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Ketamine, a trauma analgesic with
sex-specific immunomodulatory

function
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Ketamine, a multimodal dissociative anesthetic,
produces powerful analgesia at subanesthetic
doses in traumatically injured patients. As
ketamine does not induce respiratory depression
or hemodynamic instability, the Committee
on Tactical Combat Casualty Care for the US
military recommends the use of subanesthetic
doses of ketamine for acute pain management
(Butler et al., 2014). Additionally, ketamine may
have immunomodulatory effects after injury at
subanesthetic doses, mediating the balance of pro-
and anti-inflammatory processes (Loix et al., 2011;
De Kock et al., 2013). The majority of preclinical
studies have examined the immunomodulatory
effects of ketamine using only male animals,
leaving the issue of sex as a biological variable
unanswered. Therefore, in a recent study, we
investigated the effects of subanesthetic doses
of an intravenous (V) ketamine infusion (0O,
10, and 40 mg/kg, 2 hours) on inflammatory
cytokine levels in both male and female Sprague-
Dawley rats (Spencer et al., 2022). Using rats with
indwelling jugular venous catheters, we were able
to measure time-dependent changes in plasma
cytokine levels following the IV ketamine infusion.
This is a significant contribution to the scientific
community due to the growing interest in how
sex-related differences may play a role in immune
function. Moreover, we tested IV ketamine in a
non-inflammatory condition, which has not been
well characterized previously. Due to the basal
immune response differences between males and
females (Klein and Flanagan, 2016), examining
ketamine effects in a non-inflammatory condition
lays the groundwork for future studies utilizing
injured or inflammatory conditions with ketamine
administration in male and female animals.

Our findings suggest heterogeneous sex-related
changes in cytokine levels following an IV ketamine
infusion in rats. The anti-inflammatory cytokine
interleukin (IL)-10 and the pro-inflammatory
cytokines IL-6 and tumor necrosis factor alpha
(TNF-a) showed sex-, dose-, and time-dependent
changes after the IV ketamine infusion. The time
course of plasma cytokine changes following a
single IV ketamine infusion revealed that while
most cytokine reduction occurred at 2 hours, IL-6
and TNF-a showed alterations at 2 and 4 hours
with sex-specific differences in their time courses.
In male rats receiving ketamine, IL-6 levels were
normal at 2 hours but decreased at 4 hours, while
the opposite trend was observed in female rats.
In contrast, reduction of TNF-a at 2 hours in male
and female rats was recovered to control levels
at 4 hours in males, but not in females. The dose-

response study with 10 and 40 mg/kg IV ketamine
infusions revealed that IL-10 was reduced in male
rats with 10 mg/kg ketamine, IL-6 in female rats at
both doses with a significant sex difference with
40 mg/kg ketamine, and TNF-a with both infusion
doses in both sexes. These differences were not
associated with estrous cycle phases in female
rats, suggesting that they are not dependent on
gonadal hormones. These sex-specific and time
course differences may have clinical implications
for differential timing and dosing of IV ketamine
in order to maximize its immunomodulatory
properties in men and women.

Although there is an agreement in the clinical
and preclinical literature that ketamine reduces
inflammation, the role of ketamine on the
balance of pro- and anti-inflammatory processes
is contested. A review article suggested that
ketamine mostly alters pro-inflammatory processes
(Loix et al., 2011), while another review proposed
that ketamine may promote balance between
pro- and anti-inflammatory factors to maintain
homeostasis (De Kock et al., 2013). Thus, the term
“immunomodulatory” is used by the authors to
differentiate from the term “immunosuppressant”,
which would imply anti-inflammatory effects as
opposed to contributing to both pro- and anti-
inflammatory processes (Loix et al., 2011; De
Kock et al., 2013). This is in line with our findings
as both pro-inflammatory cytokines, namely IL-6
and TNF-a, and an anti-inflammatory cytokine,
IL-10, were modulated in a sex-specific manner
following the IV ketamine infusion. Interestingly,
the aforementioned reviews suggested that
ketamine may not produce immunomodulatory
effects unless it is given in the presence of an
inflammatory condition such as lipopolysaccharide
stimulation, injury, or surgical manipulation (Loix
et al., 2011; De Kock et al., 2013). Our findings
disagree with this claim, as we did not use an
inflammatory or injury condition in our study in
order to assess the inherent immunomodulatory
properties of ketamine. Previous ketamine
studies (Taniguchi et al., 2003; Yu et al., 2007)
on inflammation seldom examined sex as a
biological variable; therefore, an examination of
ketamine’s immunomodulatory effects in male
and female rodents in both inflammatory and non-
inflammatory conditions is warranted.

Emerging evidence suggests that inflammation
may underlie ketamine’s clinical and behavioral
effects, such as its antidepressant properties. In
a chronic restraint stress model of depression
in mice, ketamine reduced immobility and
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anhedonia while concurrently reducing serum
levels of IL-1B8, TNF-a, and IL-6 (Tan et al., 2017).
The exact nature of the interaction between the
effects of IV ketamine on neuroinflammation
and corresponding behavioral and functional
changes is largely unknown, but there is reason
to believe that sex plays a significant role. An
extensive review details the interplay between
ketamine, sex, neuroinflammation, and major
depressive disorder, which has implications for
the sex-specific treatment of mood disorders and
inflammatory conditions as a whole (Gagne et al.,
2021). In depressed patients receiving ketamine,
changes in levels of the pro-inflammatory cytokine
IL-8 after ketamine treatment interacted with sex
to influence the Hamilton Depression Rating Scale
score; specifically, decreasing IL-8 levels were
correlated with depressive symptom improvement
in men, but not in women (Kruse et al., 2021). This
indicates that antidepressant doses of ketamine
are capable of modulating cytokines to influence
clinical outcomes in a sex-related manner. Because
of complex interactions between ketamine, sex,
inflammation, and behaviors, future research
should consider ketamine’s effects in the context
of an inflammatory insult in both males and
females.

One example of an inflammatory insult is a
traumatic brain injury (TBI). Similar to the example
of major depressive disorder, inflammatory
cytokines may be useful predictors of clinical
outcomes in TBI patients. Serum IL-10 has been
associated with TBI severity as measured by the
Glasgow Coma Scale and higher mortality in
severe TBI patients (Schneider Soares et al., 2012).
Additionally, serum IL-13 and TNF-a levels were
associated with improved recovery 12 months
after severe TBI (Wu et al., 2021). Considering the
clinical predictive value of cytokines as biomarkers,
the sex-specific differences in inflammatory and
behavioral profiles following TBI (Spéani et al.,
2018), and ketamine’s modulation of cytokines to
produce sex-specific clinical outcomes (Kruse et
al., 2021), it stands to reason that ketamine may
sex-dependently modulate inflammation in TBI
patients to influence clinical outcome in much
the same way. It is important to understand the
effects of ketamine on sex-related differences
with respect to functional outcomes after TBI,
and therefore, studies on ketamine’s effects on
inflammation after TBI in male and female subjects
are warranted.

Our study utilized both male and female rats in
assessing ketamine’s effects on inflammation
(Spencer et al., 2022), which remains a gap in
the preclinical literature. Additionally, the use
of indwelling IV jugular venous catheters in
rats enhances clinical translation by enabling
repeated blood sampling from the same animals
without causing stress or anesthesia during the
procedure. The heterogeneous effects that IV
ketamine produces on male and female subjects
provide critical insight for translational research
and clinical practice for many applications ranging
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from acute pain management to treatment-
resistant major depressive disorder. In particular,
TBI may present an important and promising
application for ketamine as a trauma analgesic
with immunomodulatory properties, as there
are no Food and Drug Administration-approved
treatments for TBI currently despite its status as
a major cause of death and disability. Ketamine
was recently shown not to increase intracranial
pressure as was previously feared (Zeiler et
al., 2014), and it is no longer contraindicated
for TBI due to intracranial pressure concerns.
Furthermore, ketamine is already a staple of
battlefield and emergency medicine, allowing for
seamless implementation as a standard of care.
The need for more research on sex differences is
particularly important in this context, as women
are going to be involved in combat roles and
therefore may comprise a larger portion of the
TBI population than in the past, but the literature
has not caught up to this shift. Additionally,
the inclusion of sex as a biological variable is
particularly important as females may have more
responsive immune systems, and thus, may be
more susceptible to inflammatory conditions (Klein
and Flanagan, 2016). Figure 1 illustrates a potential
mechanism by which ketamine, a multimodal
trauma analgesic, produces immunomodulatory
effects in a sex-specific manner.

In conclusion, future research should investigate
injury and inflammatory conditions such as TBI
utilizing IV ketamine administration, and it is
imperative that these studies examine both males
and females in preclinical and clinical contexts.
It is clear that the route, timing, and dosage of
ketamine administration in male and female
subjects are crucial when considering the future
goal of personalized medicine.

Trauma (stress)

Psychoactive
effects

Upregulation of
inflammatory
cytokines

Female-specific
effects
Male-specific
effects

Haley F. Spencer, Rina Y. Berman,

Martin Boese, Kwang H. Choi’
Program in Neuroscience, Uniformed Services

University, Bethesda, MD, USA (Spencer HF,

Choi KH)

Center for the Study of Traumatic Stress,
Uniformed Services University, Bethesda, MD, USA
(Berman RY, Choi KH)

Daniel K. Inouye Graduate School of Nursing,
Uniformed Services University, Bethesda, MD, USA
(Boese M, Choi KH)

Department of Psychiatry, F. E. Hébert School

of Medicine, Uniformed Services University,
Bethesda, MD, USA (Choi KH)

*Correspondence to: Kwang H. Choi, PhD,
kwang.choi@usuhs.edu.
https://orcid.org/0000-0003-2884-4996

(Kwang H. Choi)

Date of submission: June 16, 2022

Date of decision: August 25, 2022

Date of acceptance: September 20, 2022

Date of web publication: October 24, 2022

https://doi.org/10.4103/1673-5374.358617
How to cite this article: Spencer HF, Berman RY,
Boese M, Choi KH (2023) Ketamine, a trauma
analgesic with sex-specific immunomodulatory
function. Neural Regen Res 18(6):1263-1264.
Author statement: The views expressed are solely
those of the authors and do not reflect the official
policy or position of the US Army, US Navy, US Air
Force, the Department of Defense, US Government,
or the Uniformed Services University.

Open access statement: This is an open

access journal, and articles are distributed

under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License,
which allows others to remix, tweak, and build
upon the work non-commercially, as long as
appropriate credit is given and the new creations
are licensed under the identical terms.

Injury (pain)

Analgesic effects

IV Ketamine

Immunomodulatory
properties

Outcomes
Neuroinflammation
Cognitive dysfunction
Psychiatric disorders

Figure 1 | A potential mechanism by which ketamine produces immunomodulatory effects.

1264

| NEURAL REGENERATION RESEARCH | Vol 18 | No. 6 | June 2023

References

Butler FK, Kotwal RS, Buckenmaier 3rd C, Edgar EP,
QO’Connor KC, Montgomery HR, Shackelford SA, Gandy
3rd J, Wedmore IS, Timby JW (2014) A triple-option
analgesia plan for tactical combat casualty care: TCCC
guidelines change 13-04. J Spec Oper Med 14:13-25.

De Kock M, Loix S, Lavand’homme P (2013) Ketamine and
peripheral inflammation. CNS Neurosci Ther 19:403-
410.

Gagne C, Piot A, Brake WG (2021) Depression, estrogens,
and neuroinflammation: a preclinical review of
ketamine treatment for mood disorders in women.
Front Psychiatry 12:797577.

Klein SL, Flanagan KL (2016) Sex differences in immune
responses. Nat Rev Immunol 16:626-638.

Kruse JL, Vasavada MM, Olmstead R, Hellemann G, Wade
B, Breen EC, Brooks JO, Congdon E, Espinoza R, Narr
KL, Irwin MR (2021) Depression treatment response
to ketamine: sex-specific role of interleukin-8, but not
other inflammatory markers. Trans| Psychiatry 11:167.

Loix S, De Kock M, Henin P (2011) The anti-inflammatory
effects of ketamine: state of the art. Acta Anaesthesiol
Belg 62:47-58.

Schneider Soares FM, Menezes de Souza N, Liborio
Schwarzbold M, Paim Diaz A, Costa Nunes J, Hohl
A, Nunes Abreu da Silva P, Vieira J, Lisboa de Souza
R, More Bertotti M, Schoder Prediger RD, Neves
Linhares M, Bafica A, Walz R (2012) Interleukin-10 is
an independent biomarker of severe traumatic brain
injury prognosis. Neuroimmunomodulation 19:377-
385.

Spani CB, Braun DJ, Van Eldik LJ (2018) Sex-related
responses after traumatic brain injury: Considerations
for preclinical modeling. Front Neuroendocrinol 50:52-
66.

Spencer HF, Berman RY, Boese M, Zhang M, Kim SY,
Radford KD, Choi KH (2022) Effects of an intravenous
ketamine infusion on inflammatory cytokine
levels in male and female Sprague-Dawley rats. J
Neuroinflammation 19:75.

Tan S, Wang Y, Chen K, Long Z, Zou J (2017) Ketamine
alleviates depressive-like behaviors via down-regulating
inflammatory cytokines induced by chronic restraint
stress in mice. Biol Pharm Bull 40:1260-1267.

Taniguchi T, Takemoto Y, Kanakura H, Kidani Y, Yamamoto
K (2003) The dose-related effects of ketamine on
mortality and cytokine responses to endotoxin-induced
shock in rats. Anesth Analg 97:1769-1772.

Wu X, Xu W, Zhang T, Bao W (2021) Peripheral
inflammatory markers in patients with prolonged
disorder of consciousness after severe traumatic brain
injury. Ann Palliat Med 10:9114-9121.

Yu M, Shao D, Liu J, Zhu J, Zhang Z, Xu J (2007) Effects
of ketamine on levels of cytokines, NF-kB and
TLRs in rat intestine during CLP-induced sepsis. Int
Immunopharmacol 7:1076-1082.

Zeiler FA, Teitelbaum J, West M, Gillman LM (2014)

The ketamine effect on ICP in traumatic brain injury.
Neurocrit Care 21:163-173.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y



