm. When resistive heating is used on 

larger nerves in vertebrates and humans, it may be difficult to generate sufficient heat 

penetration due to the heat being produced outside of the target nerve. While resistive 

heating is highly efficient at converting electricity to heat, the limited depth of heat 

penetration may restrict its use in larger nerves, particularly when intraneural blood flow 

can dissipate heat within the nerve.  
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Besides size-selective inhibition, future studies can also explore the feasibility of 

spatial selectivity with thermally-mediated neural inhibition modalities. The numerical 

simulation results in chapter 4 showed that both resistive heating and infrared neural 

inhibition have limited heat penetration depth. By using a multi-heating-element design or 

a multi-optical-source design, desired spatial heat distribution may be achieved, which can 

be beneficial for targeting a specific fascicle in the nerve, especially for larger-diameter 

nerves with multiple fascicles.  

Future neural interface designs for thermally mediated neural inhibition, especially 

resistive heating, can be derived from many existing designs of electrode-based neural 

interfaces. Also, it could be useful to combine electrode-based neural inhibition with 

thermally-mediated neural inhibition on the same nerve to determine if there is any 

potential synergistic effect between the two inhibitory modalities. For example, infrared 

neural inhibition has been demonstrated to block the onset response of high-frequency 

alternating current (HFAC) neural inhibition 209. As an electrical method, it will be easier to 

combine resistive heating with HFAC for achieving similar onset-free neural inhibition. 

To apply size-selective neural inhibition in a clinical setting, the requirements of 

the intended use should be taken into account in the development of future thermally-

mediated neural inhibition solutions. Determining the appropriate clinical scenario is 

essential because it will influence the geometry and anatomical features of the target 

nerve, which will subsequently determine the most suitable heating method for achieving 

optimal size-selective inhibition. Size-selective neural inhibition has potential clinical 

applications beyond the current neural inhibition scenarios and can also be used in 

scenarios involving denervation. As current clinical approaches lack size-selectivity, 

denervation processes such as surgical cutting or ablation are used as a last resort for 
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conditions caused by the dysfunction of small-diameter axons, but this comes at the cost 

of losing all neural connections and causing unwanted side effects. 

In summary, the present research explores more modalities for size-selective 

inhibition of small-diameter axons. The experimental modeling results suggested that 

various thermally-mediated modalities (e.g., infrared neural inhibition and resistive heating) 

can achieve size-selectivity on small-diameter axons.  Further studies in this direction can 

help researchers and physicians explore the functionalities of small-diameter axons and 

develop future therapeutic options. 
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Appendix A. Exploration of the parameter space of 

infrared neural inhibition 

A.1 Background 

This appendix includes the preliminary parameter exploration for infrared neural inhibition. 

The conventional infrared neural inhibition protocol uses pulsed infrared light at 1470 nm 

or 1860 nm, 200 Hz, 200 μs (i.e., 4% duty cycle), and the average power of the infrared 

light is adjusted for the desired inhibitory effect. There are several reasons for exploring 

the parameter space of infrared neural inhibition. First, applying too much infrared light 

can be unsafe due to the risk of tissue overheating and it would be advantageous to have 

a greater margin between the inhibition threshold and the damage threshold. Second, the 

current infrared neural inhibition protocol was identified within the hardware limit of the 

laser available during the initial research. By expanding the choice of lasers and laser 

drivers, it is feasible to explore a bigger range of parameter space to identify the optimal 

parameter combination. Third, the current infrared neural inhibition protocol has a very low 

duty cycle (4%), which requires expensive and dangerous class IV laser diodes due to the 

peak power requirement. It will be helpful if a higher duty cycle can be used for infrared 

neural inhibition. Fourth, lowering the peak power requirement may allow us to use 

cheaper and safer laser diodes. This could also lead to implantable systems that could 

last longer. Last, the current infrared neural inhibition system uses the 1470 nm and 1860 

nm laser wavelength, which has a strong water absorption coefficient. It can be helpful to 

use a wavelength (1330 nm or 1550 nm) with a lower water absorption coefficient for 

penetrating deeper into the tissue. Laser diodes at those wavelengths, owing to their wide 
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application in the optical communication and automotive industry, are massively produced 

and much cheaper and more optimized. 

A.2 Experiment Protocol and control tests 

Infrared light was tested with different temporal parameters. The baseline protocol is 200 

Hz and 200 μs. The IR power was varied to find the IR power threshold for the desired 

inhibitory effect. 

To identify the threshold IR power of each IR protocol, here are the steps. 

• Pick an IR power level based on previous experiments that can induce selective 

inhibition on small-diameter axons. 

• Apply IR light and look for inhibition of CAP 

• Vary the IR power level to confirm it is the threshold 

• When the threshold is found under one protocol, the compound action potential 

under inhibition is saved as a template for the threshold-finding process of other 

protocols with different parameters. 

• Apply the IR light with other protocols and vary the IR power to match the inhibitory 

effect on the CAP. 



116 

 

Figure A.1. Examples of different IR protocols tested on the same nerve to identify similar 

inhibitory effects on the compound action potentials. 

An appropriate control test was conducted between IR applications to assess the nerve’s 

health. If the CAP showed a significant difference compared with the control CAP, the 

experiment would be terminated. 

 

Figure A.2. Schematic of the experimental protocol. 

In each IR testing trial (e.g., trial n and n+2), the infrared light application was repeated 3 times, 

with control and the cooling period before and after each infrared light application. Electrical 

stimulation was conducted throughout the testing trials to test the status of neural conduction. 

Normal saline control trials (e.g., trial n+1) were also done between IR testing trials for assessing 

the nerve’s health. 
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The parameter space exploration requires repeated tests on the same nerve. It is 

necessary to know how long a stable CAP can be evoked on the same nerve. We 

conducted repeated electrical stimulation on two halves of the same nerve (N = 4). Overall, 

the two halves of the same nerve showed similar CAPs in the 2 experiments. Variability 

during the surgical process and the application of suction electrodes can cause differences 

between the CAPs recorded from the two halves of the same nerve. But mainly, it was the 

difference in amplitude, the location of peaks and troughs were similar. Because of those 

variabilities, the rectified area under the curve (RAUC) was not always at a similar level. 

Finally, the two halves of the same nerve showed similar surviving times and a run-down 

trend. 

 

Figure A.3. The rundown tests showing CAP deterioration between different stages of 

rundown. 

The top panel shows the rectified area under the curve of the same nerve during repeated electrical 

stimulation for 24+ hours. A box with a dashed green line indicates where the CAP remains 

relatively stable. Blue arrows indicate the time points where representative CAPs are shown in the 

lower panels (1 to 6). The CAPs between different stages showed that the response from small-

diameter axons (Green) is diminished first before the large-diameter axons (Orange). Panels 5 and 
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6 show the “stubborn” component that was in the middle conduction velocity range and the last 

component diminished. 

 

Figure A.4. Compound action potentials from two halves of the same nerve. 

The figure shows the representative compound action potentials from two halves of the same 

pleural-abdominal connective from Aplysia. The top row is the response from the pleural half and 

the bottom row is the response from the abdominal half. Each column is the response from one 

sample. In each panel, CAPs of repeated tests on the same nerve were overlayed to show the 

variability of CAPs over time. 

 

Figure A.5. Rectified area under the curve of the CAPs recorded from two halves of the same 

nerve with repeated electrical stimulation. 

The rectified area under the curve (RAUC) from the two halves of the same nerve showed similar 

trends of rundown when electrical stimulation was repeated for a long period. Nerves were tested 

with different storing times in the fridge before the test. It can be observed that fresh nerves can 

last longer during a repeated electrical test. Storing the nerve in the fridge longer than 24 hours 

can diminish the nerve’s survival time. 
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Compare of IR inhibition threshold on 3 positions 

IR inhibition threshold was tested 3 times on the same nerve at different positions (n=1). 

This can help us evaluate the error margin of the threshold-finding process and if we can 

compare the threshold from one nerve to another 

 

Figure A.6. Experimental schematic (top) and representative photos (bottom) of the infrared 

neural inhibition threshold test on 3 different positions of the same nerve. 
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The top panel is the schematic diagram of the repeated test on different points of the same nerve. 

The lower two panels show the representative optical fiber positions during the test. 

We recorded the CAPs under different infrared light power levels. The RAUC was 

calculated and normalized to the control test with infrared light application. A sigmoid fit 

was conducted to identify the average IR power threshold. The test results from the three 

positions on the same nerve were similar as shown in Figure A.7, with an average value 

of 27.6 mW ±  2.0 mW. The potential reasons for the variance include fiber aiming 

difference, axon orientation difference, and carry-on effect from the previous test. Further 

development of the test method and more experiments are needed. 
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Figure A.7. Normalized RAUC response vs. average IR power. 

The blue dots marked the raw RAUC data points. The threshold average power for achieving a 

normalized RACU lower than 0.5 was identified for each position via sigmoid fitting as marked by 

the red lines.  
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A.3 Comparison of kHz frequencies 

For the test, a QPhotonics 1480nm 500 mW single mode (SM) laser diode was coupled 

to an ocean optics multimode optical fiber with a core diameter of 600 µm. Frequency was 

increased while the same duty cycle (~50%) was maintained. The preliminary test (n=2, 

showed that the average IR power thresholds required with different frequencies (1250 

Hz, 5000 Hz, 15000 Hz) were not significantly different from the threshold at the 

continuous wave (CW) mode, which showed that the peak IR power was not the critical 

factor for the inhibitory effect. The axonal region diameters of the two nerves tested were 

251 µm for nerve 1 and 393 µm for nerve 2, which may contribute to the higher average 

power threshold compared with nerve 1 (52.9 mW for nerve 1 and 76.4 mW for nerve 2). 

In another representative data set, different combinations of IR pulsing frequency and duty 

cycle, including the CW mode, were tested on the same nerve with increasing IR power. 

Each IR session was 10 seconds long with a 10-second interval. The testing results 

showed that with a frequency higher than 625 Hz, the response with various IR pulsing 

protocols is similar to the response to CW mode. 
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Figure A.8. The RAUC response when the same IR power steps were tested on the same 

nerve with different IR pulsing frequencies and the same duty cycle. 

The light red blocks indicate when the IR light was applied during the test. The RAUC responses 

under different IR pulsing frequencies are overlayed to compare the response. Different colors 

represent the responses from different IR protocols. The responses from different IR pulsing 

protocols were very similar when the same average IR power was applied, suggesting that IR 

pulsing frequency is not critical for the response. 

 

Figure A.9. The RAUC response when the same IR power steps were tested on the same 

nerve with different IR pulsing duty cycles at 200 Hz and the CW mode. 
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The light red blocks indicate when the IR light was applied during the test. The RAUC responses 

under different IR pulsing duty cycles and the CW mode are overlayed to compare the response. 

Different colors represent the responses from different IR protocols. The responses from different 

IR pulsing duty cycles and the CW mode were very similar when the same average IR power was 

applied, suggesting that IR pulsing duty cycle is not critical for the response. 

 

Figure A.10. The RAUC response when the same IR power steps were tested on the same 

nerve with different IR pulsing duty cycles at 1250 Hz and the CW mode. 

The light red blocks indicate when the IR light was applied during the test. The RAUC responses 

under different IR pulsing duty cycles and the CW mode are overlayed to compare the response. 

Different colors represent the responses from different IR protocols. The responses from different 

IR pulsing duty cycles and the CW mode were very similar when the same average IR power was 

applied, suggesting that IR pulsing duty cycle is not critical for the response. 

A.4 An extended comparison of various frequency and pulse 

width combinations 

Various IR pulsing frequency and pulse width combinations were tested with SemiNex 

MCM-102 laser diode at 1443 nm on Aplysia pleural-abdominal nerve (n = 3) to identify 

the IR average power threshold of the same inhibitory effect. We tested various 

combinations of IR pulsing frequencies (10, 20, 25, 50, 100, and 200 Hz) and pulse width 
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(0.5, 0.7, 1, 2, and 4 ms) as the IR pulsing protocol. From the results, keeping the 

frequency the same and changing the pulse width did not cause significant changes in the 

average IR power threshold. The only exception was for one nerve at 20 Hz and 0.5 ms 

pulse width, which showed a 40% higher IR power threshold level than the thresholds with 

longer pulse widths. The combination of low duty cycle and low frequency may likely lead 

to significant cooling of tissue between IR pulses and a higher power threshold. 

Overall, the results implied that the IR average power threshold does not depend 

on the IR pulse frequency or pulse width when the frequency is higher than 50 Hz.  

A.5 Comparison between MHz fs-laser and kHz ms-laser 

The same nerve was tested with either MHz fs-laser or kHz ms-laser, both at 1443 nm 

center wavelength. Both lasers were coupled alternatively into the same optical fiber for 

light delivery onto the nerve. The Fs laser was selected to run at 1443 nm (central 

wavelength). 

 

Figure A.11. The experimental schematic of the MHz vs kHz laser comparison test.  

An Aplysia pleural-abdominal connective nerve was electrically stimulated and recorded with 

suction electrodes on each side to assess the status of neural conduction. An optical fiber was 
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pointed at the middle point of the nerve for light delivery. The MHz and kHz lasers were connected 

to the light delivery optical fiber alternatively for the test. Attenuators were connected in each light 

path to adjust the optical power. 

From the testing results (n = 3), the threshold for the MHz fs-laser (56.7 ±  1.2 mW) was 

not significantly different from the kHz ms-laser (55.7 ±  3.9 mW). This suggests that the 

average power threshold does not depend on the IR pulsing frequency when the IR 

pulsing frequency is higher than 1000 Hz 

A.6 Comparison between 1443 nm and 1550 nm for infrared 

neural inhibition 

The 1470 and 1860 nm wavelengths that are commonly used in the previous infrared 

neural inhibition research are located at the peaks of the water absorption coefficient curve. 

The strong water absorption induced the thermal effect that is critical for the inhibitory 

effect, but also limited the penetration depth of the light. We conducted the wavelength 

comparison test to explore if using an IR wavelength that has a weaker water absorption 

coefficient can allow a deeper light penetration depth and lower the IR inhibition threshold. 

We conducted the test using the same femtosecond laser at different wavelengths (1443 

nm vs 1550 nm) and compare the average power threshold for inducing a similar inhibitory 

effect on the same nerve. The experiment setup is similar to Figure A.11, except the kHz 

laser diode was not used.  



127 

 

Figure A.12. Representative CAPs during the application of two different IR wavelengths 

and the control tests before and after the infrared neural inhibition. 

The representative CAPs during the IR application test with different wavelengths showed a similar 

inhibitory effect of the majority of the CAP components. The control test before and after the IR 

applications did not show any significant difference, suggesting that the inhibitory effect is transient 

and reversible. 

We conducted the tests on four different segments of the nerve, including a pair of two 

halves from the same nerve. Each segment was either the pleural half or the abdominal 

half of the pleural-abdominal connective from Aplysia. With the experiment data, the 

average IR power threshold at 1550 nm is 78.3 ± 14.8% higher than the threshold at 1443 

nm, as shown in Figure A.13. The water absorption coefficient is 32 [1/cm] and 12 [1/cm] 

for 1443 nm and 1550 nm respectively. Correspondingly, the 1/e penetration depth for 

1443 nm and 1550 nm IR light is about 312.5 μm and 833.3 μm. The higher IR power 
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threshold of 1550 nm may be attributed to the escaping of IR light from the nerve region 

since the 1/e penetration depth of 1550 nm is larger than the average diameter of the 

Aplysia pleural-abdominal connective. Future tests with larger-diameter nerves may be 

able to reveal the benefits of having an IR light wavelength that can penetrate deeper into 

tissue. 

 

Figure A.13. The comparison of the average IR power threshold between 1443 and 1550 nm. 

For achieving a similar full inhibition effect on the same nerve, the average IR power threshold at 

1550nm is 78.3±14.8% higher than the threshold at 1443 nm.  

A.7 Summary of comparisons with different IR protocols 

The test results from different comparisons, including different frequencies higher than 1 

kHz, different pulse widths and frequency combinations under 200 Hz, and the MHz laser 

vs kHz laser, all showed that the average power thresholds were similar on the same 

nerve when different IR protocols were tested. This suggested that the average power is 

the critical factor for the inhibitory effect as infrared neural inhibition relies on the thermal 

effect induced by the absorption of IR light. The previous study has shown that thermal 

relaxation time in ex vivo neural tissues is about 1 second 189. Since most of the IR 

protocols tested have a pulsing period much shorter than this, the temporal fluctuation 

caused by each IR pulse was evened out when the fluctuations overlapped with each 
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other as shown in Figure A.14 by the thermocouple measurement of water temperature 

under IR radiation.  

 

Figure A.14. The temperature change in water induced by IR radiation at the same duty cycle 

but at different frequencies. 

 A thermocouple with a diameter of 200 μm was immersed in the water right beneath an optical 

fiber with a core diameter of 600 μm to measure the temperature change induced by the IR radiation. 

Different IR pulsing frequency was applied while the average IR power and duty cycle were 

maintained. The measurement results showed that with a frequency higher than 100 Hz, the 

temperature fluctuation caused by IR pulsing was very small (about 2% of the stable temperature). 

The right panel is the zoomed-in view of the region marked in the blue square of the left panel. 

In short, for infrared neural inhibition, average IR power and tissue absorption of the 

IR light wavelength are the primary factors and pulsing may not be necessary. 

A.8 Preliminary data of prolonged IR inhibition 

At the end of the previously described IR parameter tests, average IR power was set to 2 

times higher than the identified full inhibition threshold to explore if we can observe a 

prolonged IR inhibitory effect after the IR laser is turned off. The testing target was Aplysia 

pleural-abdominal connective. IR protocol: 1250 Hz, 400 µs, each session is 5 seconds 

long with a 5-second interval and repeated 8 times. The IR test was designed to be acute 

with short intervals since the IR power to be tested may cause a carry-on effect on the 
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nerve. From the preliminary test on three nerves, the IR power threshold for irreversible 

inhibitory effect (96.7 mW on average) was about 2 times higher than the IR power 

threshold for reversible full inhibition (51.7 mW on average). 

  

Figure A.15. The schematic diagram of the testing protocols used for prolonged infrared 

neural inhibition. 

The infrared neural inhibition testing protocol was 1250 Hz, 400 µs, each session is 10s long with 

10s intervals and repeated 8 times in each testing trial. The IR power was gradually increased in 

each IR session to achieve the desired inhibitory effect. Pure electrical stimulation testing trials 

were conducted between testing trials for assessing the nerve’s health. 

 

Figure A.16. The acute response to increasing IR average power on the same nerve. 



131 

Two IR testing trials of RAUC when increasing IR average power was tested on the same nerve 

are overlayed. The light red blocks indicate when the IR light was applied. The repeated IR 

application test showed a full inhibition threshold at 55 mW average power and an acute irreversible 

inhibition threshold at 90 mW average power.  

Here are the testing steps: 

1) Normal Saline Control Test: The normal saline control test was repeated until 

the CAPs are stable between tests. 

2) Partial and full inhibition threshold test: Different levels of IR power were tested 

to identify the partial and full inhibition threshold test. The IR power threshold 

for full inhibition is referred to as I_full in the following steps. During the 

threshold finding process, normal saline control tests were conducted between 

IR applications to assess the nerve’s health. 

3) Exploration of prolonged inhibition effect: Test of different levels of IR power 

(I_test = K * I_full) to explore the potential prolonged inhibition effect. Our 

preliminary test has indicated that irreversible inhibition was happening with 

IR power about one time higher than the full inhibition threshold (i.e., K ≈ 2). 

Therefore, we tested the following IR protocols based on the ratio above the 

full inhibition threshold. 

a) IR protocol 1: Burst 10s and off 5s, repeat 6 times per test. Repeat the 

test for a total of 2 trials or less if partial prolonged inhibition was observed 

(K = 1 ~2) 

b) IR protocol 2: Burst 1s and off 5s. Repeat the test for a total of 2 trials or 

less if partial prolonged inhibition was observed (K >2) 

Whenever there was a prolonged inhibition, the test is terminated and 

switched to the next step. 
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4) Nerve rundown test: We repeated the normal saline control test every 3 

minutes to observe if there is any recovery of the neural conduction. The test 

was repeated until the CAP disappeared or the experimenter has to take bio-

breaks. 

The representative raw signal in Figure A.17 showed delayed recovery of axons 

with different sizes. For the representative data, we have identified the thresholds for 

partial and full inhibition: 

Partial inhibition: Radiant exposure 0.013 J/cm2  Average power 46.0 mW 

Full inhibition: Radiant exposure 0.018 J/cm2  Average power 63.1 mW 

For the prolonged inhibitory effect test, we tested the following parameters: 

Prolonged inhibition: Radiant exposure 0.034 J/cm2 Average power 119.6 mW 

 From the raw data shown in Figure A.17, we can see that the small-diameter axons 

showed a delayed recovery that is about 4 seconds after the recovery of the large-

diameter axons. The normalized rectified area under the curve also confirmed the 

observation, see Figure A.18. 

 

Figure A.17. Raw compound action potential recordings of prolonged inhibition of small-

diameter axons. 



133 

The panels from left to right show the raw CAP signals before, during, and after the IR application. 

When the IR was applied, the CAP was fully inhibited.  

 

Figure A.18. The normalized RAUC showed that the small-diameter axons recovered 3 

seconds after the recovery of large-diameter axons. 

The normalized RAUC was calculated for the response of small- and large-diameter axons 

respectively. The light red background indicates the IR application period. We can see that the 

response from large-diameter axons recovered faster than the small-diameter axons when the laser 

was turned off. 
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Appendix B. Fabrication protocol for a spiral heating 

cuff 

B.1 Twist two heating wires 

• Twist two heating wires together to make a twisted heating wire bundle. 

• The twisted wire bundle will be used as the basic heating element in the following 

steps. 

• Wrap the heating wire around a small piece of paper tape to make holding points 

of the heating wire. 

• Lay the two wires in parallel with about ½ inch gap, and tape one end of both wires 

down. 

• Hand twisting the two wires together by loosely holding up the wires and making a 

clockwise rotation. 

• Don’t hold the wire by pinching. As the wires are rotating during the twisting 

process, pinching will limit the rotation and cause breakage of the wire 

• One can make a long piece of the twisted heating wire bundle for future use. 

o The twisted wire bundle can be wrapped into a spool for storage 

B.2 Wrapping the wire around the tube 

• Make a very small stitch at one end of the inner tube with the suture wire. 

o Pull it through to close to the end; cut & save the remainder (including the 

needle) for later use. 
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• Get a small piece of the twisted heating wire; tape it at the ends. 

• Tie a knot with the suture wire at the midpoint of the twisted heating wire. 

o Make a loose knot, then adjust & tape down the heating wire to stabilize, 

then tighten the suture knot. 

• Release the heating wire from the table. 

• Twist the 2 ends of twisted heating wires together. 

o Twist under tension to make the wire bundle stable. 

o The twisted length should be slightly longer (~1/8 inch longer) than the 

planned wrapping distance. 

o Wrapping distance can be calculated as: 

Wrapping Distance =  k × √𝜋 × (
𝑂𝐷

2
)

2

+ 𝑝𝑖𝑡𝑐ℎ2 

Where k is the number of turns for the wrapping, OD is the outer diameter of 

the inner heating tube, and Pitch is the distance between adjacent wrapped wires. 

• Wrap the twisted heating wire around the silicone tube 3x 

o Hold the heating wire steady at an angle & twist the tube towards you. 

o Try to keep a steady tension; ~2 mm pitch. 

• Anchor the other side of the heating wire with a suture at the other end of the tube. 

o Make another small stitch going against/perpendicular to the heating wire. 

o Tie a suture knot around the heating wire. 

• Adjust the heating wire turns with tweezers. 
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o Tie another knot to tighten the suture. 

B.3 Connecting the heating wire with the regular wires 

• Untwist the two ends of the twisted heating wire bundle. 

o Untwist the wire bundle part that is not wrapped around the inner tube. 

• Scratch the insulative coating off the heating wire. 

o Not too close to the splitting point; ~5 mm away. 

o The scratch can be done with a surgical blade, a razor blade, or a sharp 

tweezer. 

o The wire should be put on a glass slide or other firm surface that can stand 

scratching. 

o No additional tension on the wire as the scratching is applying tension. 

o Once the scratch is done correctly, the shiny silver metal color of the bare 

heating wire will be exposed in contrast with the yellow insulated wire. 

• Cut ~1 foot each of 36 AWG regular wire. 

o Peel off the silicone jacket (~1 inch) at one end. 

o Split the bare strands of wires into two halves. 

o Twist each half of the bare wire strands together. 

• (Optional) Crimping the connection point. 

o Cut a 4 mm long crimping tube and slide it onto the regular wire. 

o Use a Dremel cutting disc to cut the tube. 
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o Use a large plastic bag to collect the cut short piece of the tube so it does 

not fly away. 

o Wear an N95 face mask during the cutting process as metal debris can be 

a hazard. The large plastic bag also helps contain the debris. 

o Check under the microscope to examine/remove any debris at the crimping 

tube edge. 

o Slide it on the end with exposed bare wire stands. 

o First slide through the bare wire stands. 

o Then try to pull the silicone jacket through the crimping tube. 

• Join the twisted heating wire end with regular wire. 

o Position one end of the twisted wire bundle pointing in parallel to one-half 

of the bare wire strands, in opposite direction. 

o Use the tape holding point to wrap the twisted heating wire end on the 

parallel half of the bare wire strands. 

o Bring the other half of the bare wire strands in parallel with the one wrapped 

with heating wire. 

o Use a tweezer to hold the bare wire strands and the heating wire together 

▪ 5 mm away from the anchored splitting point. 

o While holding the tweezer, use the other hand to rotate the regular wire and 

twist the two bare wire strands together, including the wrapped heating wire 

end. 
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• (Optional crimping) Crimping the twisted junction between the regular wire and 

heating wire end. 

o Slide the crimping tube over the twisted junction of wires. 

o Keep about 1 mm of jacket remain the crimping tube to help anchor the 

crimping tube. 

o Use a piler with a small tip for applying maximum force on the crimping 

tube. 

o Crimping the jacket end first, then the opposite end, and finally the middle 

region. 

• Trim off wire ends that are not needed anymore 

• Use a silicone heat shrink tube to insulate the junction between the heating wire 

and the regular wire. 

o Slide a piece of heat shrink tube over the junction region. 

o Use a hot air gun to shrink the tube. 

B.4 Covering the cuff  

• Get the outer tube ready to slide on. 

o Pull the suture threads through the outer tube. 

• Mix silicone adhesive and apply it to the cuff. 

• Slide the tube on, making sure to get rid of any air bubbles. 

o Make sure when sliding the bigger tube on, there is a good amount of 

silicone adhesive on the inner tube. 
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o Add more silicone adhesive onto the inner tube while sliding the outer tube 

on. 

• Heat (about 75 ℃) to speed up the curing process. 

o Cure time is based on the silicone adhesive’s specification. 

• Make spiral cuts & trim off excess silicone 

o Stay in between adjacent heating wires for an even cut. 
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Appendix C. Considerations for the ex vivo 

electrophysiological test with Aplysia nerve 

This appendix addresses the considerations for the dissection of the Aplysia pleural-

abdominal connective nerve and conducting ex vivo electrophysiological tests. The test 

has been used in various experiments that use the evoked CAPs for assessing the status 

of neural conduction when applying a given neuromodulation modality 10,193,194. The 

experimenter should plan ahead of time to determine if the unique Aplysia nerve, which 

consists of only unmyelinated axons with various diameters, is suitable for their research 

goal. The experimenter should also plan the endpoint measurement of the experiment 

ahead of time. At the exploration phase of the research, if possible, different experiment 

plans should be predetermined for both positive and negative experimental results to help 

examine the hypothesis thoroughly within a limited number of attempts to avoid variability 

between animals. 

The Aplysia nerve can be tested acutely (within 2 hours) or in a prolonged test 

where the nerve is sustained for a much longer period (no longer than 24 hours) can be 

done. The type of experiment will affect the materials and configurations in the 

experimental setup. Overall, there are four steps involved in the testing process: 1) 

experimental setup configuration, 2) nerve dissection, 3) electrophysiological test, and 4) 

final cleaning up. In general, the experiment should be conducted as the steps mentioned. 

But there are tasks (e.g., temperature change and pumping fluid throughout the tubing) 

that can take a long time and should be planned ahead of time and run in parallel with 

other steps to save time.  

 The experimental setup of the test with Aplysia nerve includes surgical tools, 

Aplysia saline, and superfusion system, an electrophysiological test system, and the 
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supporting system that includes microscopes and lighting. They need to be prepared and 

maintained before conducting the experiments. Please refer to the owner’s manual for 

related details. Here I will discuss several aspects that are specific to the experiment. 

 The surgical tools should be maintained correctly to keep the sharpness. When 

trying to make the initial incision on the Aplysia skin, a pair of sharp scissors can help 

accelerate the process. It is also critical to have a clean cut when transecting the nerve 

for achieving the optimal signal-to-noise (SNR) ratio in the following electrophysiological 

test. Sharp tools can increase the success rate of surgical operations; therefore, 

minimizing the manipulation of the nerve which can damage it. Since we are dealing with 

marine animals, it is critical to rinse the surgical tools with di-ionized water and dry them 

after use to slow down the rusting process. 

 Several properties of the Aplysia saline need to be maintained for the neural tissue 

to function normally in the ex vivo experimental setup. First is the temperature of the saline. 

It is recommended to remove the saline from the refrigerator and allow it to come to room 

temperature before using it in the experiment. Second is the pH level of the saline. All the 

saline was made to have a pH level between 7.2 to 7.4 initially. After storing in the fridge, 

the dissolvable CO2 may escape from the solution due to a lowered solubility at a lower 

temperature. Also with a longer period of storing the saline in the fridge, bacteria can grow 

in the saline and generally lower the pH level. pH level is also affected by the temperature 

of saline. It is recommended to test the pH level before the experiment to make sure the 

saline’s pH level is within the limit. 

 The structure of the saline circulation system is shown in Figure 3.1. There are 

several difficulties in keeping the circulation running correctly. The first is about configuring 

the flow rate of the two pump heads that are responsible for the liquid in-flow and out-flow 

of the nerve chamber. The chamber was designed so that the liquid output port is higher 
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than the liquid input port. By setting the out-flow rate to be slightly higher than the in-flow 

rate, it can be ensured that the liquid level remains within the height limit of the chamber. 

The absolute value of the flow rate should be limited so that the oscillation caused by the 

pneumatic pump head does not cause strong shaking of the nerve suspended in the saline.  

The second is to have the circulation up and running before dissecting the nerve out of 

the animal. The system can take 15 minutes or longer to circulate all air bubbles out of the 

tubing. The third is to clean up the circulation system after each experiment. The process 

includes: a) removing all saline from the circulation system; b) rinsing the circulation 

system with di-ionized water; c) removing all liquid from the circulation system. The b and 

c steps should be repeated if necessary. It is very time-consuming (about 30 mins to 1 

hour) for the cleaning process, but it is necessary as leaving saline in the system can 

cause mold and bacteria to grow in the system. 

 For the electrophysiological test system, the main issue is to de-noise the system. 

Several aspects need to be paid attention to. First, the AC impedance at 1 kHz of the 

electrode can be used to indicate the status of the electrodes and related connections. An 

impedance of around 1 to 10 kΩ is typical for the suction electrodes used in the present 

study. A much higher impedance may indicate the electrode is strongly oxidized or there 

is a weakened point in the wire connection. A much lower impedance may indicate there 

is shunting in the circuit. Second, all the connected components in the electrophysiological 

system should be grounded to a single point. This includes the saline bath, the amplifier, 

the power line noise suppressor, the digitizer, and the Faraday cage. The output stage of 

the electrical stimulation current source should remain floating as grounding may cause a 

strong artifact in the recording. Third, the filter range of the amplifier should be configured 

to the minimal range that is wide enough to cover the spectrum of the desired signal. And 
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the digitizing frequency should be set to about 5-10 times higher than the upper bound of 

the signal range. 

 

Figure C.1. The design of the experimental setup and the actual setup. 

(a) This panel shows the experimental setup design. The suction electrodes are held by adjustable 

mini holders. The nerve chamber in the middle and the suction electrode holders are attached to 

the base plate by magnets. The base plate is mounted on a height-adjustable stand to allow the 

ergonomically comfortable operation of the experiment. (b) The actual experimental setup 

demonstrates the dual nerve testing configuration. Two independent stimulators are required for 

this configuration. (c) A cross-sectional view of the suction electrode design. The insert shows the 

bottleneck design at the suction electrode. (d) The overall geometry of the suction electrode. (e) 

and (f) The suction electrodes with nerves that have been suctioned into the electrodes. 

 Another critical aspect of the electrophysiological test is to synchronize with the 

device for the modality to be tested, such as the laser source for infrared neural inhibition. 

Generally, this can be done using the analog/digital output on the digitizer to send out a 

triggering signal toward the external device. I have developed a set of LabVIEW and 

Matlab software for this purpose, which can be found in the lab’s code base. Here are 

some figures for the user interface: 
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Figure C.2. The user interface of the LabVIEW software for the coordinated 

electrophysiological test with infrared laser application. 

The panels in the top row are the control panel for the laser system. The panels in the bottom row 

are the control panel for the electrophysiological testing. 
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Appendix D. Protocol for sciatic nerve dissection and 

ex vivo electrophysiology test 

This is the protocol for conducting the electrophysiological test on the sciatic nerve in an 

ex-vivo configuration. The test outcome is the change of the compound action potential 

(CAP) evoked by electrical stimulation. The CAPs are hypothesized to be inhibited by the 

application of photobiomodulation (PBM) using infrared light around 800 nm, especially 

on the small-diameter axons first. This protocol is adapted from the experimental 

procedures described in: 

Bala, Usman, et al. "Harvesting the maximum length of the sciatic nerve from adult mice: 

a step-by-step approach." BMC research notes 7.1 (2014): 1-5. 

Gonzalez, Sergio, et al. "In vivo introduction of transgenes into mouse sciatic nerve cells 

in situ using viral vectors." Nature protocols 9.5 (2014): 1160-1169. 

D.1 Sciatic nerve dissection procedure for rat 

1) Expose the animal to 4% isoflurane by inhalation until unconscious. Put the 

animal in a supine position, see Figure D.1a. Use 2.0 % isoflurane to maintain 

deep anesthesia. Apply eye lubrication to prevent the drying of the tear film. Toe 

pinch to ensure no response. Tape extremities to fix the animal’s position. 

2) Remove skin hairs using a trimmer and vacuum. Disinfect the skin with 70% 

ethanol. Make an incision along the line along the thigh using scissors and retract 

the skin to expose the splitting line between the gluteal muscle and femoral biceps 

muscle. Split the muscles along the line between two muscles to expose the 

sciatic nerve, see Figure D.1b. 
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Figure D.1. The skin incision and separating of muscles for exposing the sciatic nerve at the 

thigh level. 

(a) The skin is retracted to show the splitting line between the gluteal muscle and femoral biceps 

muscle. (b) The muscles are separated to expose the sciatic nerve. 

3) Further, split the muscles to expose the sciatic nerve in the thigh region. If 

necessary, trim muscles at its tendon to provide access to the nerve and minimize 

bleeding. 

4) Measure and record the lengths of the target nerve segment. This can be done 

either before or after the dissection. As the nerve can contract after the 

transaction, measuring length before the transaction is preferred. But drifting from 

the designated transecting location can happen and causes significant errors. 

5) Gently lift the nerve using forceps (preferably only pinching on the connective 

tissue) and separate it from the surrounding tissue using sharp tweezer tips. 

6) With minimum tension, transect the sciatic nerve. Cutting at the distal end first as 

the surrounding tissue is relatively more complex. The cut point of the distal end 

can be either before or after the branching point, depending on the experiment 

requirement. When cutting the proximal end closing to the pelvic bone, pay 

special attention to avoid cutting the common iliac artery and vein, which can 
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cause major bleeding. Adequate tension is needed for a clean cut. But it is 

preferred to keep tension minimum and avoid excessive tension. 

7) Clear the nerve of the protective sheath and other connective tissues in the ice-

cold saline bath. Avoid tugging, pulling, or poking the nerve. 

8) The nerve should remain in the oxygenated cold saline for 1 h before the 

electrophysiological test. 

D.2 Electrophysiology test preparation 

1) Turn on the electrophysiology amplifier and stimulator to warm up the device. 

2) Fill the reservoir bottle with synthetic interstitial fluid and turn on the pump of the 

superfusion system. 

3) Put the reservoir bottle into the preheating water bath. Fill the water bath with an 

adequate level of water and turn it on. Set the temperature to 40 °C. Turn on the 

in-line heater to set the temperature in the chamber to 37 °C.  

4) After the system has been running for a while (3min +), adjust the liquid level in 

the testing chamber to the maximum depth but not overflowing. Tap the tubes to 

move any gas out of the system. 

5) Set the amplifier and electrical stimulator to the adequate configuration, and 

check all connections are correctly connected. 

6) Turn on the recording software on the computer and set the hardware acquisition 

configurations (e.g., channel name, gain, terminal type). 

7) Temporarily turn off the superfusion system to avoid the nerve being washed 

away. Move the nerve into the testing chamber.  
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8) Mount the nerve onto the suction electrodes: Aim the nerve end with the suction 

electrode tip.  Apply suction force through the syringe to bring the nerve end into 

the suction electrode. Once both sides are sucked in, release the negative 

pressure using the 3-way valve. 

9) Make sure the nerve, electrodes, and grounding wire are all immersed in the 

saline. Flush away visible bubbles on any of these objects. Make sure the nerve 

is not shaking vigorously because of the flow induced by the superfusion system. 

10) Turn on the superfusion system again and check if everything is still immersed 

correctly during pumping. 

11) Conduct an electrical stimulation test to verify if the system can stimulate the 

nerve and record the compound action potential response. 

12) Adjust the electrical stimulation parameters (current level, pulse duration, pulse 

type) to ensure that all components of the compound action potential are evoked. 

D.3 Laser system preparation 

1) Check the wire connections: from the laser source port to the laser mount then to 

the laser diode, and from the TEC source port to the laser mount. Make sure the 

laser diode is correctly mounted on the laser mount. 

2) Check the optical fiber probe’s condition: there should be no obvious damage to 

the bare fiber tip and no obvious dirt on the SMA fiber connector. Clean the optical 

fiber probe if necessary. Use a visible light source to check the exit light pattern 

to be round and sharp. 

3) Connect the SMA connector to the laser diode’s pigtail fiber by the SMA-SMA 

connector. Use index-matching gel if necessary. Make sure the whole optical fiber 
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is secured and not bent beyond its minimum bending radius. Use tape to secure 

the optical fiber if necessary and also avoid obstruction to the operation of other 

devices. 

4) Mount the bare fiber tip end of the optical fiber probe onto the micromanipulator. 

Put the power meter detector in the aim of the bare optical fiber tip. Allow sufficient 

distance (e.g., ½ inch or 10 mm,  which should be calculated based on the optical 

fiber’s NA and planned maximum optical power) so the power density is not 

beyond the detector’s limit. 

5) Wear the safety goggle with a correct optical density of the currently used 

wavelength. Turn on the laser-on sign. Check to make sure the opening of the 

working space is correctly blacked-out so no laser light can leak out.  

6) Turn on the laser and TEC controller. Check and ensure the laser diode current 

level and the TEC set temperature is correctly configured. If necessary, check 

other parameters too. 

7) Turn on the TEC output. Wait for the temperature to stabilize. Setting the TEC 

target temperature to be slightly lower than the room temperature can ensure the 

TEC system is actively working and only working in cooling mode. 

8) Turn on the power meter and set the parameters (e.g., wavelength, power level, 

pulse width, threshold). 

9) Turn on the laser diode current output, adjust the current level and record the 

corresponding optical power output measured by the power meter. Turn off the 

laser diode current output after the test. 
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10) Compare the data with previously measured laser performance to verify the laser 

system is operating correctly. It is normal to see a slight decay of the laser’s 

output after repeated use. 

11) According to the planned optical power level, calculate the corresponding laser 

diode current. If wanted, one can conduct the test with a calculated current level 

and adjust the number based on the measured power level. 

12) Reposition and adjust the micromanipulator to allow enough travel distance for 

the probe tip to make contact with the nerve. To do that, one can put the 

micromanipulator to the mid-place of each axis, use the magnetic base to 

coarsely adjust the x-y position, and use the T mount of the horizontal beam to 

coarsely adjust the z position. This will allow maximum travel distance. 

D.4 PBM test 

1) Conduct an electrical stimulation test to establish the baseline response. Repeat 

the test several times to go through the initial run-down of the nerve’s response. 

The test duration should be the same length as the planned electrical stimulation 

test during laser application. This is because the nerve’s response can run-down 

within one round of the test, especially if it is long (>30 seconds). 

2) Position the bare optical fiber tip to be perpendicular to the nerve see Figure D.2. 

Lower the optical fiber tip to make contact with the nerve. Back off the laser tip to 

achieve the desired illumination area size. See Figure D.2. 
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Figure D.2. Experimental setup of the PBM test. 

The figure shows the experimental setup of the PBM test. The sciatic nerve was stimulated and 

recorded using suction electrodes. An optical fiber was positioned to be in contact with the nerve 

for the delivery of PBM light. The visible aiming beam was turned on to indicate the position of the 

optical fiber. The dish is mounted on a temperature-controlled plate for maintaining desired saline 

temperature. Two 3D-printed ports are connected to a circulation system for circulating the 

oxygenated saline solution. 

3) Set the laser diode current to the desired value based on the planned optical 

power level. Turn on the laser diode current output for the planned duration. The 

electrical stimulation can be turned on simultaneously to examine the response 

during the laser application. 

4) Turn off the laser diode current output after the planned duration. Double-check 

to make sure the laser diode is not left on accidentally. 

5) The electrical stimulation test can be conducted after the laser application to 

examine the response after the laser is turned off. 
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6) Repeat steps 2 to 5 according to the experimental plan. It can be changing 

different IR parameters (e.g., illumination area, power level, duration of laser 

application) until an endpoint condition is met.  

7) Allowing appropriate laser-off time between tests may be necessary since the 

laser’s effect on the biology system may be accumulating. It will be wise to record 

the timestamp of each testing session. 

8) Record all tested laser diode current levels for the optical power measurement 

later. Sometimes the tested laser diode current can be different from the planned 

numbers. So, a power measurement after the experiment with the tested number 

would be necessary to report the real laser dose applied to the tissue. 

9) After conducting tests, move the optical fiber tip up and check for any protein 

clustering on the optical fiber tip. Re-conduct the laser output test as instructed in 

steps 4, 8-11 of Laser System Preparation.  

10) Compare the results with the number acquired before the PBM test to determine 

if there was anything accumulated on the optical fiber tip during the test. If yes, 

clear the bare fiber tip with a clean tissue and isopropyl alcohol. Re-conduct the 

laser output test to see if the light output can be restored. 

D.5 Cleaning up after experiments 

1) Turn off the laser diode output. Turn off the TEC output.  Remove the optical fiber 

from the set up and clean the optical fiber tip. Store the optical fiber. 

2) Temporarily turn off the superfusion system. Using the syringe, apply positive 

pressure to push the nerve end out of the suction electrodes. Store or discard the 

nerve adequately. 
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3) Turn on the pump and drain the superfusion system.  

4) Use the syringe to flush the inside of the suction electrode with DI water. Dry the 

suction electrode thoroughly. 

5) Flush the superfusion system with DI water. Drain it and dry the system as much 

as possible. 

6) Turn off other remaining devices (e.g., amplifiers, stimulators) 

D.6 Potential hazards 

1) Animal Handling Hazards (bite, scratch, etc.) 

2) Biohazard with blood and internal tissues 

3) Anesthesia (e.g., isoflurane, sevoflurane) hazard 

4) Sharps Hazards (scalpels, needles, etc.) 

5) Laser Hazards (unplanned reflection, accidentally left the laser on, etc.) 

6) Electrical Shock Hazards (electrical shock) 

7) Heat Hazards (get burned by hot water) 

8) Mechanical Hazards by the superfusion pump 

D.7 Troubleshooting 

No recording from the electrophysiological test 

1) Check to ensure the artifact is present in the recording. The artifact is the response 

that happens at the same time as the electrical stimulation. No delay is the key 

parameter of the artifact.  
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2) If the artifact is present but no CAP, this means the electrical stimulation is present 

and the electrodes and amplifier are working:  

3) Check the electrical stimulation level, increase the level if necessary 

4) Check to make sure the recording electrode is not sucking on the side of the nerve. 

Redo the suction if necessary 

5) Check the filter configuration on the amplifier to make sure it is adequate. 

6) If the artifact is not present in the recording: the electrical stimulation half of the 

electrophysiology system may not be working correctly. Check the connections and 

make sure there is an electrical stimulation output applied on the stimulation 

electrode when the nerve is connected. 

7) If there is electrical stimulation applied but still no artifact or CAP, try touching the 

recording electrode during recording to see if there is a disruption presented. If not, 

this means the recording half of the electrophysiology system is not working 

correctly: 

8) Check all the wire connections. Make sure all connections are correctly connected 

and water-free. 

9) Check to make sure the amplifier is set to Rec mode, not STIM mode. 

10) Check that the selected analog input channel in the recording software is correct. 

11) Check that the gain and unit set in the recording software are correct. 

No laser output from the bare optical fiber tip. 

1) Check to make sure the optical fiber is connected to the pig-tail fiber of the laser 

diode. 
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2) Check to make sure the electrical connection from the laser diode driver port to the 

laser diode is correct.  

3) Measure with a power meter to see if there is any output. Sometimes when the IR 

power is low, the IR card can not indicate the output correctly. 

4) The IR card needs to be charged by visible light before responding to an IR input. 

If the card is being illuminated too long or stays in dark too long, it will not respond 

to IR illumination. 

5) Use an IR card to check if there is light output from the pigtail fiber. 

a) If yes, this means the laser is working correctly. Then check to make sure there 

are no foreign objects in the SMA-SMA connector. Use a light source to check 

if the optical fiber probe is broken 

b) If not, this means the laser diode is not working or the pig-tail fiber is broken. 

6) Check to make sure there is a voltage applied on the laser diode when the laser 

diode current output is enabled and no zero.  

a) If there is no laser output even with current passing through the laser diode, 

this means the laser diode is not working correctly. Send the laser diode back 

to the manufacturer for further examination and/or repair. 

b) If the laser diode passing through the laser diode does not match the display 

on the laser diode driver, this means the laser diode driver is not working 

correctly. Check for any wire disconnection with a multimeter first. If necessary, 

contact the manufacturer for technical support. 
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