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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenera-
tive disease characterized by progressive motor neuron degeneration. 
Current Food and Drug Administration (FDA)-approved treatments 
provide only modest benefits and do not substantially alter disease 
trajectory, underscoring a critical unmet need for novel therapeutic 
strategies. Recent advances in understanding ALS pathophysiology 
have revealed important roles for mitochondrial dysfunction, endo-
plasmic reticulum stress, protein aggregation, and sigma-1 receptor 
dysregulation in disease progression. Ketamine, a well-established 
anesthetic with emerging applications as a rapid-acting antidepres-
sant, has been reported to act through multiple mechanisms that may 
address key pathological features of ALS. Beyond its well-charac-
terized N-methyl-D-aspartate (NMDA) receptor antagonism, keta-
mine may act as a sigma-1 receptor agonist and has been reported 
to promote neuroplasticity via brain-derived neurotrophic factor 
(BDNF)-mechanistic target of rapamycin (mTOR) signaling, exert 
anti-inflammatory effects, modulate mitochondrial function, enhance 
protein clearance, and facilitate sigma-1 receptor trafficking from 
astrocytes to neurons. This review examines the mechanistic ration-
ale for ketamine as a potential therapeutic agent in ALS, focusing on 
sigma-1 receptor signaling, mitochondrial bioenergetics, protein ag-
gregate clearance, and neuroplasticity. We discuss the convergence of 
ALS pathophysiology and ketamine’s pharmacological mechanisms, 
proposing low-dose sublingual ketamine as a candidate for clinical 
investigation, and note that similar pathophysiological mechanisms in 
other neurodegenerative diseases may warrant parallel investigation.

Keywords: Neuroplasticity; Amyotrophic lateral sclerosis; Treat-
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Introduction

Amyotrophic lateral sclerosis (ALS) represents one of the most 
challenging neurodegenerative diseases in modern medicine. 
Characterized by the progressive loss of both upper and lower 
motor neurons, ALS leads to muscle weakness, paralysis, and 
ultimately death from respiratory failure. The disease affects 
approximately two to three individuals per 100,000 popula-
tion worldwide, with the United States reporting an estimated 
32,893 cases in 2022, projected to increase to over 36,000 by 
2030 [1]. This increase reflects both improved case identifica-
tion and demographic shifts in an aging population.

The prognosis following ALS diagnosis remains grim. 
Median survival ranges from 20 to 48 months from symptom 
onset, with most patients dying within 2–5 years from diagno-
sis [2]. While 10–20% of patients survive longer than 10 years, 
this represents a minority of cases. Age at onset significantly 
influences prognosis, with younger patients (under 40 years) 
often experiencing survival exceeding 10 years, while those 
diagnosed after age 80 typically survive less than 2 years [3]. 
The site of disease onset also impacts survival, with bulbar-
onset ALS demonstrating a median survival of only 2.0 years 
compared to 2.6 years for limb-onset disease [4].

Current therapeutic options remain disappointingly lim-
ited. The Food and Drug Administration (FDA) has approved 
only a handful of disease-modifying treatments, none of which 
substantially alters disease trajectory. Riluzole, approved in 
1995, was the first medication available for ALS and works 
by inhibiting glutamate release to reduce excitotoxicity. How-
ever, clinical trials demonstrate that riluzole extends survival 
by only approximately 2–3 months [5]. Edaravone, approved 
in 2017 (with an oral formulation approved in 2022), acts as a 
free radical scavenger and has been shown to slow functional 
decline by approximately 33% at 24 weeks as measured by the 
ALS Functional Rating Scale-Revised (ALSFRS-R), though 
its impact on overall survival requires further study [6]. More 
recently, sodium phenylbutyrate/taurursodiol (Relyvrio) was 
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approved in 2022, demonstrating a modest slowing of disease 
progression and extending median survival by approximately 
4.8 months in combined trial and open-label extension data 
[7]. Tofersen, approved in 2023, represents the first genetically 
targeted therapy, specifically addressing SOD1 mutations pre-
sent in roughly 2% of ALS cases [8].

Despite these advances, the clinical reality remains sober-
ing. Current ALS guidelines recommend patients take all three 
general disease-modifying medications (riluzole, edaravone, 
and sodium phenylbutyrate/taurursodiol), yet even in combi-
nation, these treatments provide only marginal benefit [9]. The 
absence of therapies that meaningfully halt or reverse motor 
neuron degeneration represents a critical unmet need and high-
lights the importance of identifying novel treatment candidates 
that target the fundamental pathophysiological mechanisms of 
disease.

Recent advances in understanding ALS pathogenesis 
have revealed multiple convergent pathways leading to motor 
neuron death, including genetic factors, environmental expo-
sures, inflammation, mitochondrial dysfunction, endoplasmic 
reticulum (ER) stress, and protein aggregation. These insights 
suggest that effective therapies may need to address multiple 

pathological mechanisms simultaneously. Ketamine, a well-
established medication with decades of clinical use and an 
evolving understanding of its diverse molecular mechanisms, 
has been proposed as a candidate warranting systematic pre-
clinical and clinical investigation of ALS (Fig. 1).

Pathogenesis of ALS

Genetic factors

Approximately 10% of ALS cases are familial, with the re-
mainder classified as sporadic. However, even sporadic ALS 
demonstrates genetic contributions, with recent studies iden-
tifying over 30 genes associated with disease susceptibility 
[10]. The most common genetic cause of familial ALS is the 
hexanucleotide repeat expansion in the C9orf72 gene, ac-
counting for approximately 40% of familial cases and 7–10% 
of sporadic cases. Mutations in SOD1 (encoding copper-zinc 
superoxide dismutase) account for approximately 20% of fa-
milial ALS cases and were the first genetic cause identified 

Figure 1. The therapeutic potential of ketamine for ALS: manuscript structure and key concepts. This schematic summarizes 
the structure and key concepts of the manuscript across four thematic columns. Column 1 (red): ALS disease burden, including 
epidemiology, prognosis, current FDA-approved treatments, and the critical unmet need. Column 2 (purple): ALS pathogen-
esis, encompassing genetic factors (C9orf72, SOD1, TARDBP, FUS, SIGMAR1) and core pathophysiological mechanisms: 
Sigma-1 receptor dysfunction, mitochondrial dysfunction, ER stress/UPR dysregulation, protein aggregation, neuroinflamma-
tion, and synaptic loss. Column 3 (teal): ketamine pharmacology, including route and dose (low-dose sublingual, 50–200 mg), 
enantiomer-specific properties, and six proposed mechanisms of action ordered as they appear in the manuscript. Column 4 
(amber): therapeutic convergence and clinical proposal, showing how each ketamine mechanism addresses a corresponding 
ALS pathophysiological target, and proposing low-dose sublingual ketamine as a candidate for systematic clinical investigation. 
ALS: amyotrophic lateral sclerosis; BDNF: brain-derived neurotrophic factor; ER: endoplasmic reticulum; ERAD: endoplasmic 
reticulum–associated degradation; FDA: Food and Drug Administration; MAM: mitochondria-associated endoplasmic reticulum 
membrane; mTOR: mechanistic target of rapamycin; NF-κB: nuclear factor kappa B; NLRP3: NLR family pyrin domain contain-
ing 3; NMDA: N-methyl-D-aspartate; OXPHOS: oxidative phosphorylation; PGC-1α: peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha; ROS: reactive oxygen species; S1R: sigma-1 receptor; UPR: unfolded protein response.
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[11]. Other significant genes include TARDBP (encoding TAR 
DNA-binding protein 43, TDP-43), FUS (fused in sarcoma), 
and numerous others involved in RNA metabolism, protein 
quality control, and cellular stress responses.

Among these genetic factors, mutations in the SIGMAR1 
gene, encoding the sigma-1 receptor, represent an important 
subset. A 2011 study by Al-Saif et al identified a homozygous 
mutation (E102Q) in SIGMAR1 causing juvenile-onset ALS 
in a consanguineous Saudi Arabian family [12]. This mutation 
affects a highly conserved amino acid in the transmembrane 
domain of the sigma-1 receptor protein. The discovery that 
loss-of-function mutations in sigma-1 receptor cause juvenile 
ALS established this protein as essential for motor neuron sur-
vival and function.

The sigma-1 receptor is a unique ER chaperone protein 
located primarily at mitochondria-associated ER membranes 
(MAMs), the critical interface between the ER and mitochon-
dria. At this strategic location, sigma-1 receptor regulates cal-
cium transfer from the ER to mitochondria, modulates the un-
folded protein response (UPR), and coordinates cellular stress 
responses [13]. The E102Q mutation causes the mutant protein 
to rapidly aggregate in the ER, leading to ER stress-mediated 
defects in protein homeostasis, dysregulation of RNA-binding 
proteins, and ultimately motor neuron degeneration [14]. Im-
portantly, sigma-1 receptor dysfunction has been observed not 
only in familial cases with SIGMAR1 mutations but also in 
sporadic ALS, where altered localization, abnormal modifica-
tion, and loss of function of sigma-1 receptor have been docu-
mented [15].

Studies in model systems have further confirmed the criti-
cal role of sigma-1 receptor in motor neuron health. Sigmar1 
knockout mice exhibit motor deficits and exacerbated ALS-
like symptoms when crossed with SOD1 mutant mice [16]. 
Conversely, sigma-1 receptor activation has demonstrated 
neuroprotective effects in various models of neurodegenera-
tion. Bernard-Marissal et al showed that dysfunction in ER–
mitochondria crosstalk underlies sigma-1 receptor loss-of-
function-mediated motor neuron degeneration, highlighting 
the importance of this protein in maintaining the critical com-
munication between these organelles [17].

Environmental factors

While genetic factors clearly contribute to ALS pathogenesis, 
the majority of cases are sporadic, suggesting important roles 
for environmental exposures and gene–environment interac-
tions. Several environmental factors have been associated with 
increased ALS risk, though establishing definitive causal re-
lationships remains challenging due to the disease’s relatively 
low incidence and long latency period between exposure and 
symptom onset.

Occupational exposures have received considerable at-
tention. Military service, particularly deployment to the Gulf 
War theater, has been associated with increased ALS risk [18]. 
Agricultural work and pesticide exposure have also been im-
plicated, with some studies suggesting dose-dependent rela-
tionships between pesticide exposure and ALS development 
[19]. Heavy metal exposures, particularly to lead and mercury, 

have been proposed as risk factors, though evidence remains 
inconsistent across studies.

Physical trauma and repetitive head injuries have been 
examined as potential contributors, with particular interest in 
the relationship between chronic traumatic encephalopathy 
and ALS in professional athletes. However, the strength of 
this association and the mechanisms by which trauma might 
initiate ALS pathology remain unclear. Electromagnetic field 
exposure, smoking, and various dietary factors have also been 
investigated with mixed results.

Inflammation and neurodegeneration

Neuroinflammation represents a prominent feature of ALS 
pathology, evident in both human tissue samples and animal 
models. However, the relationship between inflammation and 
motor neuron degeneration remains complex, with inflamma-
tion potentially serving both protective and pathogenic roles at 
different disease stages.

Activated microglia and astrocytes are consistently ob-
served in the spinal cord and motor cortex of ALS patients. 
Initially, this inflammatory response may be neuroprotective, 
with glial cells attempting to clear damaged cellular compo-
nents and provide neurotrophic support. However, chronic ac-
tivation leads to production of pro-inflammatory cytokines in-
cluding interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor 
necrosis factor-alpha (TNF-α), as well as reactive oxygen and 
nitrogen species. This sustained inflammatory milieu contrib-
utes to ongoing motor neuron injury.

Studies in SOD1 mutant mice have demonstrated that 
disease progression correlates with the transition of microglia 
and astrocytes from neuroprotective to neurotoxic phenotypes 
[20]. Moreover, expression of mutant SOD1, specifically in 
glial cells, is sufficient to cause motor neuron degeneration in 
some model systems, highlighting the critical role of non-cell-
autonomous mechanisms in ALS pathology. The inflammatory 
component of ALS appears to involve both innate and adaptive 
immune responses, with peripheral immune cells infiltrating 
the central nervous system and contributing to the inflamma-
tory milieu.

Pathophysiology: Mitochondrial Dysfunction 
and ER Stress

Mitochondrial dysfunction and metabolic alterations

Mitochondrial dysfunction represents one of the earliest and 
most consistent pathological features observed in ALS, occur-
ring before clinical symptom onset in animal models. Motor 
neurons, with their high energy demands due to long axonal pro-
jections and continuous neurotransmission, are particularly vul-
nerable to impairments in mitochondrial function. Converging 
evidence from patient samples, cell culture models, and trans-
genic animals demonstrates that ALS-associated proteins—in-
cluding mutant SOD1, TDP-43, and FUS—localize to mito-
chondria and disrupt multiple aspects of mitochondrial biology.
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Mutant SOD1 accumulates on the outer mitochondrial 
membrane where it impairs the electron transport chain, re-
duces adenosine triphosphate (ATP) production, and increases 
reactive oxygen species (ROS) generation [21]. Specifically, 
decreased activities of respiratory chain complexes I, II, III, 
and IV have been documented in spinal cord mitochondria 
from ALS patients and SOD1 mutant mice [22, 23]. These 
deficits in oxidative phosphorylation (OXPHOS) lead to en-
ergy depletion in motor neurons, compromising their ability to 
maintain membrane potentials, conduct action potentials, and 
sustain synaptic transmission.

Recent studies using human induced pluripotent stem cell 
(iPSC)-derived motor neurons from both sporadic and famil-
ial ALS patients have revealed that mitochondrial dysfunction 
develops specifically upon differentiation into motor neurons, 
the affected cell type in ALS [24]. These ALS motor neurons 
exhibit elevated ROS levels, depolarized mitochondrial mem-
branes, impaired OXPHOS, ATP depletion, and defective mi-
tochondrial protein import compared to control motor neurons. 
Importantly, mtDNA-encoded respiratory gene expression is 
significantly reduced by 78–84% in ALS spinal cord tissue and 
by 24–35% in peripheral blood mononuclear cells from ALS 
patients [25], suggesting widespread mitochondrial dysfunc-
tion extending beyond the nervous system.

A critical metabolic consequence of impaired OXPHOS 
is a shift toward glycolytic metabolism, analogous to the War-
burg effect observed in cancer cells. Allen et al demonstrated 
that fibroblasts from ALS patients with SOD1 mutations show 
reduced mitochondrial respiration and increased glycolytic 
flux to compensate for deficient ATP production via OXPHOS 
[26]. This metabolic reprogramming results in increased lac-
tate production even in the presence of adequate oxygen—a 
phenomenon termed aerobic glycolysis. While glycolysis can 
temporarily maintain ATP levels, it is far less efficient than 
OXPHOS, generating only two ATP molecules per glucose 
compared to approximately 36 ATP molecules from complete 
oxidative metabolism.

The shift from oxidative metabolism to glycolysis creates 
several additional problems for motor neurons. First, the in-
creased glucose consumption required to maintain adequate 
ATP supply may not be sustainable given the high basal en-
ergy demands of motor neurons. Second, the accumulation of 
lactate can alter cellular pH and contribute to acidosis. Third, 
this metabolic shift diverts glucose carbons away from biosyn-
thetic pathways necessary for maintaining cellular structure 
and repairing damage. Finally, impaired mitochondrial func-
tion compromises other critical mitochondrial roles including 
calcium buffering, which is essential for regulating neurotrans-
mitter release and preventing excitotoxicity.

Mitochondrial dysfunction in ALS extends beyond bio-
energetics to affect mitochondrial dynamics, the balance be-
tween fusion and fission processes that maintain mitochondrial 
health. Abnormal mitochondrial morphology, impaired fusion 
and fission, and defects in mitochondrial transport along axons 
have all been documented in ALS models [27]. These dynamic 
abnormalities appear early in disease progression and contrib-
ute to the accumulation of damaged mitochondria, further ex-
acerbating cellular dysfunction.

ER stress and the UPR

The ER serves as the primary site for protein synthesis, fold-
ing, and quality control. When misfolded proteins accumulate 
beyond the ER’s capacity to process them, ER stress develops, 
triggering the UPR, a complex signaling network designed to 
restore proteostasis. In ALS, chronic ER stress and dysregu-
lated UPR signaling contribute significantly to motor neuron 
degeneration.

Multiple ALS-associated proteins, including mutant 
SOD1, TDP-43, and FUS, are prone to misfolding and ag-
gregation. These protein aggregates accumulate in the ER, 
overwhelming its protein folding machinery and activating the 
UPR. The UPR consists of three main branches mediated by 
transmembrane sensor proteins: protein kinase RNA-like ER 
kinase (PERK), inositol-requiring enzyme 1α (IRE1α), and ac-
tivating transcription factor 6 (ATF6). Initially, UPR activation 
is adaptive, attempting to restore ER homeostasis by reducing 
protein translation, increasing ER chaperone production, and 
enhancing protein degradation through ER-associated degra-
dation (ERAD).

However, when ER stress becomes chronic and severe—
as occurs in ALS—the UPR shifts from pro-survival to pro-
apoptotic signaling. Prolonged PERK activation leads to sus-
tained phosphorylation of eIF2α, causing persistent translation 
attenuation that impairs synthesis of essential proteins. The 
IRE1α branch, when chronically activated, triggers inflam-
matory responses and activates apoptotic pathways through 
JNK signaling. ATF6 activation initially promotes adaptive 
responses but can contribute to cell death when ER stress re-
mains unresolved [28].

The relationship between ER stress and mitochondrial 
dysfunction is bidirectional and mediated largely through 
MAMs, specialized ER subdomains that form physical and 
functional connections with mitochondria. At MAMs, the 
sigma-1 receptor serves as a critical molecular chaperone, sta-
bilizing the interaction between ER calcium release channels 
(inositol 1,4,5-trisphosphate (IP3) receptors) and mitochon-
drial calcium uptake machinery (VDAC, voltage-dependent 
anion channel). This positioning allows sigma-1 receptor to 
regulate calcium transfer from ER to mitochondria, which is 
essential for maintaining ATP production and preventing both 
ER stress and mitochondrial dysfunction [13].

In ALS, dysfunction at MAMs disrupts this critical ER–
mitochondria communication. Loss of sigma-1 receptor 
function—whether through SIGMAR1 mutations or through 
disruption by aggregated ALS-associated proteins—compro-
mises calcium homeostasis, impairs mitochondrial bioenerget-
ics, and exacerbates ER stress. This creates a vicious cycle: 
ER stress leads to mitochondrial dysfunction, which in turn 
reduces cellular ATP availability and impairs protein folding 
capacity, further worsening ER stress.

Protein aggregation and proteostasis dysfunction

A pathological hallmark of ALS is the accumulation of protein 
aggregates in motor neurons and glial cells. TDP-43 aggre-
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gates are found in approximately 97% of ALS cases, including 
most sporadic cases and familial cases without SOD1 muta-
tions [29]. These aggregates typically consist of hyperphos-
phorylated, ubiquitinated, and cleaved TDP-43 fragments that 
abnormally localize to the cytoplasm rather than the nucleus. 
TDP-43, encoded by the TARDBP gene, was identified in 2006 
as a major component of cytoplasmic protein inclusions ac-
companied by nuclear clearance of the protein, as observed in 
motor neurons of ALS cases [30, 31].

FUS aggregates are observed in cases with FUS mutations 
[32], while mutant SOD1 forms distinct inclusions in SOD1-
related familial ALS. Despite this clinical variability, a cellular 
hallmark of ALS is the presence of ubiquitinated skein-like or 
dense and round cytoplasmic inclusions in motor neurons [33, 
34]. ALS-related SOD1 variants are associated with decreased 
metal binding, reduced formation of a stabilizing intramo-
lecular disulfide bond, diminished structural stability, and an 
increased tendency to monomerize and aggregate [35]. Impor-
tantly, the aggregation propensity of several SOD1 variants has 
been linked to life expectancy after the onset of ALS symp-
toms in both humans and transgenic mouse models [36, 37].

Recent research has revealed that protein aggregation in 
ALS involves complex mechanisms including cross-seeding 
phenomena, where aggregates of one protein can template the 
misfolding of others. For instance, SOD1 aggregates can trig-
ger TDP-43 mislocalization and aggregation [38]. This cross-
seeding may explain how different genetic mutations can lead 
to convergent pathology, with various protein aggregates ulti-
mately triggering similar cascades of cellular dysfunction.

Additionally, mutations in genes encoding protein qual-
ity control components, including UBQLN2 (ubiquilin 2), 
SQSTM1 (sequestosome 1/p62), OPTN (optineurin), and 
TBK1 (TANK-binding kinase 1) have been identified in ALS, 
highlighting the critical importance of protein degradation 
pathways in disease pathogenesis. These mutations impair 
both the ubiquitin-proteasome system (UPS) and autophagy, 
the two major cellular systems for removing damaged or mis-
folded proteins. When these clearance mechanisms fail, toxic 
protein aggregates accumulate.

Protein aggregates in ALS cause cellular dysfunction 
through multiple mechanisms. They can sequester nuclear pore 
components, disrupt nucleocytoplasmic transport and prevent 
proper trafficking of proteins and RNA between nucleus and 
cytoplasm. They interfere with MAM proteins including mi-
tochondrial fission 1 protein (Fis1) and mitofusin 1 (MFN1), 
contributing to mitochondrial dysfunction. They impair axonal 
transport, preventing delivery of essential proteins, organelles, 
and trophic factors to distal axonal regions. They physically 
obstruct proteasomal degradation and overwhelm autophagic 
capacity.

The accumulation of these protein aggregates reflects 
fundamental failures in cellular proteostasis—the network of 
pathways that maintain protein homeostasis through synthesis, 
folding, trafficking, and degradation. Two major protein deg-
radation systems become compromised in ALS: the UPS and 
autophagy. Aggregated proteins can physically impair protea-
some function, while protein aggregates that are too large or 
complex for proteasomal degradation require autophagic clear-

ance. Evidence suggests that both systems are overwhelmed 
and dysfunctional in ALS [39, 40].

The disruption of proteostasis intersects with ER stress 
and the UPR. When the UPR cannot adequately restore ER 
protein folding capacity, misfolded proteins accumulate and 
form aggregates. These aggregates further stress the ER and 
impair its function, creating additional burdens on the UPR. 
The formation of stress granules—cytoplasmic ribonucleopro-
tein assemblies that form under cellular stress—has been im-
plicated in ALS pathogenesis, as TDP-43 and FUS are stress 
granule components that can transition from dynamic, revers-
ible assemblies to pathological, irreversible aggregates [41].

Ketamine: Pharmacological History and Cur-
rent Applications

Ketamine (2-(2-chlorophenyl)-2-(methylamino)cyclohexan-
1-one) was first synthesized in 1962 by Calvin Stevens at 
Parke-Davis Laboratories as part of efforts to develop safer an-
esthetic agents. Initial animal testing demonstrated that keta-
mine produced a dissociative anesthetic state characterized by 
profound analgesia and amnesia while maintaining respiratory 
drive and protective airway reflexes—a significant advantage 
over existing anesthetics. Following successful safety studies, 
ketamine received FDA approval in 1970 for use as a general 
anesthetic in humans.

As an anesthetic, ketamine gained widespread use, par-
ticularly in emergency and battlefield medicine, due to its fa-
vorable safety profile and ease of administration. Unlike many 
anesthetics, ketamine does not suppress cardiovascular or res-
piratory function, making it valuable in trauma settings and 
resource-limited environments. The drug’s unique dissociative 
effects—producing a cataleptic state with profound analgesia 
while patients maintain spontaneous respiration and protective 
reflexes—distinguish it from other anesthetic agents. Keta-
mine remains an essential medication on the World Health Or-
ganization’s List of Essential Medicines.

Beyond anesthesia, ketamine found applications in pain 
management, particularly for chronic pain conditions and 
acute pain in emergency settings. At subanesthetic doses 
(0.1–0.5 mg/kg intravenously), ketamine provides analgesia 
without loss of consciousness. This led to its use in manag-
ing refractory pain syndromes, cancer pain, and complex re-
gional pain syndromes. The analgesic effects of ketamine are 
attributed primarily to its antagonism of N-methyl-D-aspartate 
(NMDA) receptors, which play important roles in pain signal 
transmission and central sensitization.

A transformative development in ketamine pharmacology 
emerged in the early 2000s when researchers at Yale Univer-
sity and the National Institute of Mental Health demonstrated 
rapid antidepressant effects following a single subanesthetic 
intravenous infusion (0.5 mg/kg over 40 min) in patients with 
treatment-resistant major depression [42, 43]. These findings 
were remarkable for two reasons: first, the antidepressant ef-
fects manifested within hours rather than the weeks typically 
required for conventional antidepressants; second, a single 
dose produced sustained benefits lasting days to weeks. Sub-
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sequent studies confirmed these effects and established in-
travenous ketamine as a breakthrough treatment for severe, 
treatment-resistant depression and acute suicidal ideation [44].

The success of intravenous ketamine for depression led 
to investigation of alternative administration routes. Intrana-
sal esketamine (S-ketamine, marketed as Spravato) received 
FDA approval in 2019 for treatment-resistant depression and 
in 2020 for major depression with acute suicidal ideation. Im-
portantly, recent clinical experience and research have focused 
on low-dose sublingual ketamine administration (typically 
50–200 mg as a dissolved tablet or troche), which offers sev-
eral advantages including ease of administration, avoidance 
of hepatic first-pass metabolism, sustained plasma levels, and 
suitability for outpatient and at-home treatment [45].

Low-dose sublingual ketamine has demonstrated efficacy 
not only for depression but also for anxiety disorders, post-
traumatic stress disorder (PTSD), obsessive-compulsive disor-
der (OCD), and chronic pain conditions. The sublingual route 
achieves therapeutic plasma concentrations (typically 25–200 
ng/mL) that are lower than those used for anesthesia but suf-
ficient to produce neuropsychiatric benefits. This dosing para-
digm minimizes dissociative side effects while maintaining 
therapeutic efficacy, improving tolerability and expanding the 
potential patient population that can benefit from ketamine 
treatment.

Mechanisms of Action: Ketamine’s Multifaceted 
Neuroprotective Effects

NMDA receptor antagonism and neuroplasticity

Ketamine’s best-characterized mechanism of action is non-
competitive antagonism of NMDA receptors, a subtype of glu-
tamate receptors critical for synaptic plasticity, learning, and 
memory. At therapeutic doses, ketamine preferentially blocks 
NMDA receptors on GABAergic interneurons, leading to dis-
inhibition of glutamatergic pyramidal neurons and a surge in 
glutamate release. This glutamate surge activates AMPA (al-
pha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 
receptors, triggering downstream signaling cascades involving 
brain-derived neurotrophic factor (BDNF) release and activa-
tion of mechanistic target of rapamycin (mTOR), ultimately 
promoting synaptogenesis and dendritic spine formation [46, 
47].

This rapid enhancement of synaptic connectivity repre-
sents a key mechanism underlying ketamine’s antidepressant 
effects and may have important implications for neurodegen-
erative diseases. In ALS, synaptic dysfunction and denervation 
occur progressively as motor neurons degenerate. Enhancing 
neuroplastic capacity and promoting synaptic maintenance 
could potentially slow functional decline by allowing remain-
ing motor neurons to form compensatory connections. The 
ability of ketamine to rapidly increase BDNF levels is particu-
larly relevant, as BDNF supports neuronal survival, enhances 
synaptic function, and has shown promise in preclinical ALS 
models [48].

However, NMDA receptor antagonism alone does not 
fully explain ketamine’s therapeutic profile. The S-enantiomer 
(esketamine) has four-fold higher affinity for NMDA receptors 
than the R-enantiomer (arketamine), yet some studies suggest 
R-ketamine may have equal or superior antidepressant effects 
with fewer side effects [49]. This discordance suggests that ad-
ditional mechanisms beyond NMDA antagonism contribute 
significantly to ketamine’s therapeutic effects.

Ketamine-induced neuroplasticity: neurogenesis and 
synaptogenesis

A critical mechanism underlying ketamine’s sustained thera-
peutic effects is its ability to promote neuroplasticity through 
multiple interconnected pathways involving neurogenesis, 
synaptogenesis, and synaptic strengthening. These neuroplas-
tic changes occur rapidly and persist beyond ketamine’s plas-
ma half-life, contributing to prolonged clinical benefits.

The neuroplastic effects of ketamine are mediated through 
several key molecular pathways. Following NMDA recep-
tor blockade on GABAergic interneurons, the resulting dis-
inhibition of pyramidal neurons produces a glutamate surge 
that activates AMPA receptors. This AMPA receptor activa-
tion is essential for ketamine’s effects, as AMPA antagonists 
block ketamine’s antidepressant and neuroplastic actions [50]. 
AMPA receptor activation triggers voltage-dependent calcium 
channel (VDCC) opening, leading to calcium influx and acti-
vation of multiple downstream signaling cascades [51].

One critical pathway involves inhibition of eukary-
otic elongation factor 2 kinase (eEF2K). Ketamine-induced 
NMDA receptor blockade leads to reduced eEF2K activity, re-
sulting in decreased phosphorylation of eEF2 and consequent 
de-repression of BDNF translation [50]. This mechanism al-
lows for rapid increases in BDNF protein levels independent 
of transcriptional changes. Additionally, ketamine promotes 
BDNF release through multiple mechanisms including activa-
tion of L-type VDCCs and stimulation of the glutamate burst 
in prefrontal cortex [52].

BDNF, acting through its receptor tropomyosin receptor 
kinase B (TrkB), activates several intracellular signaling path-
ways critical for neuroplasticity. The most prominent is the 
mTOR pathway, which serves as a master regulator of protein 
synthesis and synaptic plasticity. Ketamine rapidly activates 
mTOR complex 1 (mTORC1), leading to increased translation 
of synaptic proteins including GluA1 (AMPA receptor subu-
nit), PSD95 (postsynaptic density protein), and synapsin-1 
(presynaptic protein) [46, 53]. This mTOR activation is essen-
tial for ketamine’s antidepressant effects, as mTOR inhibitors 
block both the behavioral and synaptic effects of ketamine.

The BDNF-TrkB-mTOR signaling cascade also activates 
additional pathways including extracellular signal-regulated 
kinase (ERK) and Akt, which further promote cell survival and 
synaptic plasticity. These pathways converge to produce rapid 
synaptogenesis—the formation of new synaptic connections. 
Studies using two-photon microscopy have demonstrated that 
ketamine increases dendritic spine density and promotes spine 
maturation within hours of administration [46]. Importantly, 
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this new spine formation is required for ketamine’s sustained 
antidepressant effects, as selective ablation of newly formed 
spines eliminates behavioral benefits [54].

Beyond acute synaptic changes, ketamine promotes neuro-
genesis—the birth of new neurons—in the adult hippocampus. 
Multiple studies have demonstrated that ketamine accelerates 
the differentiation of doublecortin-positive neural progenitor 
cells into mature, functionally integrated neurons through TrkB-
dependent mechanisms [55]. This neurogenic effect requires 
TrkB signaling, as genetic ablation of TrkB in neural stem/pro-
genitor cells prevents ketamine’s effects on neurogenesis. The 
newly generated neurons appear to contribute to ketamine’s 
sustained therapeutic effects, as inhibition of adult neurogenesis 
attenuates ketamine’s prolonged behavioral actions.

Ketamine’s effects on hippocampal neurogenesis occur 
through multiple mechanisms. Studies show that ketamine 
treatment increases the proportion of functionally mature 
young granule neurons within 2 h, as measured by immediate-
early gene expression (Zif268) [56]. This rapid maturation ef-
fect suggests ketamine accelerates the functional integration of 
recently born neurons. Additionally, ketamine activates adult-
born immature granule neurons (ABINs), and this activation is 
both necessary and sufficient for rapid antidepressant effects 
[57]. Chemogenetic inhibition of ABIN activity blocks keta-
mine’s behavioral effects, while chemogenetic activation of 
ABINs mimics ketamine’s actions.

The molecular mechanisms underlying ketamine-induced 
neuroplasticity also involve epigenetic modifications. Keta-
mine treatment reduces DNA methylation at BDNF promoter 
regions, particularly reversing stress-induced hypermethyla-
tion, thereby increasing BDNF transcription [58]. Addition-
ally, ketamine increases histone H3 acetylation at BDNF gene 
promoters, further enhancing transcriptional activity. These 
epigenetic changes contribute to sustained increases in BDNF 
expression beyond the acute drug exposure period.

In the context of ALS, ketamine’s neuroplastic effects 
could provide multiple therapeutic benefits. The enhanced 
synaptic plasticity and dendritic spine formation may help 
compensate for synaptic loss as motor neurons degenerate. 
Increased BDNF levels could provide neurotrophic support 
to vulnerable motor neurons, potentially slowing degenera-
tion. The promotion of neurogenesis, while primarily studied 
in hippocampus, suggests broader enhancement of neural re-
pair capacity. Moreover, the rapid synaptic strengthening and 
increased connectivity in cortical motor regions could help 
maintain motor function by enhancing the efficiency of re-
maining neural circuits.

Studies in ALS models have shown that BDNF delivery 
provides neuroprotective effects and extends survival [48]. 
However, direct BDNF administration faces challenges in-
cluding poor blood-brain barrier penetration and short half-
life. Ketamine’s ability to rapidly increase endogenous BDNF 
production and release represents an alternative approach to 
harness BDNF’s therapeutic potential while avoiding these 
limitations. Furthermore, ketamine’s effects on synaptic plas-
ticity may help preserve motor neuron function even as cell 
number declines, potentially extending the period of function-
al motor capacity.

Anti-inflammatory effects

Ketamine has been reported to exert anti-inflammatory proper-
ties through multiple mechanisms. At the cellular level, keta-
mine may suppress activation of microglia and astrocytes, with 
reported reductions in the production of pro-inflammatory cy-
tokines including TNF-α, IL-1β, and IL-6 [59, 60]. Ketamine 
has been reported to inhibit NF-κB signaling, a master regula-
tor of inflammatory gene expression, and may reduce activa-
tion of the NOD-like receptor protein 3 (NLRP3) inflammas-
ome, which mediates inflammatory responses to cellular stress 
and damage [61–64].

In the context of ALS, where chronic neuroinflammation 
contributes to disease progression, ketamine’s anti-inflam-
matory effects could help modulate the toxic inflammatory 
environment in the spinal cord and motor cortex. Preclinical 
studies have shown that ketamine reduces microglial activa-
tion and shifts these cells toward more neuroprotective pheno-
types. Given that activated microglia and astrocytes contribute 
to motor neuron death through release of inflammatory media-
tors and reactive species, dampening excessive inflammation 
while preserving beneficial immune functions represents an 
important therapeutic strategy.

Sigma-1 receptor agonism and astrocyte-neuron traffick-
ing

Perhaps most relevant to ALS, ketamine has been reported to 
act as an agonist at sigma-1 receptors, with the R-enantiomer 
(arketamine) showing particular selectivity for this target [65]. 
This mechanism has gained increasing attention as research 
has revealed the importance of sigma-1 receptor function in 
cellular stress responses, mitochondrial health, and neuropro-
tection. Multiple lines of evidence support sigma-1 receptor 
activation as a key contributor to ketamine’s therapeutic ef-
fects, particularly its sustained antidepressant action [66].

As described earlier, the sigma-1 receptor is a unique ER 
chaperone protein localized primarily at MAMs. Upon acti-
vation by agonist ligands or cellular stress, sigma-1 receptor 
translocates from MAMs to other cellular locations including 
the plasma membrane and nuclear envelope, where it interacts 
with various client proteins to modulate their function [67]. 
At MAMs, sigma-1 receptor stabilizes IP3 receptors, ensuring 
proper calcium flux from ER to mitochondria, which is essen-
tial for maintaining mitochondrial bioenergetics and prevent-
ing both ER stress and mitochondrial dysfunction.

A particularly important discovery regarding sigma-1 
receptor function is its trafficking between different cellular 
compartments and cell types in response to agonist stimulation. 
Studies have demonstrated that sigma-1 receptor agonists pro-
mote the intracellular trafficking of sigma-1 receptor proteins 
within astrocytes, with redistribution from cell bodies into as-
trocytic processes [68]. Following treatment with the sigma-1 
agonist PRE-084 for 5 weeks in a model of spinal injury, there 
was a significant shift in distribution of sigma-1 receptors 
from neuronal and astrocytic cell bodies into the processes, 
occurring in association with functional motor recovery. Re-
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cent work by Guo et al in experimental models demonstrates 
that sigma-1 receptor agonism not only remodels astrocytic 
sigma-1 receptor trafficking but also promotes the export of 
sigma-1 receptors within astrocyte-derived exosomes, which 
are subsequently taken up by neurons [69].

Agonist-induced trafficking of sigma-1 receptors has im-
portant functional implications. The redistribution of sigma-1 
receptors into astrocytic processes may increase neuroprotec-
tive activity by promoting the transport of sigma-1 receptor 
proteins and potentially other protein partners involved in neu-
roprotective mechanisms to distal regions of astrocytes where 
they can support neuronal function [70]. Because astrocytic 
processes make intimate contact with neuronal synapses and 
cell bodies, this trafficking could enhance astrocyte-mediated 
neuroprotection and metabolic support to neurons.

Furthermore, sigma-1 receptor activation in astrocytes 
promotes the release of neurotrophic factors including BDNF 
and glial-derived neurotrophic factor (GDNF). Studies have 
shown that sigma-1 receptor agonists stimulate BDNF release 
from astrocytes, which then acts on nearby neurons to promote 
survival and function [71]. In spinal root avulsion models, dai-
ly administration of the sigma-1 agonist PRE-084 increased 
motor neuron survival, accompanied by early increases in 
GDNF expression in astrocytes in the ventral horn, suggesting 
that sigma-1 receptor activation in glial cells leads to release of 
survival-promoting trophic factors [68].

Furthermore, transport of sigma-1 receptors from astro-
cytes to neurons via exosomes could expand protective sig-
ma-1 receptor signaling into vulnerable motor neurons and 
enhance stress resilience. Sigma-1receptor agonists have even 
been demonstrated to extend lifespan in preclinical trials [72].

This coordinated response across cell types—with sig-
ma-1 receptor agonists affecting neurons, astrocytes, and mi-
croglia—suggests that these ligands facilitate a multicellular 
neuroprotective program. The ability of sigma-1 agonists to 
enhance neurotrophic factor production and release from as-
trocytes, combined with their direct neuroprotective effects 
on neurons and anti-inflammatory effects on microglia, rep-
resents a comprehensive approach to supporting neural health 
under pathological conditions.

Effects on mitochondrial function and cellular metabolism

Sigma-1 receptor agonism by ketamine has direct conse-
quences for mitochondrial function, addressing one of the 
core pathophysiological features of ALS. At MAMs, sigma-1 
receptor activation ensures efficient calcium transfer from ER 
to mitochondria, which is essential for several reasons. First, 
mitochondrial calcium uptake stimulates tricarboxylic acid 
cycle (TCA) cycle dehydrogenases and enhances ATP pro-
duction through OXPHOS. Second, proper calcium signaling 
at MAMs maintains mitochondrial membrane potential and 
prevents opening of the mitochondrial permeability transition 
pore, which would trigger apoptosis. Third, MAM-mediated 
calcium signaling influences mitochondrial dynamics, includ-
ing fusion, fission, and mitophagy [13, 73].

Studies in cellular models have shown that sigma-1 recep-

tor activation protects against mitochondrial dysfunction in-
duced by various stressors. Sigma-1 receptor agonists preserve 
mitochondrial membrane potential, maintain ATP production, 
reduce ROS generation, and enhance mitochondrial respirato-
ry capacity [74]. In models of neurodegenerative disease, sig-
ma-1 receptor activation prevents the metabolic shift toward 
glycolysis, helping to maintain efficient oxidative metabolism. 
This effect directly addresses the metabolic dysfunction ob-
served in ALS, where impaired OXPHOS and compensatory 
upregulation of glycolysis contribute to energy deficits and 
motor neuron vulnerability.

The metabolic effects of sigma-1 receptor activation ex-
tend beyond simply maintaining OXPHOS capacity. Sigma-1 
receptor stimulation enhances mitochondrial biogenesis 
through upregulation of peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1α), a master regu-
lator of mitochondrial gene expression [74]. This could help 
replenish the functional mitochondrial pool in motor neurons 
experiencing mitochondrial damage and dysfunction. Ad-
ditionally, sigma-1 receptor activation promotes proper mi-
tochondrial trafficking along axons, addressing the transport 
defects observed in ALS that lead to accumulation of damaged 
mitochondria at synapses and depletion of healthy mitochon-
dria in distal axonal regions.

Modulation of the UPR

A critical function of sigma-1 receptor at MAMs is modulating 
ER stress signaling, particularly the IRE1α arm of the UPR. Un-
der basal conditions, Sigma-1 receptor forms a complex with 
the ER chaperone BiP, which also binds and keeps the UPR 
sensors PERK, IRE1α, and ATF6 in an inactive state. When 
misfolded proteins accumulate in the ER, BiP dissociates from 
sigma-1 receptor and from UPR sensors to assist with protein 
folding, thereby permitting activation of UPR signaling. Sig-
ma-1 receptor activation helps stabilize ER stress signaling, 
supporting adaptive UPR responses and limiting maladaptive, 
pro-apoptotic signaling, particularly via IRE1α [13, 75].

Studies in multiple models show that sigma-1 receptor 
activation attenuates ER-stress markers and improves cell 
survival under conditions that would otherwise drive pro-ap-
optotic UPR signaling [75]. In models of protein aggregation 
diseases, including those relevant to ALS, sigma-1 receptor ac-
tivation enhances protein degradation pathways and facilitates 
clearance of aggregated proteins. This occurs through multiple 
mechanisms: improved ERAD, enhanced autophagy, and bet-
ter coordination between these protein quality control systems 
[76, 77].

The ability of ketamine, through sigma-1 receptor activa-
tion, to modulate the UPR is particularly relevant to ALS. The 
accumulation of misfolded and aggregated proteins (TDP-43, 
SOD1, FUS) in ALS creates chronic ER stress that overwhelms 
cellular protein quality control mechanisms. By activating 
sigma-1 receptor, ketamine may help restore ER homeostasis, 
reduce pathological UPR signaling, enhance protein clearance, 
and thereby reduce motor neuron vulnerability to proteotoxic 
stress in ALS [78].
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Discussion

The convergence of ALS pathophysiology and ketamine’s 
mechanisms of action presents a compelling rationale for in-
vestigating ketamine as a potential therapeutic agent in this 
devastating disease (Fig. 2). While no clinical trials have yet 
examined ketamine specifically for ALS treatment, the FDA 
has approved a phase 2 clinical trial [79]. This study has not 
yet obtained funding.

Several key points support the therapeutic potential of ket-
amine in ALS. First, loss-of-function mutations in SIGMAR1 
cause juvenile ALS, and sigma-1 receptor dysfunction occurs 
in sporadic ALS, establishing this protein as critical for motor 
neuron survival. Ketamine’s ability to activate sigma-1 recep-
tors—particularly the R-enantiomer—may help compensate 
for these functional deficits. Moreover, the agonist-induced 

trafficking of sigma-1 receptors from cell bodies into astro-
cytic processes, combined with enhanced neurotrophic factor 
release from astrocytes, represents a coordinated neuroprotec-
tive response that could support motor neuron health.

Second, mitochondrial dysfunction represents one of the 
earliest and most consistent features of ALS pathophysiology, 
and sigma-1 receptor activation by ketamine addresses mul-
tiple aspects of mitochondrial impairment including bioener-
getics, dynamics, and quality control. The ability to reverse 
the pathological shift from OXPHOS to glycolysis could help 
restore energy homeostasis in vulnerable motor neurons.

Third, chronic ER stress and dysregulated UPR signaling 
contribute to motor neuron death in ALS, and sigma-1 recep-
tor activation helps restore ER homeostasis and enhance pro-
tein clearance. Given the prominent role of protein aggregates 
(TDP-43, SOD1, FUS) in ALS pathology, interventions that 
enhance protein degradation through ERAD and autophagy 

Figure 2. Ketamine as a candidate therapy for ALS: mechanistic rationale. The schematic illustrates the mechanistic rationale for 
investigating low-dose sublingual ketamine as a candidate therapeutic agent in amyotrophic lateral sclerosis (ALS). Left column 
(blue): six major pathophysiological pillars of ALS, each contributing to progressive motor neuron degeneration. Central column 
(teal): ketamine’s six proposed mechanisms of action, including NMDA receptor antagonism, sigma-1 receptor (S1R) agonism 
(R-enantiomer/arketamine selective), mitochondrial protection, anti-inflammatory effects, UPR modulation, and neuroplasticity 
enhancement via BDNF-TrkB-mTOR signaling. Right column (teal): proposed therapeutic benefits converging on motor neuron 
preservation. All mechanisms are based on preclinical and/or mechanistic evidence; anti-inflammatory effects are cited as “re-
ported” reflecting evolving evidence. Clinical validation in ALS is pending. ALS: amyotrophic lateral sclerosis; BDNF: brain-de-
rived neurotrophic factor; ERAD: endoplasmic reticulum–associated degradation; MAM: mitochondria-associated endoplasmic 
reticulum membrane; mTOR: mechanistic target of rapamycin; NF-κB: nuclear factor kappa B; NLRP3: NLR family pyrin domain 
containing 3; NMDA: N-methyl-D-aspartate; OXPHOS: oxidative phosphorylation; PGC-1α: peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha; ROS: reactive oxygen species; S1R: Sigma-1 receptor; TrkB: tropomyosin receptor kinase 
B; UPR: unfolded protein response.
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represent important therapeutic strategies.
Fourth, ketamine’s profound effects on neuroplasticity—

including rapid synaptogenesis, dendritic spine formation, 
BDNF upregulation, and neurogenesis—could help compen-
sate for ongoing motor neuron loss. By enhancing the syn-
aptic connectivity and function of surviving motor neurons, 
ketamine might help maintain motor capacity even as neuronal 
number declines. The sustained nature of these neuroplastic 
changes, persisting well beyond ketamine’s pharmacokinetic 
half-life, suggests potential for meaningful clinical benefits.

Fifth, neuroinflammation plays an important role in ALS 
progression, and ketamine demonstrates potent anti-inflam-
matory effects that may help modulate the toxic inflammatory 
environment in affected nervous tissue, shifting microglia and 
astrocytes toward more neuroprotective phenotypes.

The optimal administration route and dosing regimen for 
potential ALS treatment merit careful consideration. Based on 
experience with ketamine for psychiatric conditions, low-dose 
sublingual administration (typically 50–200 mg) offers several 
advantages. This route provides sustained plasma levels, re-
duces hepatic first-pass metabolism, minimizes dissociative 
side effects, and allows for outpatient or home-based treatment 
with appropriate monitoring. Unlike the acute, time-limited 
dosing used for anesthesia or depression (single infusions or 
intranasal doses), ALS treatment would likely require chronic, 
sustained therapy, making the tolerability and convenience of 
sublingual administration particularly important.

Several research priorities emerge from this analysis. 
First, preclinical studies in ALS models (SOD1 mutant mice, 
TDP-43 models, patient-derived iPSC motor neurons) could 
test whether ketamine administration improves motor neuron 
survival, slows disease progression, and addresses specific 
pathophysiological mechanisms. These studies could inform 
optimal dosing, timing of intervention, and mechanistic under-
standing. Second, if preclinical data support therapeutic poten-
tial, carefully designed clinical trials would be essential, likely 
beginning with phase 2 studies in early-stage ALS patients to 
assess safety, tolerability, and preliminary efficacy signals. 
Third, mechanistic studies examining ketamine’s effects on 
sigma-1 receptor function, MAM integrity, mitochondrial 
health, ER stress responses, and neuroplastic capacity in ALS 
models would deepen understanding and potentially identify 
combination strategies or adjunct therapies that enhance effi-
cacy.

The urgent need for more effective ALS treatments, com-
bined with ketamine’s established safety profile from decades 
of clinical use, relatively low cost, and emerging understand-
ing of mechanisms relevant to ALS pathophysiology, provides 
a rationale for systematic preclinical and clinical investigation 
of this approach. While ketamine is unlikely to represent a cure 
for ALS—a disease with multiple genetic causes and complex, 
multifaceted pathology—even modest slowing of disease pro-
gression would represent meaningful progress for patients fac-
ing a uniformly fatal diagnosis with current median survival 
under five years.

In conclusion, the mechanistic rationale for investigating 
low-dose sublingual ketamine as a candidate agent in ALS is 
mechanistically plausible and warrants further investigation. 
The convergence of well-established ALS pathophysiology—

particularly sigma-1 receptor dysfunction, mitochondrial im-
pairment, protein aggregation, and ER stress—with ketamine’s 
reported effects on these systems provides a theoretical basis 
for clinical investigation. The established safety profile of 
ketamine, convenience of sublingual administration, and po-
tential for synergy with existing therapies further support this 
approach. Future studies should systematically evaluate keta-
mine in preclinical ALS models and, if results prove promis-
ing, advance to carefully designed clinical trials that could of-
fer new hope to patients confronting this devastating disease.
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PGC-1α: peroxisome proliferator-activated receptor gamma 
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