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ABSTRACT 
Objective. Although riluzole and edaravone are FDA-
approved for Amyotrophic Lateral Sclerosis (ALS), these 
drugs have negligible effect on disease progression and 
survival. Recent studies reporting neuroprotection from 
sub-anesthetic doses of ketamine support testing this drug 
in this rapidly progressing and fatal disease. 
Methods. We administered ketamine at 0, 10, and 30 mg/
kg to SOD1-G93A mice 5 days/week beginning at 90 
days of age. We measured body weight, grip strength, and 
survival in this model of ALS. 
Results. Although ketamine did not influence disease-
related loss of body weight, it did delay grip strength 
declines in the 30 mg/kg group. Ketamine also prolonged 
survival in the 30 mg/kg group and dose-dependently 
increased the latency between 20% loss of body weight and 
death. 
Conclusions. These results support further testing of 
ketamine in preclinical models of ALS to determine 
optimal dosing. They also support testing in the clinic 
given the limited efficacy of current ALS treatments and 
given FDA approval of ketamine for other indications like 
treatment-resistant depression.
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Introduction
Amyotrophic Lateral Sclerosis (ALS) is a devastating 

neurodegenerative disease characterized by muscle 
weakness that rapidly progresses to paralysis due to motor 
neuron loss in the brain and spinal cord. There is no cure 
for ALS, and death typically occurs within 5 years of 
diagnosis (1). There are currently two FDA-approved drug 
treatments for ALS: riluzole and edaravone. Riluzole is 
thought to attenuate glutamate-related excitotoxic disease 

mechanisms. In addition to blocking sodium channels (2), 
kainate and NMDA receptors (3), riluzole also facilitates 
glutamate uptake (4). Edaravone is thought to provide 
neuroprotection through its antioxidant and free radical 
scavenging properties (5). Although these drugs are 
effective against disease mechanisms in ALS, their clinical 
effects on disease progression and survival are limited (6). 

The demonstrated neuroprotective effects of ketamine 
in other brain disorders (7) makes ketamine an intriguing 
target of study in neurodegenerative disorders including 
ALS. These neuroprotective properties of ketamine have 
been demonstrated in animal models of stroke, traumatic 
brain injury, and epilepsy (reviewed in (7)). Additional 
examples of the neuroprotective effects of ketamine have 
been demonstrated in mouse models of depression, where 
ketamine treatment resulted in restoration of lost prefrontal 
cortical spine formations (8). In addition, ketamine 
prevented neurodegeneration induced by isoflurane 
anesthesia via anti-apoptotic and antioxidant effects in 
rats (9). Studies of ketamine for psychiatric disorders in 
humans date back to the year 2000. The s-enantiomer of 
ketamine was approved by the FDA for treatment-resistant 
major depression in 2019 and for suicidality associated with 
depression in 2020.

The mechanism behind ketamine’s effects on the brain 
including its potential neuroprotective effects are complex 
(10). Unlike riluzole, ketamine likely attenuates NMDA 
receptor-related glutamate excitotoxicity indirectly. In 
vitro studies using PC-12 cells reveal that ketamine lowers 
intracellular D-serine concentrations (11). D-serine is a co-
agonist at the NMDA receptor and contributes to NMDA 
excitotoxicity. Other literature suggests that ketamine 
treatment has downstream effects on the opioid, aminergic, 
and cholinergic systems in the brain (12,13).

Given the positive effects of low dose intravenous 
ketamine on neuropsychiatric disorders and the link between 
ketamine’s mechanism of action and neuroprotection, 
we performed the first study of sub-anesthetic doses of 
ketamine in the SOD1-G93A mouse model of ALS. 

Materials and Methods
Animals and Dosing. Thirty-six male SOD1-G93A 

mice were acquired from Jackson Laboratories. Mice were 
divided into three groups: a ketamine 10 mg/kg group, a 
ketamine 30 mg/kg group, and a saline vehicle group. After 
collecting baseline body weight and grip strength data (see 
below), we administered ketamine or saline vehicle (0.1 
ml/kg, ip) 5 days/week beginning at 90 days of age. Drugs 
were administered following grip strength tests. Procedures 
were approved by the University of Kansas Medical Center 
Institutional Animal Care and Use Committee and adhered 
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to the Guide for the Care and Use of Laboratory Animals.
Grip Strength Testing. Mice were tested for grip 

strength using an inverted wire screen. Specifically, mice 
were placed on the screen and then the screen was inverted 
and held 2 feet above a cushioned surface. The duration that 
the mice were able to remain on the screen before releasing 
was recorded across two trials. The mean duration of the 
two trials was used as the measure of grip strength for each 
mouse on each day. Mice were tested until they exhibited 
loss of righting reflex for 30 seconds. At this point they were 
euthanized. Some mice were found dead in their cage. The 
day in age for either of these events was recorded as day of 
death and used for survival analysis (see below).  

Data Analysis. Data for body weight and for grip 
strength were expressed as percentage of pre-drug baseline 
and analyzed using a 2-way Analysis of Variance (ANOVA) 
with group assignment (vehicle vs 10 mg/kg vs 30 mg/kg) 
as the between-subjects variable and testing day (every 7 
days) as the within-subjects, repeating variable (Systat 13). 
Survival analyses were performed using each mouse’s day 
of death (GraphPad Prism). We also compared latencies 
between the day each mouse lost at least 20% body weight 
and the day the mouse was euthanized or found dead in its 
cage using a one-way ANOVA.

Results
Body Weight. Mice in all groups exhibited significant, 

disease-related weight loss across time (F=113.765, 
p<0.001), reaching a nadir of 87% of Day 90 body weight by 
Day 153 (see Figure 1A). 

Body weight loss did not differ between the three 

groups. 
Grip Strength. Mice in all groups exhibited significant 

declines in grip strength across time (F=219.763, p<0.001), 
reaching ~1% of their Day 90 values by Day 153 (see Figure 
1B). 

The decline in grip strength was less in the 30 mg/kg 

Figure 1A. Body weight as a function ketamine dose and 
day. Mice in each group exhibited significant loss of body 
weight (***p<0.001). This effect did not differ between 
dosing groups.

Figure 1B. Grip strength as a function of ketamine dose 
and day. Although mice in all groups exhibited significant 
declines in grip strength, the decline was less in the 30 
mg/kg ketamine group leading to a significant dose X time 
interaction (**p<0.01).

ketamine group however, leading to a significant main effect 
for dose (F=3.697, p<0.05) and a significant dose X time 
interaction (F=2.201, p<0.01).

Survival. Survival analysis revealed no significant 
between-groups differences when all groups were included 
(X2 = 3.578, p=0.17; Figure 2). 

A separate analysis that included only the vehicle and 
30 mg/kg group, however, revealed significantly longer 
survival in the ketamine group than the vehicle-treated 
group (X2 = 4.442, p<0.05; data not shown separately, but 
the curves for vehicle and 30 mg/kg are the same as in 

Figure 2. Survival analysis for the three treatment groups. 
Although survival was greater in the 30 mg/kg ketamine 
group, the effect did not reach statistical significance when 
the 10 mg/kg group was included. 
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Fig. 2). After conducting survival analyses, we measured 
the latency in days between the day in which each mouse 
reached 80% of its body weight and the day of death as 
defined above. Ketamine produced a statistically significant 
dose-dependent increase in the latency between body 
weight loss and death (F=4.642, p<0.05; Fig. 3).
Discussion

an earlier decline in grip strength than those in the vehicle 
and higher dose group. The differential effects may be related 
to recent reports that ketamine can increase field excitatory 
postsynaptic potentials (fEPSPs) at doses <10 mg/kg 
(17) while decreasing fEPSPs at doses >30 mg/kg (18). 
Although speculative, increased excitability may have been 
detrimental given cortical hyperexcitability at early disease 
stages in this model of ALS (19,20). This hyperexcitability 
has been postulated to drive neurodegeneration in motor 
neurons. The fact that grip strength declines soon followed 
in the vehicle group but were more delayed in our 30 mg/kg 
group supports this hypothesis. 

The greater survival in the 30 mg/kg group and the 
dose-dependent increase in latency between loss of body 
weight and death suggest that, despite muscle wasting, 
ketamine delayed neuromuscular junction denervation 
or prolonged neuromuscular function in this model. One 
shortcoming of the current study was that we did not 
quantify neuromuscular junction (NMJ) innervation. 
Future studies in which muscle tissue is harvested from 
ketamine-treated SOD1-G93A mice at specific disease 
stages are necessary to determine preservation of NMJ 
integrity. Our findings suggest that administering a higher 
dose of ketamine less frequently might provide greater 
neuroprotective effects in this model. Optimizing the 
dosing and frequency of administration is a question for 
further research in this area. In addition, examining target 
modulation and collecting data on structural and functional 
changes in the brain before and after treatment would be 
desirable. Despite these considerations, concurrent human 
trials should be considered for several reasons: 1) ALS 
typically causes death within 5 years of diagnosis, 2) the 
current FDA approved treatments result in no slowing of the 
disease, and 3) ketamine, a drug which has been available 
for decades, is now FDA approved in non-anesthetic doses 
via intra-nasal application for depression (21).
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Figure 3. The latency in days between the day each mouse 
exhibited a > 20% loss of body weight and its day of death. 
Ketamine produced a significant dose-dependent increase 
in this measure (p<0.05). 

We report here that ketamine at sub-anesthetic doses 
has potential neuroprotective effects in an animal model of 
ALS. Compared to vehicle-treated controls, mice that were 
treated 5 days/week with 30 mg/kg ketamine exhibited 
slower declines in grip strength and prolonged survival. 
Although ketamine did not attenuate loss of body weight, 
it significantly increased the latency between 20% loss of 
body weight and death in a dose-dependent fashion. These 
data support further testing to determine whether ketamine 
may help to slow functional decline and improve survival in 
ALS. Given that ketamine’s mechanism of action is similar 
to riluzole, which is FDA approved to treat ALS, further 
study of ketamine in animal models of ALS or in human 
trials may be warranted based on the data presented in this 
paper.

We tested sub-anesthetic doses of ketamine based 
on literature supporting the same in treating depression 
and in promoting neuroprotection, which suggests target 
modulation of the NMDA receptor at these same doses 
(14). We chose to dose mice 5 days/week in this study. The 
fact that neurotoxicity has been reported with repeated 
ketamine dosing in developing rats and monkeys (15,16) 
suggests that a more intermittent dosing regimen may result 
in greater neuroprotection. 

It is unclear why mice in the lower dose group exhibited 
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