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Abstract

Both sepsis and treatment of cancer with chemotherapy are known to cause neurologic 

dysfunction. The primary defects seen in both groups of patients are neuropathy and 

encephalopathy; the underlying mechanisms are poorly understood. Analysis of preclinical 

models of these disparate conditions reveal similar defects in ion channel function contributing 

to peripheral neuropathy. The defects in ion channel function extend to the central nervous 

system where lower motoneurons are affected. In motoneurons the defect involves ion channels 

responsible for subthreshold currents that convert steady depolarization into repetitive firing. The 

inability to correctly translate depolarization into steady, repetitive firing has profound effects on 

motor function, and could be an important contributor to weakness and fatigue experienced by 

both groups of patients. The possibility that disruption of function, either instead of, or in addition 

to neurodegeneration, may underlie weakness and fatigue leads to a novel approach to therapy. 

Activation of serotonin (5HT) receptors in a rat model of sepsis restores the normal balance of 

subthreshold currents and normal motoneuron firing. If an imbalance of subthreshold currents 

also occurs in other central nervous system neurons, it could contribute to encephalopathy. We 

hypothesize that pharmacologically restoring the proper balance of subthreshold currents might 

provide effective therapy for both neuropathy and encephalopathy in patients recovering from 

sepsis or treatment with chemotherapy.
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Introduction

At first glance, patients critically ill with sepsis and patients receiving chemotherapy for 

treatment of cancer have little in common. Sepsis, the “life-threatening organ dysfunction 

caused by a dysregulated host response to infection”(Singer and others 2016) is caused 

by acute infection. Patients receiving chemotherapy for cancer suffer from complications 

of treatment. There is no a priori reason to suspect similar mechanisms at play in 

the two conditions. However, both groups share difficulties with neurologic deficits 

during recovery (Fig. 1). The primary neurological deficit complicating recovery in 

both groups is neuropathy. As defined by the National Institutes of Health Common 

Terminology Criteria for Adverse Events (Version 5.0, 2017), peripheral sensory/motor 

neuropathy is “A disorder characterized by damage or dysfunction of the peripheral 

sensory/motor nerves” (https://ctep.cancer.gov/protocoldevelopment/electronic_applications/

docs/CTCAE_v5_Quick_Reference_8.5x11.pdf). While this definition does not infer 

mechanism, it is often assumed in reviews of neuropathy following sepsis and chemotherapy 

that the mechanism of dysfunction is degeneration of peripheral nerve axons (Dorsey and 

others 2019; Friedrich and others 2015; Miltenburg and Boogerd 2014). In this review we 

consider evidence suggesting that defective repetitive firing mechanisms in motoneurons 

contribute significantly to neurologic symptoms experienced by patients in these two 

different disorders.

Clinical Presentations of Neurologic Complications Following Sepsis and 

Treatment With Oxaliplatin

ICU-Acquired Weakness

One of the primary complications of sepsis is intensive care unit acquired weakness 

(ICUAW), which is defined as, “a syndrome of generalized limb weakness that develops 

while the patient is critically ill and for which there is no alternative explanation other than 

the critical illness itself” (Fan and others 2014). ICUAW affects approximately one third 

of critically ill patients and is associated with increased hospital length of stay, mortality, 

long-term functional disability and reduced quality of life (Batt and others 2019; Herridge 

and others 2003; Latronico and Bolton 2011).

The diagnosis of ICUAW is often made when the patient begins to recover from the acute 

illness. As sedation is discontinued and encephalopathy begins to resolve, difficulty weaning 

from the ventilator is often the first indication that there is a problem (Friedrich and others 

2015; Latronico and Bolton 2011). The diagnosis is made by physical examination of 

volitional strength using tests such as the Medical Research Council sum score or a handgrip 

dynamometer. The weakness is flaccid, symmetric, and involves both limb and respiratory 

muscles (Batt and others 2019; Friedrich and others 2015; Latronico and Bolton 2011). 
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In addition to weakness some patients have sensory loss; however, sensory examination in 

patients recovering from critical illness is often complicated by encephalopathy (Friedrich 

and others 2015; Latronico and Bolton 2011). Loss of reflexes is inconsistent, with areflexia 

in some patients and preserved reflexes in others (Friedrich and others 2015; Latronico and 

Bolton 2011).

Chemotherapy-Induced Neurotoxicity

Platinum-based chemotherapies such as oxaliplatin, are central pillars of contemporary 

cancer treatment (André and others 2009; de Gramont and others 2000; Fu and others 2006) 

used in approximately 50% of patients (Galanski and others 2005; Johnstone and others 

2014), which extend lifespans by up to 80% (Galanski and others 2005; Johnstone and 

others 2014; Montagnani and others 2011). Despite impressive efficacy, nearly all patients 

treated with oxaliplatin and other agents are afflicted by severe off-target, neurotoxic 

side effects (Bennett and others 2012). This constellation of dose-limiting side effects, 

collectively referred to as chemotherapy-induced neurotoxicity (CIN), diminishes quality 

of life and limits functional capacity (Alcindor and Beauger 2011; Argyriou and others 

2008; Argyriou and others 2014; André and others 2004; Avan and others 2015; Beijers and 

others 2014; Cavaletti and others 1995; Mols and others 2013; Quasthoff and Hartung 2002; 

Tofthagen and others 2013).

Signs and symptoms of oxaliplatin-induced neurotoxicity, hereafter identified as OIN, are 

divided into two distinct phases differentiated by their temporal proximity to treatment. 

Up to 95% of patients experience acute OIN immediately after and for days following 

infusion. Acute OIN is characterized by pain, muscle spasms, and cold hypersensitivity and 

is associated with sensory and motor nerve hyperexcitability (Krishnan and others 2006). 

Signs and symptoms frequently worsen after each treatment cycle in a dose-dependent 

manner. In a significant proportion of patients (50%−70%, Zajączkowska and others 2019; 

26%−46%, Beijers and others 2014); 84%, Briani and others 2014), OIN can progress after 

discontinuation of treatment, leaving many patients with chronic OIN (cOIN) that does not 

improve for months or even years (Aaronson and others 2014; Dietrich and others 2006; 

Marshall and others 2017; Park and others 2011; Park and others 2013; Seretny and others 

2014). Chronic OIN is characterized by a complicated clinical presentation, including but 

not limited to, ataxia, weakness, reduced sensation, and reduction or loss of deep tendon 

reflexes (Marshall and others 2017; Saif and others 2010). Sensorimotor and proprioceptive-

like disorders are classically attributed to length-dependent axon degeneration (Argyriou and 

others 2014; Avan and others 2015; Burakgazi and others 2011).

Peripheral Neuropathy: A Shared Mechanism Underlying Neurologic 

Dysfunction Following Both Sepsis and Treatment With Oxaliplatin

Diagnosis of peripheral neuropathy is considered in patients with generalized weakness 

in the ICUAW or sensorimotor disorders following chemotherapy. Although underlying 

causes cannot be assigned based on clinical presentation, the mechanism is generally 

thought to be peripheral nerve degeneration (Cavaletti and Marmiroli 2015; Dorsey and 

others 2019; Friedrich and others 2015; Miltenburg and Boogerd 2014). Evidence for axon 
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degeneration comes from histological studies of peripheral nerves sampled in biopsy or 

autopsy (Latronico and others 1996; Zochodne and others 1987). Histological examination 

of epidermal skin biopsies demonstrates degeneration expressed as decreased density of 

sensory nerve terminals in OIN (North and others 2019). Degeneration of axons is also 

inferred from conventional electrophysiological studies of nerve conduction, which show 

decreases in the amplitudes of electrically evoked compound action potentials (CAPs) 

produced by stimulating either mixed nerves to generate compound muscle action potentials 

(CMAPs) or sensory nerves to produce compound sensory action potentials (SNAPs or 

CSAPs) (Griffith and others 2014; Latronico and others 1996; Velasco and others 2014; 

Zochodne and others 1987). Instances in which it is found that abnormal nerve conduction 

findings correlate with symptom severity support a role for nerve degeneration in OIN 

(Griffith and others 2014).

There are discrepancies, however, in the correspondence between nerve conduction findings 

and symptoms in both ICUAW and OIN. In ICUAW, the decline in SNAPs is not 

always correlated with pathologic abnormality (Latronico and others 1996). In some cases, 

reductions in SNAPs and CMAPs can recover within days, that is, faster than axons 

can possibly regenerate (Novak and others 2009). For chemotherapy induced neuropathy, 

“conventional electrophysiology often does not mirror the patient’s symptoms” (Staff 

and others 2017), and in some patients reporting sensorimotor symptoms with cOIN, 

neither SNAPs nor epidermal nerve density measures give evidence of axon degeneration 

(Burakgazi and others 2011). Furthermore, some signs of cOIN, notably reduction or loss of 

deep tendon reflexes, do not correlate with the severity of other symptoms (Binda and others 

2015) suggesting that not all signs and symptoms share the same underlying mechanism. 

Collectively, these observations suggest that a complete explanation of both ICUAW and 

cOIN requires additional factors.

Neuropathy by definition (see Introduction section), is a disorder that encompasses not 

only structural degeneration but also functional impairment of peripheral nerves. Although 

measurement of functional impairments in human peripheral nerves is limited by technical 

difficulties, one methodological approach provides direct evidence of motor and sensory 

nerve dysfunction. Excitability testing of peripheral nerves tracks action potential threshold 

during the different phases of depolarization and repolarization of sensory or motor CAPs. 

Changes within a suite of threshold measures provide assessment of various functional 

abnormalities in peripheral nerves and are used to support inferences about underlying 

axon biophysics and properties of voltage-gated ion channels (Kiernan and others 2020). 

When applied in patients with ICUAW, excitability testing demonstrates threshold changes 

consistent with hypoexcitabillity of nerves coincident with muscle weakness (Z’Graggen 

and others 2006). Excitability testing also reveals functional changes in sensory and 

motor nerves in patients with cOIN. Changes in measures of CAP recovery threshold are 

prominent soon and for months after cessation of oxaliplatin therapy (Krishnan and others 

2006; Park and others 2009a). Correlations between changes in these excitability parameters 

and the severity of patient symptoms scored by clinical grading scales suggest dysfunction 

of ion channels may be a significant contributor to the peripheral neuropathy in OIN (Park 

and others 2009a; Park and others 2009b). Ion channel dysfunction is also consistent with 

observations of pathologic spontaneous firing recorded from human peripheral nerves and 
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dorsal root ganglia (Hill and others 2010; Lehky and others 2004; North and others 2019; 

Wilson and others 2002).

Deficits in the Peripheral Nervous System Are Insufficient to Explain ICUAW 

and OIN

Several observations point to central nervous system (CNS) participation in mediating 

behavioral disorders in ICUAW and OIN. Neural networks in the CNS are likely to 

promulgate behavioral disorders simply by integrating faulty sensory information received 

from neurons undergoing neuropathy. Cognitive disabilities, confusion, and memory loss 

demonstrate that the CNS can also be the origin of behavioral disorders in both groups of 

patients (Dietrich 2010; Mazeraud and others 2020; Pandharipande and others 2013; Simó 

and others 2013). Further inferential evidence derives from demonstration that infusion 

of lipopolysaccharide, a pathogen stimulating inflammatory responses in sepsis, produces 

acute weakness in human subjects before the onset of degeneration or dysfunction in 

peripheral nerve, neuromuscular junction, or skeletal muscle (McNicol and others 2010). 

Direct evidence obtained in both ICUAW and cOIN show physical alterations in the brain, as 

well as changes in brain activity (Kaiser and others 2014; Mazeraud and others 2020). These 

observations strongly suggest that CNS dysfunction in ICUAW and cOIN combines with 

neuropathy in producing behavioral disorders, but CNS contributions remain underexplored.

While neuronal dysfunction in the CNS remains virtually unknown in ICUAW and cOIN, 

the hallmark signs of sensorimotor disability, fatigue, and weakness suggest a possible role 

for motoneurons. Motoneurons are essential to regulating skeletal muscle force and are 

participants in the pathophysiology of a variety of disorders. They are also propitious targets 

for studying biophysical impairments responsible in vivo for altering neuronal excitability. 

These advantages led us to explore impaired excitability in motoneurons as a potentially 

shared mechanism between the two pathologies using the rodent models described below.

Rodent Models of Sepsis and cOIN

Currently and for the foreseeable future, animal experimentation is indispensable for 

obtaining mechanistic understanding about neural dysfunction in disorders such as those 

occurring in sepsis and OIN. In vitro studies of neural tissue from rodents have 

identified numerous mechanisms related to changes in neuronal excitability, for example, 

channelopathies induced by sepsis and antineoplastic agents (Boyette-Davis and others 

2015; Haeseler and others 2008; Housley and others 2020a; Rossignol and others 2007; Sittl 

and others 2012). In vivo studies of the effects of sepsis and cOIN are fewer, but they allow 

examination of neurons without disturbing their structural integrity. Here we describe two 

experimental models providing in vivo access to the central nervous system that enabled the 

biophysical studies described below.

While there are several experimental animal models of ICUAW and cOIN, we will focus on 

the rat model of each disease that was used to study motoneuron excitability in the studies 

described below. Both sepsis and oxaliplatin in rats are effective for inducing sensorimotor 

disorders similar to those observed in patients and for exposing myriad cellular effects, 
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including changes in neural excitability (Bullinger and others 2011; Nardelli and others 

2013; Novak and others 2009; Vincent and others 2016). Before describing key features 

of these models, however, it is important to address the fact that preclinical findings have 

not yet translated into successful clinical trials. This disappointment has several plausible 

explanations, including the straightforward possibility that the canonical causes have not 

yet been found or identified. Additional challenges to translation include deficiencies in 

experimental design and implementation of both clinical and preclinical studies, as well as 

misinterpretation of preclinical findings and consideration of species differences (Dejager 

and others 2011; Dyson and Singer 2009; Housley and others 2020a; Pitts and Simpson 

2010). Clinical conditions introduce a wide range of confounding variables, for example, 

preexisting conditions, medications, lifestyle, genomic heterogeneity, disease process, and so 

on in various permutations that have unknown effects. All these factors require consideration 

for their capacity to confound preclinical findings in ways that complicate translation.

The Cecal Ligation and Puncture Model of Sepsis

Cecal ligation and puncture in adult rodents is an acknowledged gold standard for clinically 

relevant models of sepsis in human subjects (Alverdy and others 2020; Dejager and others 

2011). This model of sepsis recapitulates the trauma that can occur following abdominal 

injury or surgery in patients. Sepsis in the surgical cecalligation rat model is validated by 

the occurrence of bacteremia and acute inflammation which are the hallmarks of sepsis 

in patients (Alverdy and others 2020; Dejager and others 2011). Within a day of surgery, 

the model reproduces the rapid onset of muscular weakness seen in humans treated with 

bacterial lipopolysaccharide, a significant contributor to the pathogenesis in some cases 

of septic shock (McNicol and others 2010; Nardelli and others 2013). In the model, 

as in patients treated with lipopolysaccharide, acute weakness occurs independently of 

dysfunction in peripheral nerve, neuromuscular junction, or skeletal muscle (McNicol and 

others 2010; Nardelli and others 2016), pointing to contributions made in the central nervous 

system control of muscle contraction. At later time points, the cecal ligation and puncture 

model reproduces the reversible (over days to weeks) drop in SNAPs seen in a subset 

of patients with ICUAW (Nardelli and others 2013; Novak and others 2009). This drop 

in SNAPs is accompanied by hypoexcitability of axons (Novak and others 2009). Both 

the rapid development of reversible motor deficits due to dysfunction of the CNS and the 

hypoexcitability of axons suggest ion channel dysfunction may be an important contributor 

to neuropathology in sepsis.

The Rat Model of cOIN

Repeated delivery of oxaliplatin is commonly used to generate an OIN model that 

reproduces many important features depending on the time, varying dosing parameters 

and route of administration (Cavaletti and others 2001). Behavioral signs including a 

constellation of acute and chronic symptoms including but not limited to temperature 

hypersensitivity, allodynia, and movement disorders (Cavaletti and Marmiroli 2010; Pasetto 

and others 2006). At the systems level, reduced weight gain, altered inflammatory and 

oxidative signaling, impaired memory, and changes in neurophysiological measures, for 

example, reduction in CAPs mirror those observed clinically. Degeneration of peripheral 

nerves and dorsal root ganglia give direct evidence of neuropathy. OIN models also 
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recapitulate factors relevant to pathogenesis, including the biodistribution of oxaliplatin 

throughout various organ systems and nervous system structures, for example, nerves, dorsal 

root ganglia, brain, and cerebrospinal fluid.

In order to initiate in vivo study of cellular deficits responsible for sensorimotor disorders in 

the coasting period when symptoms intensify after cancer treatment, we studied a rat model 

of cOIN. Weeks after human-scaled treatment, the model recapitulates clumsiness, ataxia, 

and other dysfunctions similar to those described clinically as proprioceptive in origin. 

Specifically, rats fail to successfully perform skilled sensorimotor tasks, demonstrating 

errors in accurate and precision fore- and hindlimb placement (Housley and others 2020a; 

Vincent and others 2016). These deficits are consistent with those ascribed to neuropathy in 

patients (Marshall and others 2017; Pasetto and others 2006). In our model, neuropathy 

manifests as deficits in sensory encoding of naturalistic limb movements rather than 

degeneration of axons (Bullinger and others 2011; Housley and others 2020a; Vincent and 

others 2016). The deficits in sensory encoding together with altered axonal excitability 

found in patients (Heide and others 2018; Krishnan and others 2006; Park and others 2009a; 

Park and others 2009b) suggest dysfunction of ion channels may be an important contributor 

to sensory dysfunction in cOIN.

Inability of Motoneurons to Convert Depolarization Into Steady, Repetitive 

Firing Following Sepsis and Oxaliplatin

One of the most accessible CNS neurons for physiologic study is the spinal alpha 

motoneurons. These motoneurons, which are the central focus of mechanistic considerations 

below, span both peripheral and central nervous systems. The soma, dendrites and proximal 

axon of each motoneuron reside centrally within the spinal cord or brainstem, while the 

axon projects peripherally to synapse with skeletal muscle fibers comprising motor units. 

Centrally, motoneurons integrate synaptic input together with their intrinsic excitability to 

encode the action potential trains which are then conducted by the peripheral axon to 

regulate skeletal muscle contraction. As such, motoneurons embody sites and functions 

susceptible to damage not only in the periphery, but also within the central nervous system 

where pathophysiological mechanisms are accessible for examination in vivo in preclinical 

studies described below.

Motoneurons are the ultimate encoders of neural instructions for moving our bodies through 

space. They receive all information relevant to activating skeletal muscle and for translating 

that activity into movement. Much is known about the biophysics of this process (Heckman 

and Enoka 2012). Synaptic current converging on motoneurons from many sources is 

variably amplified by intrinsic currents to yield membrane depolarization that is encoded 

into temporally sequenced repetitive firing of action potentials or spikes (Heckman and 

Enoka 2012). The resultant encoded spike trains sent to muscle control both the magnitude 

and temporal features of muscle contraction. Despite its crucial role at the ultimate step in 

neural control of muscle force generation, neuronal encoding by motoneurons, the so-named 

final common pathway in movement control has gone underappreciated for its potential to 

cause muscle weakness, fatigue and movement discoordination in ICUAW and cOIN.
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Motoneuron Firing Defects Induced by Sepsis

In healthy animals, motoneurons typically fire orderly trains of action potentials. These 

trains are conveniently observable as EMG signals generated in skeletal muscles by a 

motoneuron’s composite motor unit as it engages in diverse movement tasks performed by 

conscious animals, including humans. Motor units, and motoneurons by direct inference, 

sustain regular firing that slowly adapts over several seconds or longer during steady 

muscle contraction; they modulate firing rate in direct relation to the force of graded 

muscle contractions; and they fire with similar patterns and rates in replicate muscle 

contractions (Heckman and Enoka 2012). These firing profiles express rules employed 

by the motoneuron as it first integrates and then, through the central encoding process, 

translates intrinsic currents into spike trains. Encoding rules can be determined in current 

clamp experiments that examine the relation between experimentally controlled current 

injected by micropipette into a motoneuron and features of the evoked repetitive firing. 

This experimental approach bypasses synaptic current to isolate the contribution of a 

motoneuron’s intrinsic excitability to the encoding process. Ample characterization of 

spike train encoding under these conditions establishes that motoneurons reproducibly 

encode steady current into continuous and slowly adapting repetitive firing that varies 

rate with current amplitude (Fig. 2). These spiking behaviors measured from motoneurons 

in anesthetized animals approximate those recorded in freely moving healthy animals, 

including humans (Heckman and Enoka 2012).

In the only report to our knowledge of motor-unit activity in ICUAW patients, we found 

motor units firing slowly and irregularly during maximal voluntary contractions (Nardelli 

and others 2013). This behavior expresses a functional deficit in motor units as opposed to 

structural degeneration, especially having been observed in proximal muscles that are not 

typically involved in neuropathy caused by sepsis (Nardelli and others 2013). Recognizing 

functional origins opens novel possibilities for explaining weakness in ICUAW. Aberrant 

motor unit firing might arise from defects in the synaptic input received by motoneurons 

or in the way the motoneurons decode that input or both. Distinguishing these sources of 

motor unit misbehavior is needed to achieve the mechanistic understanding required for 

developing effective treatment. Limitations in studying human subjects brought us to pursue 

this line of investigation using the rodent model of sepsis detailed above. Experimental 

access to motoneurons in this model permitted us to isolate the encoding properties of 

motoneurons under conditions in which synaptic input is substituted with current injected 

into the motoneuron from an extrinsic source under experimental control. Motoneurons in 

rats with sepsis fire at slow and irregular rates similar to those observed in patients with 

ICUAW (Fig. 2). In addition, motoneuron firing rate in this sepsis model is abnormally less 

sensitive to variations in current intensity (Nardelli and others 2013; Nardelli and others 

2016). These firing aberrations under experimental control of input current are attributable to 

defects in spike-train encoding by motoneurons.

Motoneuron Firing Defects in cOIN

Patients with OIN also exhibit abnormal motor unit activity, but in the direction of increased 

firing. In the acute phase of OIN, during the several weeks of repeated administration of 

platinum-based compounds, motor units fire sporadically in high-frequency bursts when 
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muscles are either at rest or actively contracting (Webster and others 2005; Wilson and 

others 2002). This deviant behavior seems a reasonable explanation for acute muscle spasms 

and cramps that fade near the time of chemotherapy treatment completion (Lehky and 

others 2004). At the end of chemotherapy during the coasting period, patients exhibit 

phenotypically different symptoms that define chronic OIN, including physical fatigue and 

sensorimotor disability. Data on motor unit firing are absent to our knowledge during this 

chronic phase, but we wondered whether sensorimotor disability might be accompanied 

by abnormally slow and irregular motoneuron firing rates in our cOIN model as it is in 

the sepsis model. Current-clamp experiments reveal encoding defects remarkably similar 

to those reported following sepsis (Fig. 2). These findings suggest that platinum-based 

chemotherapy induces chronic defects in motoneuronal encoding, and they lead to a 

plausible explanation for weakness/fatigue in cOIN as described below.

Motoneuron firing relies not only on intrinsic excitability but also on synaptic current 

from sensory and other neurons carrying the motor commands for movement. Aberrant 

motoneuron firing in behaving animals might also derive, therefore, from defects in strength 

or timing of current from synaptic input. Although synaptic input to motoneurons has 

not been measured following either sepsis or oxaliplatin, abnormality seems likely to 

arise from two already identified sources of dysfunction of the peripheral nervous system. 

The first is degeneration that reduces the number of somatosensory neurons transmitting 

current to motoneurons. The second source is modification of synaptic input transmitted 

by proprioceptive encoding that is blunted, delayed, and abbreviated (Bullinger and others 

2011; Housley and others 2020a; Vincent and others 2016). Whether by structural or 

functional neuropathy, disruption of synaptic current, unless otherwise compensated, would 

compound the abnormality in motoneuron firing caused by defective motoneuron encoding.

Impact of Defective Encoding on Muscle Force Production and Fatigue

In healthy adult vertebrates, the central nervous system regulates the force of skeletal muscle 

contraction by activating motoneurons and their corresponding motor units in different 

numbers, rates, and patterns (Heckman and Enoka 2012). Among these force regulators, 

varying the rate of repetitive firing (rate modulation) achieves the greatest modulation of 

total force produced by single muscles. Losing control of motor unit rate modulation in 

ICUAW and cOIN poses two significant problems for regulating muscle force production 

(Fig. 3). First, dampened rate modulation results in weakness from lower than intended 

force production, leaving recruitment of additional motor units as the only remaining option 

for increasing muscle force. However, if the additional motor units recruited also lack 

rate modulation, then normal force may never be achieved. Some compensation might be 

achieved by recruiting many more motor units than normally required to perform a task, but 

it is likely to increase fatigue because the usual orderly recruitment of motor units following 

the size principle will engage units progressively more susceptible to fatigue. Second, the 

larger than normal fluctuations in firing rate produces instability in muscle force, presenting 

a significant challenge to achieving steady movement and posture. The only way of partially 

compensating for this instability is to activate more motor units, again making the subject 

vulnerable to fatigue. In these ways, defective repetitive firing in motoneurons alone has the 

capacity to result in the weakness, unsteadiness, and fatigue observed in ICUAW and cOIN 
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just as it is proposed to do in the paretic limbs of patients following stroke (Hu and others 

2016; McManus and others 2017).

While motoneuron firing defects necessarily impact movement, sepsis- and cancer-induced 

nerve and muscle dysfunction are also important contributors that have been extensively 

reviewed (Batt and others 2019; Fearon and others 2011; Friedrich and others 2015; 

Latronico and Bolton 2011; Porporato 2016; Schefold and others 2010; Tisdale 2002). 

Both sepsis and cancer trigger cachexia that primarily targets skeletal muscle (Friedrich 

and others 2015; Porporato 2016; Puthucheary and others 2013). Cachexia is associated 

with severe muscle wasting, reduced physical function, reduced tolerance to anticancer 

therapy, and reduced survival in a variety of clinical populations (Batt and others 2019; 

Fearon and others 2011; Herridge and others 2003). Another contributor to weakness in 

ICUAW is myosin loss, which causes reduction in specific force (Friedrich and others 2015; 

Latronico and Bolton 2011). There is a similar reduction in specific force in preclinical 

studies of cancer, although it is not known whether myosin loss contributes (Roberts and 

others 2013; VanderVeen and others 2017). In both ICUAW and cancer, there are alterations 

in muscle Ca handling and release (Batt and others 2019; Friedrich and others 2015; 

Ochala and Larsson 2008). Oxaliplatin may exacerbate the effects of cancer on muscle as it 

causes atrophy and similar changes in gene expression (Feather and others 2018; Sakai and 

others 2014). Furthermore, oxaliplatin as well as sepsis are shown to impair transmission 

at the neuromuscular junction (Lehky and others 2004; Webster and others 2005). These 

peripheral defects would further worsen weakness, fatigue and movement disorders arising 

from defective motoneuron firing behavior.

Biophysical Mechanisms Underlying Defective Motoneuron Firing 

Following Sepsis and Oxaliplatin

No Change in Motoneuron Passive Electrical Properties and Action Potentials

Several properties of motoneurons are unaffected in rat models of ICUAW and cCOIN 

(Housley and others 2020b; Nardelli and others 2016). No changes emerge in passive 

electrical properties of motoneurons assessed from resting membrane potential or input 

conductance (Housley and others 2020b; Nardelli and others 2013; Nardelli and others 

2016). Neither are changes expressed in action potentials. Single evoked action potentials 

remain normal as assessed by rheobase current, that is, threshold current, and from action 

potential amplitude and rates of change in voltage.

Action potentials generated during repetitive firing were also indistinguishable from normal 

(Fig. 4). The primary current responsible for triggering action potentials is the voltage-gated 

Na current. Normally, inactivation of the Na current responsible for repetitive firing of 

action potentials occurs at depolarized voltages such that less current is available to fire the 

next action potential. With reduction in Na current, there is reduction in the rate of rise 

of the action potential in association with attenuated firing rates (Bean 2007; Brownstone 

and others 2010; Miles and others 2005). If build-up of inactivation of Na channels during 

repetitive firing is responsible for stuttering in firing, then the rate of action potential rise 

should be slowest prior to pauses in firing and greatest following resumption of firing, 

Rich et al. Page 10

Neuroscientist. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicating that firing resumed due to recovery of Na current from inactivation. These 

observations were not made in either sepsis or cOIN (Housley and others 2020b; Nardelli 

and others 2013). Rates of action potential rise were lowest following resumption of firing 

and increased during the first few action potentials. These data argue strongly against 

inactivation of Na channels as a cause of stuttering in firing. High-threshold, voltage-gated 

K channels also regulate the rate of repolarization during the descending phase of the action 

potential. Reduction in these K current causes widening of action potentials (Bean 2007). 

However, action potential half width was normal following both sepsis and treatment with 

oxaliplatin (Housley and others 2020b; Nardelli and others 2013) Another measure of K 

current is the rate of action potential repolarization, which was normal in both sepsis and 

cOIN. Collectively, the apparent normalcy of action potentials leads to the conclusion that 

suprathreshold currents are insufficient to explain abnormal motoneuron firing behavior.

An Imbalance in Subthreshold Currents Underlies Inability to Sustain Regular Firing

Close examination of the membrane potential between spikes offered a clue to the 

mechanism responsible for abnormal repetitive firing. In healthy motoneurons, there is a 

smooth depolarization to action potential threshold during repetitive firing (Fig. 4), except 

over a very narrow range of just suprathreshold current injection (Jensen and others 2018; 

Manuel and others 2009). The rate of depolarization is similar for each spike such that 

firing rate is stable. In sepsis or cOIN, this was not the case. There were oscillations 

in the membrane potential associated with irregular rates of depolarization prior to each 

spike (Fig. 4) (Housley and others 2020b; Nardelli and others 2017). During pauses in 

firing, the oscillations in membrane potential persisted until a depolarizing oscillation was 

large and fast enough to reach action potential threshold. These data suggested a defect in 

subthreshold currents, which activate and shut off at membrane potentials near the resting 

membrane potential of motoneurons.

Oscillations in the membrane potential have been observed in motoneurons when 

excitability is low (Iglesias and others 2011; Sciamanna and Wilson 2011). The oscillations 

were suggested to result from an imbalance in the ratio of depolarizing (inward) to 

hyperpolarizing (outward) voltage gated currents first activated in the subthreshold range. 

When the ratio of depolarizing to hyperpolarizing subthreshold currents is high, there is 

rapid depolarization to action potential threshold such that there is steady repetitive firing 

(Nardelli and others 2017). When the ratio is low, there are oscillations in membrane 

potential and stuttering of firing (Golomb and others 2007; Gutfreund and others 1995; 

Klink and Alonso 1993).

The most likely depolarizing and hyperpolarizing conductances contributing to high-

frequency oscillations and irregular firing are slowly inactivating Na currents, also known as 

Na persistent inward currents (NaP) and subthreshold potassium current (Ksthr most likely 

Kv1; Bean 2007). Both NaP and Ksthr activate below threshold and have rapid kinetics 

(Chatelier and others 2010; Johnston and others 2010). Low NaP/Ksthr ratios are expected to 

lead to irregular firing whereas high ratios are thought to underlie more regular discharge. 

This possibility was explored using computer simulation. When the ratio of NaP/Ksthr was 

high, simulation produced rapid depolarization toward action potential threshold and a steep 
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increase in firing rate with increased current injection (Housley and others 2020b; Nardelli 

and others 2017). When the ratio was low there were subthreshold oscillations in membrane 

potential and inconsistent repetitive firing at low rates that mimicked the oscillations and 

inconsistent repetitive firing following both sepsis and cOIN. What mattered was the ratio 

of NaP to Ksthr rather than the absolute amount of either current. This suggests that either 

reduction in NaP or an increase in Ksthr lead to the same defect in repetitive firing.

To directly test the capacity for reduced ratios of subthreshold depolarizing to 

hyperpolarizing currents to cause irregular firing, we used dynamic clamp in vivo 

to experimentally manipulate current ratios in motoneurons. Dynamic clamp injects 

motoneurons with inward or outward currents modeled on the basis of their voltage 

dependence and kinetics. By changing the sign of a current, it can be added or subtracted. 

Reduced NaP or increased Ksthr current in healthy motoneurons reproduced the irregular 

firing seen in sepsis or cOIN (Fig. 5). Conversely, when NaP was increased or Ksthr was 

reduced, firing of septic motoneurons was normalized (Nardelli and others 2017). These 

data demonstrate that reduction in the ratio of depolarizing to hyperpolarizing subthreshold 

currents was sufficient to explain the defect in firing of motoneurons.

Activation of Serotonin Receptors as Potential Therapy

Activation of monoaminergic receptors, for example, serotonin receptors (5HT2) increases 

persistent inward currents such as NaP and increases motor neuron excitability (Bennett 

and others 2001; Harvey and others 2006a; Harvey and others 2006b; Lee and Heckman 

1999; Murray and others 2010; Murray and others 2011; Perrier 2013). Exploiting this 

avenue to increase NaP afforded a means of normalizing the reduced NaP/Ksthr ratio in 

motoneurons observed in septic rats. We administered the 5HT receptor agonists quipazine 

and lorcaserin to septic rats and found both improved motoneuron repetitive firing and 

muscle force generation (Fig. 5) (Nardelli and others 2017). 5HT agonists have many 

effects on the nervous system such that the normalization of firing could be due to indirect 

effects. To examine this possibility, we used dynamic clamp to reduce the NaP/Ksthr ratio 

following treatment with lorcaserin. After reduction of the NaP/Ksthr ratio, lorcaserin was no 

longer effective in normalizing firing (Fig. 5). These data suggest that lorcaserin restores the 

balance of subthreshold currents in motoneurons. While we have not yet tested the efficacy 

of lorcaserin on motoneuron firing in cOIN, the similarity in the defects suggests that 

activation of 5HT receptors will be similarly beneficial. Taken together, our data strongly 

suggest that a decrease in the ratio of depolarizing to hyperpolarizing subthreshold currents 

is responsible for defective repetitive firing in motoneurons in sepsis and possibly also in 

cOIN.

The Biophysical Determinants of Repetitive Firing

The demonstration that pharmacologic and dynamic clamp manipulations of subthreshold 

currents in motoneurons can bestow or remove the ability to fire repetitively may apply to 

other neuron types. It has been suggested that in sensory neurons when slowly activating 

depolarizing subthreshold currents predominate, neurons fire repetitively (integrators) and 

when slowly activating hyperpolarizing currents predominate, neurons can only fire a few 
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spikes (differentiators) (Ratté and others 2015). The ratio of subthreshold voltage-gated 

excitatory to inhibitory conductances is the key determinant of the ability to repetitively fire 

(Fig. 6). When the ratio of NaP and Ksthr is normal, the capacity to sustain steady repetitive 

firing, that is, excitability is normal. When the ratio is high, the neuron is hyperexcitable 

and when the ratio is low it is hypoexcitable. The ratio rather than the absolute value of 

excitatory and inhibitory conductances is the determinant of excitability. This conceptual 

framework suggests that what might seem like subtle changes in the absolute amount of 

subthreshold currents (which are often small), could have profound function impact on 

neuronal excitability and thus circuit behavior.

Could Imbalanced Subthreshold Currents Also Contribute to 

Encephalopathy Following Sepsis and Chemotherapy?

Sensorimotor dysfunction is not the only neurologic complication shared by ICUAW and 

cOIN. In both settings there is significant dysfunction of the cortex (encephalopathy). 

In sepsis the disorder has variously been termed septic encephalopathy, sepsis-associated 

brain dysfunction or sepsis-associated delirium. Following chemotherapy the dysfunction is 

termed “chemobrain.”

Septic encephalopathy is the most frequent sepsis-associated organ dysfunction, often 

occurring before any other organs are involved (Bolton and others 1993). In prospective 

studies of sepsis and critical illness, encephalopathy was found to occur in approximately 

70% of patients (Pandharipande and others 2013; Young and others 1990). The severity 

of encephalopathy ranges from delirium to coma. Development of septic encephalopathy 

is associated with increased mortality (Eidelman and others 1996), and many patients 

are left with long-term cognitive deficits (Pandharipande and others 2013; Semmler and 

others 2013). A number of theories have been proposed, including neuroinflammation, 

excitotoxicity and impaired perfusion (Mazeraud and others 2020; Robba and others 2018), 

but there is currently no clear consensus as to which of these mechanisms predominate.

A substantial number of cancer patients receiving chemotherapy report cognitive 

disturbances that include problems with memory and confusion, which can be accompanied 

by mood disorders and fatigue (Dantzer and others 2012; Winocur and others 2018). 

In patients with cancer it is difficult to confidently ascribe changes in cognition to 

chemotherapy rather than the underlying illness or the associated stress. However, treatment 

of healthy rodents with chemotherapy has yielded strong evidence of effects on cognition, 

suggesting treatment with chemotherapy itself is an important contributor to the cognitive 

decline (Winocur and others 2018). Similar to septic encephalopathy, a number of 

contributors are suspected, but there is little consensus (Dantzer and others 2012; Winocur 

and others 2018).

Could an imbalance of subthreshold currents contribute to encephalopathy following sepsis 

and chemotherapy? Subthreshold membrane potential oscillations have been reported in 

rodent cortical neurons (Klink and Alonso 1993; Yoshida and others 2011). Complete block 

of Na channels not only eliminated firing of action potentials, but also eliminated the 

subthreshold oscillations, suggesting involvement of NaP (Klink and Alonso 1993). If sepsis 
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and chemotherapy alter the ratio of inward to outward subthreshold currents in cortical 

neurons as they do in central encoding processes of motoneurons, then similar imbalances 

and resultant firing defects may contribute to encephalopathy.

Conclusions

Detailed in vivo studies of physiologic function of rat lower motoneurons following 

sepsis and weeks following chemotherapy with oxaliplatin revealed a similar defect in 

excitability specific to repetitive firing. The discovery of a shared defect specific to the 

subthreshold currents responsible for repetitive firing raises the possibility of a shared 

mechanism underlying motor dysfunction in what have previously been considered to be 

distinct syndromes. Further work is needed to determine whether imbalanced subthreshold 

currents contribute to disordered excitability in other diseases affecting motoneurons such 

as amyotrophic lateral sclerosis, spinal muscular atrophy, and spinal cord injury. Restoration 

of the normal balance between depolarizing and hyperpolarizing subthreshold currents holds 

the potential for development of novel therapy for patients with weakness and fatigue 

following sepsis and chemotherapy. In addition, the theoretical framework for understanding 

the essential and unique role of subthreshold currents in repetitive firing developed here is 

applicable to all situations in which steady depolarization is converted into repetitive firing 

of electrically active cells.
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Figure 1. 
Neurological manifestations of sepsis-induced intensive care unit–acquired weakness 

(ICUAW) and chemotherapy induced neurotoxicity (CIN) with proposed loci of motor 

dysfunction. Neurological manifestations of CIN and ICUAW are diverse and can be 

classified by four major dimensions, including cognitive, sensory, autonomic (not shown), 

and motor/functional. Among the dimensions, motor and functional presentations such 

as muscle weakness, fatigue, and other behavioral impairments demonstrate the greatest 

overlap between ICUAW and CIN. Multiple sites of motor dysfunction, for example 

neuropathy, neuromuscular junction insufficiency, etc. have been proposed to explain both 

clinical presentations, yet little attention has been paid to the central nervous system 

component of the motor unit, that is, motoneurons.
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Figure 2. 
Disrupted repetitive firing of motoneurons in both sepsis and chronic oxaliplatin-induced 

neurotoxicity (cOIN). On the left is a cartoon depiction of a single motor unit. Placement of 

a recording electrode into the motoneuron cell body allows for recordings of the motor unit 

firing patterns shown on the right. The records show representative instantaneous firing rates 

(filled black circles: pulses per second [pps]) superimposed on action potentials (colored 

lines: mV) recorded intracellularly from motoneurons from a control rat (top: gray), a rat 5 

weeks after clinically relevant chemotherapy treatment with oxaliplatin (middle: blue) and 

from a rat 3 days after induction of sepsis by cecal ligation and puncture (bottom: green) in 

response to matched depolarizing current injection (bottom trace: nA). Note reduced number 

of action potentials, reduced firing rate and increased variation in firing rate following sepsis 

and oxaliplatin. For this and all subsequent figures cOIN traces are blue and sepsis traces are 

green.
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Figure 3. 
The functional consequence of impaired rate modulation on motor function. Motor unit 

recordings of motoneuron action potentials (raster: top) and isometric force generated 

by the motor unit (the muscle fibers innervated by the individual motoneurons being 

stimulated, lower trace), from three independent, representative motoneurons (rows) in each 

experimental group in response to 4, 6, and 8 nA of current injected above rheobase 

(the minimal current necessary to trigger firing). Firing rates and resultant force were 

disrupted at all current strengths in chemotherapy and septic motoneurons. The traces at 

the bottom demonstrate the effect of summing the force generated by the three motor units 

shown in each group (simulated recruitment of three motor units) across each injected 

current strength. Summing multiple motor units (in this simulated recruitment analysis) does 
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improve resultant muscle force yet fails to restore the smooth, predictable motor unit output 

observed in control. Note that increasing motoneuron depolarization provides little to no 

improvement in motor unit force output, indicating that rate-modulation cannot compensate 

for the defect in force production.
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Figure 4. 
Subthreshold membrane potential oscillations with unaltered action potentials in 

motoneurons following both sepsis and chemotherapy. Representative intracellular records 

of membrane potential for control (top: gray), chemotherapy (middle: blue), and septic 

(bottom: green) motoneurons in response to matched depolarizing current injection. 

Subthreshold oscillations in membrane potential following sepsis and oxaliplatin are 

highlighted in left inset with expanded axes. The oscillations precede the generation of 

action potentials and are absent in control. Right inset shows temporally expanded view of 

single action potentials (spikes) during repetitive firing. Measured properties included (Vrest: 

resting membrane potential [mV]; Vthr: voltage threshold for action potential generation 

[mV]; Vamp: action potential amplitude [mV]; AHPamp: after hyperpolarization amplitude 
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[mV]) and derived (dV/dt: first derivative of action potential voltage [mV/ms]). None of 

these action potential characteristics were significantly different between septic, oxaliplatin 

treated, and control motoneurons.
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Figure 5. 
Stable repetitive firing depends on the proper balance of Na persistent inward current 

(NaP) and subthreshold potassium current (Ksthr). Each record (A-F) shows representative 

instantaneous firing rates (filled black circles: pulses per second [pps], top trace), and 

action potentials (lines: mV, middle trace) and current injection (nA, lower trace) during a 

5-second in vivo intracellular recording from a rat spinal cord motoneuron. (a) A record 

from a healthy motoneuron. (b) Lowering the persistent inward current NaP/Ksthr ratio 

in the motoneuron shown in A reproduces impaired repetitive firing observed for septic 

and chemotherapy motoneurons. Note that with dynamic clamp, current injection is varied, 

rather than continuous (insets in b, d, and f). (c) A record from a motoneuron in a rat that 

had been septic for 2 days. The motoneuron fires erratically and cannot sustain repetitive 

firing throughout the 5-second current injection. (d) Increasing the NaP/Ksthr ratio via 

dynamic clamp in the motoneuron shown in C normalized repetitive firing. (e) A further 

record from the same motoneuron 20 minutes after pharmacologic treatment to increase 

the NaP/Ksthr ratio (3 mg/kg lorcaserin). Motoneuron firing is normalized. (f) Firing of the 

same motoneuron after lowering the NaP/Ksthr ratio with dynamic clamp, which reversed the 

effect of lorcaserin. When dynamic clamp is turned off, the effect of lorcaserin treatment 

is again evident, as firing is rapid and steady throughout the current injection (data not 

shown). Arrows indicate the path from original motoneuron recording (a and c) through 

pharmacologic and dynamic clamp tests of impaired repetitive firing’s dependency on NaP/

Ksthr ratio.
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Figure 6. 
Model of biophysical determinants of impaired motoneuron repetitive firing. Two-

dimensional conductance space is constructed from parameters utilized in dynamic clamp 

experimental study of motoneurons from control and septic rats. Individual neurons are 

indicated by small outlined, color-coded circles projected onto the conductance space. 

Two-dimensional ellipsoids enclosing 95% of experimental group data were computed with 

least-squares elliptical fitting. The magnitude and direction of dynamic clamp manipulations 

(perturbations) of Na persistent inward current (NaP) and subthreshold potassium current 

(Ksthr) are indicated along the horizontal and vertical axes respectively. The origin was 

defined as the mean dynamic clamp manipulation (nS) to NaP (94.2 nS) and Ksthr (−44.7 

nS) to restore normal repetitive firing of septic motoneurons (gray neurons). A linear 

transformation of these two values was applied to all neurons. This provided a simple 

reorientation of the parameter space, centering normal firing at the origin and allowed easy 

comparisons with restored firing while preserving the interneuron comparisons. There is a 

relatively narrow operating range around the origin affording stable repetitive firing (total 

range of 180 nS for NaP and 120 nS for Ksthr). The plot is subdivided into four quadrants 

with varying ratios of NaP/Ksthr: <1 (top-left), ~1 (top-right), >1 (bottom right), and ~1 
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(bottom left). An additional diagonal dotted line is drawn from bottom left to top right 

indicating the iso-NaP/Ksthr where the balance of currents is normal. Wild type motoneurons 

in which the ratio of NaP/Ksthr was reduced to mimic sepsis (green) are clustered along a 

line orthogonal to the iso-NaP/Ksthr and exclusively located in the low NaP/Ksthr quadrant. 

After pharmacologic restoration of repetitive firing in septic motoneuron, the same dynamic 

clamp parameters are required to reinduce unstable firing (blue). Note that nearly all of 

the blue two-dimensional ellipsoid’s area is enclosed in the green ellipsoid, indicating 

the dependency of unstable repetitive firing on low NaP/Ksthr. Arrows indicate the phase 

transitions between the three experimental tests indicating ability to induce, correct and 

reintroduce corrupt repetitive firing. Note that all nS comparisons indicate relative changes 

induced by dynamic clamp and are not representative of absolute conductances required of 

healthy motoneurons.
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