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Abstract

Background: Understanding the precise mechanisms of ketamine is crucial for replicating its rapid antidepressant effects without
inducing psychomimetic changes. Here, we explore whether the antidepressant-like effects of ketamine enantiomers are under-
scored by protection against cytokine-induced reductions in hippocampal neurogenesis and activation of the neurotoxic kynurenine
pathway in our well-established in vitro model of depression in a dish.

Methods: We used the fetal hippocampal progenitor cell line (HPCOA07/03C) to investigate ketamine’s impact on cytokine-induced
reductions in neurogenesis in vitro. Cells were treated with interleukin- 1beta (IL-1b) (10 ng/mL) or IL-6 (50 pg/mL), alone or in com-
bination with ketamine enantiomers arketamine (R-ketamine, 400 nM) or esketamine (S-ketamine, 400 nM) or antidepressants ser-
traline (1 mM) or venlafaxine (1 mM).

Results: Resembling the effect of antidepressants, both ketamine enantiomers prevented IL-1b- and IL-6-induced reduction in neu-
rogenesis and increase in apoptosis. This was mediated by inhibition of IL-1b-induced production of IL-2 and IL-13 by R-ketamine
and of IL-1b-induced tumor necrosis factor-alpha by S-ketamine. Likewise, R-ketamine inhibited IL-6-induced production of IL-13,
whereas S-ketamine inhibited IL-6-induced IL-1b and IL-8. Moreover, both R- and S-ketamine prevented IL-1b-induced increases in
indoleamine 2,3-dioxygenase expression as well as kynurenine production, which in turn was shown to mediate the detrimental
effects of IL-1b on neurogenesis and apoptosis. In contrast, neither R- nor S-ketamine prevented IL-6-induced kynurenine pathway
activation.

Conclusions: Results suggest that R- and S-ketamine have pro-neurogenic and anti-inflammatory properties; however, this is medi-
ated by inhibition of the kynurenine pathway only in the context of IL-1b. Overall, this study enhances our understanding of the
mechanisms underlying ketamine’s antidepressant effects in the context of different inflammatory phenotypes, ultimately leading
to the development of more effective, personalized therapeutic approaches for patients suffering from depression.
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Significance Statement

Several studies have shown that ketamine is a fast-acting, efficient antidepressant that alleviates symptoms even in those suffer-
ing with treatment-resistant depression. However, its mechanisms of action are unclear. In this study we demonstrate, for the first
time (to our knowledge), that treatment in vitro of human hippocampal progenitor cells with R-ketamine or S-ketamine prevents
the reduction in neurogenesis caused by IL-6 and IL-1b. Additionally, our results suggest that this is achieved via the ability of the
ketamine enantiomers to counteract production of specific pro-inflammatory molecules, although with some enantiomer-specific
effects. However, we observe that the neuroprotective effect of ketamine enantiomers only involves inhibition of the kynurenine
pathway in the context of IL-1b, highlighting the importance of stratifying patients according to their unique inflammatory profile.
Overall, our findings have important implications toward the search for new and more personalized antidepressant treatment,
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with the aim of developing new therapeutic approaches that target the same anti-inflammatory pathways as ketamine but avoid

the psychomimetic and addictive side effects.

INTRODUCTION

In recent years, seminal research establishing the potent antide-
pressant properties of ketamine has led to important advance-
ments in the search for new depression therapeutics (Berman et al.,
2000). Ketamine is a noncompetitive antagonist to the N-methyl-
D-aspartate receptor (NMDAR) shown in numerous studies to alle-
viate depressive symptoms, even in those with treatment-resistant
depression (Diazgranados et al., 2010; Murrough et al., 2013; Bobo
etal, 2016). Additionally, unlike classic antidepressants, ketamine’s
effects are rapid, producing benefits as early as several hours after
administration (Berman et al, 2000; Matveychuk et al., 2020).
However, the use of ketamine could have adverse outcomes due to
its addictive properties and psychotomimetic effects (Strong and
Kabbaj, 2018). Therefore, uncovering the molecular mechanisms
through which ketamine induces antidepressant effects is vital to
developing targeted therapeutics with the same efficacy but with-
out the pertinent limitations.

In clinical trials, ketamine is used in 1 of 2 formulations: race-
mic ketamine, which is a mixture of the 2 enantiomers esketamine
(S-ketamine) and arketamine (R-ketamine) given intravenously;
and a nasal spray containing only S-ketamine (Jelen et al., 2021).
A recent meta-analysis of both ketamine formulations revealed
that racemic ketamine is a more effective antidepressant than
S-ketamine (Nikolin et al., 2023), indicating that R-ketamine also
has antidepressant effects.

While ketamine’s action as an NMDAR antagonist is believed
to be partially responsible for its antidepressant properties (Autry
etal, 2011; Jelen et al., 2021), not all NMDAR antagonists possess
antidepressant capabilities (Newport et al., 2015), highlighting
that ketamine’s mechanism of action is likely far more complex.
Additionally, preclinical evidence suggests that R-ketamine pro-
duces longer-lasting antidepressant-like effects than S-ketamine,
despite it being a less potent NMDAR antagonist (Yang et al.,
2015a; Fukumoto et al., 2017; Chang et al., 2019; Jelen et al., 2021).
Several preclinical and clinical studies show that ketamine can
decrease levels of proinflammatory cytokines, highlighting an
anti-inflammatory mechanism (Beilin et al., 2007; Loix et al.,
2011; Nikkheslat, 2021). This is particularly interesting given the
established association between inflammation and depressive
symptoms (Beurel et al., 2020; Pitharouli et al., 2021). Indeed, the
decrease in serum levels of cytokines following ketamine treat-
ment is correlated with an alleviation of depressive symptoms
(Chen et al., 2018; Kopra et al., 2021).

Both animal models and clinical studies demonstrate an
increased inflammatory milieu associated with depression,
including increased levels of interleukin-1beta (IL-1b), IL-6, tumor
necrosis factor-alpha (TNFa), and interferon-gamma (IFN-g) (Su et
al., 2019; Osimo et al., 2020; Das et al., 2021). Notably, high levels
of inflammatory markers are prominent in treatment-resistant
depression, and the levels of cytokines can predict nonresponse
to conventional antidepressants (Cattaneo et al., 2013; Kiraly et
al,, 2017; Yang et al., 2019). Among other mechanisms, cytokines
may influence depression pathogenesis via inhibition of hip-
pocampal neurogenesis (Wu and Zhang, 2023). Hippocampal
neurogenesis, which is defined as the generation of new neurons
within the subgranular zone of the dentate gyrus, has been sug-
gested in rodent studies to be required for antidepressant efficacy

(Santarelli et al., 2003). To measure hippocampal neurogenesis in
vitro, we use markers to determine differentiation into immature
(doublecortin [DCX]) (Gémez-Climent et al., 2008) and mature
(microtubule-associated protein 2 [MAP2]) neurons (DeGiosio
et al,, 2022). Indeed, studies from our group have demonstrated
that inflammatory cytokines decrease hippocampal progenitor
cell (HPC) differentiation in vitro in our well-established cellu-
lar model of depression in a dish (Zunszain et al., 2012; Borsini
et al,, 2017, 2018, 2019, 2020a, 2020b, 2021, 2022). In particular,
inflammation is thought to reduce neurogenesis and promote
depressive symptoms via activation of the kynurenine pathway,
increasing production of neurotoxic kynurenine pathway metab-
olites (Zunszain et al., 2012; Borsini et al., 2017; Savitz, 2020).

The kynurenine pathway begins when tryptophan, a seroto-
nin precursor, is degraded into kynurenine under regulation of
indoleamine 2,3-dioxygenase (IDO) (Figure 1). Inflammatory
cytokines, such as IL-1b, IL-6, TNF-a, and IFN-g, can induce IDO
and subsequently promote degradation of tryptophan down
the kynurenine pathway (Kwidzinski and Bechmann, 2007;
O’Connor et al., 2009; Zunszain et al., 2012; Fischer et al., 2015;
Borsini et al., 2017). Additionally, IL-1b activates the enzymes
kynurenine-3-monooxygenase (KMO) and kynureninase (KYNU),
which are involved in the production of further kynurenine path-
way metabolites, such as anthranilic acid, 3-hydroxykynrenine
acid (3-HK), and eventually the neurotoxic quinolinic acid (QUIN)
(Figure 1) (Zunszain et al., 2012). Under physiological conditions,
production of QUIN along the kynurenine pathway is used to pro-
duce de novo NAD+ from tryptophan. Indeed, QUIN is the endog-
enous source of nicotinamide (NIC) and NAD+ (Savitz, 2020). In
addition to de novo synthesis, NAD+ can be produced from nico-
tinic acid (NICA) via the Preiss-Handler pathway or from NIC via
the salvage pathway (Fricker et al., 2018; Castro-Portuguez and
Sutphin, 2020).

In addition to its role in NAD+ production, QUIN also behaves
as an NMDA receptor agonist, inducing neurotoxicity via glu-
tamate excitotoxicity and ultimately resulting in reduced hip-
pocampal neurogenesis (Lugo-Huitrén et al., 2013). Alternatively,
kynurenine can be metabolized via kynurenine aminotransferase
into kynurenic acid (KYNA), which has neuroprotective proper-
ties. Interestingly, a review of clinical studies (Kopra et al., 2021)
has revealed that treatment of depressed patients with ketamine
can modulate levels of kynurenine pathway metabolites, with
many commonly establishing that ketamine treatment decreases
kynurenine levels (Zhou et al., 2018; Kopra et al., 2021). This high-
lights that ketamine’s anti-inflammatory properties may allow
it to inhibit kynurenine pathway activation and thus provide
neuroprotection.

Previous studies from our group have established that antide-
pressant compounds can prevent cytokine-induced reductions in
HPC neurogenesis via decreased production of neurotoxic kynure-
nine pathway components (Borsini et al., 2017). However, it is
unknown whether ketamine can modulate the effect of cytokines
on HPCs in a similar manner. Therefore, in this study we aimed
to determine if treatment of HPCs in vitro with R-ketamine or
S-ketamine can prevent reductions in neurogenesis caused by
cytokines and whether this involves modulation of the kynure-
nine pathway. Due to evidence highlighting that the different
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Figure 1. The kynurenine pathway of tryptophan metabolism (A) and timeline of cellular experiments (B). Simplified kynurenine pathway

of tryptophan metabolism leading to production of either neurotoxic or neuroprotective metabolites (A); the experimental timeline used in

this study: cells were first treated for 3 days with reduced modified media with growth factors (proliferation media) with or without IL-1p or

IL-6 and/or R-ketamine, S-ketamine, sertraline or venlafaxine. After 3 days, media was removed, and cells were given media without growth

factors (differentiation media) and treatment with all compounds continued. For analysis of gene expression, RNA was isolated after 2 days in
differentiation. For analysis of cytokines and kynurenine pathway metabolites, supernatant was collected after 3 days in differentiation. For analysis
of differentiation and apoptosis, cells were fixed after 7 days of differentiation (10 days total treatment) and immunocytochemistry was performed (B).
Abbreviations: 3-HANA, 3-hydroxyanthranilic acid; 3-HK, 3-Hydorxykynurenine; IDO, indolamine-2,3,dioxygenase; KAT, kynurenine aminotransferase;
KMO, kynurenine-3-monooxygenase; KYNU, kynureninase; NAD+, nicotinamide adenine dinucleotide; NAMPT, nicotinamide phosphoribosyl
transferase; QUIN, quinolinic acid.
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ketamine enantiomers have different antidepressant efficacies;
we will treat cells with R-ketamine and S-ketamine separately.
Additionally, it has been demonstrated that R-ketamine induced
fewer dissociative and psychotomimetic effects compared with
S-ketamine (Passie et al., 2021). To the best of our knowledge, this
is the first study to directly compare the effects of the 2 ketamine
enantiomers in an in vitro model of depression using human hip-
pocampal neuronal cells.

MATERIALS AND METHODS
Cell Culture

For all experiments, the multipotent human HPC line
HPCOA07/03C (provided by ReNeuron, Surrey, UK) was used. Cells
were allowed to proliferate in reduced modified media (for details
on media reagents, see Zunszain et al., 2012; Borsini et al., 2017)
supplemented with the growth factors epidermal growth factor,
basic fibroblast growth factor, and 4-hydroxytamoxifen (4-OHT).
Cells were grown in 25-cm? filtered cap culture flasks (Nunclon,
Roskilde, Denmark) at 37°C in 5% CO, and regulatory passaged
at 80% confluence before being transferred to plates. To initiate
differentiation, growth factors and 4-OHT were removed. Detailed
information on this cell line can be found in our previous publica-
tions (Anacker et al., 2013a; Borsini et al., 2017, 2018, 2019, 2020a,
2020b, 2021, 2022).

Assays With Antidepressants and Ketamine
Enantiomers

For the experiments described below, treatment conditions and
doses of cytokines and antidepressants were chosen as described
in our previous work (Zunszain et al., 2012; Borsini et al., 2017,
20203, 2020b). Ketamine enantiomers were selected to fall within
the range of concentrations observed in the plasma of depressed
patients after ketamine infusion therapy (Zarate et al., 2012; Zhao
et al.,, 2012). Cells were plated in 96-well plates (Nunclon) at a
density of 15 000 cells per well and allowed to adhere for 24 hours.
Cells were then treated, for 3 days of proliferation, with either
IL-1b (10 ng/mL) or IL-6 (50 pg/mL) alone or in combination with
R-ketamine (400 nM), S-ketamine (400 nM), sertraline (1 mM), or
venlafaxine (1 mM). After 3 days of proliferation, cell media were
removed, and treatment with the cytokines and each compound
was repeated in media without growth factors and 4-OHT for an
additional 7 days to allow the cells to differentiate. Subsequently,
cells were fixed with 4% paraformaldehyde (PFA) and immuno-
cytochemistry was performed. RNA was extracted after 2 days of
differentiation for the measurement of expression of candidate
kynurenine pathway genes, whereas supernatant was collected
after 3 days of differentiation for analysis of cytokine production
and kynurenine pathway metabolites. Finally, to determine the
specific, direct effect of each kynurenine metabolite on neurogen-
esis, cells were treated from day 3 until day 7 of differentiation
with the same metabolites previously found to be elevated in the
supernatant. See Figure 1B for an experimental timeline.

Immunocytochemistry and Quantification of
Immunofluorescence

Immunocytochemistry was performed on day 7 of differen-
tiation to investigate changes in neurogenesis and apopto-
sis, DCX, MAP2, and caspase-3 (CC3). Briefly, fixed cells were
incubated with blocking solution (5% normal donkey serum,
Scientific Laboratory Supplies Ltd, Nottingham, UK) for 2 hours
at room temperature before incubation with primary antibod-
ies (rabbit anti-DCX, 1:500; mouse anti-MAP2 [HM], 1:500; rabbit

anti-CC3 1:500) at 4°C overnight. Cells were incubated sequen-
tially in blocking solution for 30 minutes, secondary antibodies
(Alexa 488 donkey anti-rabbit; 1:1000; Alexa donkey 555 anti-
mouse; 1:1000, Invitrogen, Carslbad, CA, USA) for 2 hours, and
4’ 6-diamidino-2-phenylindole dye for 5 minutes. Detailed
information on the immunocytochemistry procedure can be
found in our previous publication (Borsini et al.,, 2017). The
percentage of DCX-, MAP2- and CC3-positive cells over total
4’ 6-diamidino-2-phenylindole-positive cells was counted using
an automated approach using Celllnsight NXT High content
screening platform (ThermoScientific, Waltham, MA, USA) (sup-
plementary Fig. 1A-C for representative images).

RNA Isolation and cDNA Synthesis

RNA was isolated from cells in 6-well plates on day 2 of differ-
entiation using the RNeasy Plus Micro Kit (Qiagen, Crawley, UK)
following the manufacturer’s instructions. Samples were stored
at —80°C before further use. RNA quality and quantity were
assessed by evaluation of the A260/280 and A260/230 ratios using
a Nanodrop spectrometer (Nanodrop Technologies, Wilmington,
DE, USA). For cDNA synthesis, 1 mg of RNA was reverse tran-
scribed using Superscript III enzyme (Invitrogen, Carslbad, CA,
USA), as previously described (Borsini et al., 2018).

Quantitative Real-Time PCR (QPCR) Analyses

gPCR was performed using Predesigned TagMan Gene Expression
Assay probes (Life Technologies, Carslbad, CA, USA) with TagMan
Universal PCR Master Mix with UNG (Life Technologies, Carslbad,
CA, USA), using Chromo 4 DNA instrument from BioRad. The
expression of target genes IDO, KMO, and KYNU was normal-
ized to the expression levels of beta actin and glyceraldehyde-3-
phosphate dehydrogenase as references. The relative expression
levels of target genes detected were calculated using the Pfaffl
method (Pfaffl, 2001), with data normalized to the geometric
mean of the housekeeping genes and expressed as fold change
compared with the control sample.

Multiplex Cytokine Assay

The concentration of cytokines in the supernatant was measured
at day 3 of differentiation. Supernatants were analyzed using
the Human Proinflammatory V-Plex Panel 1 Kit from Meso Scale
delivery (Gaithersburg, MD, USA) according to the manufacturer’s
instructions. In brief, 50 mL of each diluted sample was added
in duplicate to the Meso Scale delivery plate before shaking at
700 rpm for 2 hours at room temperature. Subsequently, the plate
was washed 3 times before addition of 25 mL detection antibody
to each well and shaking for another 2 hours at 700 rpm. Finally,
the plate was washed 3 times, and 150 mL of read buffer was
added to each well. The plate was analyzed using the SECTOR
Imager machine to measure a panel of 10 cytokines: IL-1b, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, TNF-3, and IFN-g.

Liquid Chromatography

The concentration of kynurenine pathway metabolites was
measured on day 3 of differentiation. Fifty pL of supernatants
was added with an equal volume of ice-cold 1 M perchloric acid
(HCIO,) fortified with a mix of the following stable isotope-labeled
internal standard (final concentration 1 pM): L-kynurenine-d4,
kunurenic acid-d5 (Buchem BV), and L-Tryptophan-d5 (Sigma-
Aldrich, Burlington, MA, USA). Samples were centrifuged (15 000
x g, 15 minutes), and the supernatants were collected and directly
injected into liquid chromatography with tandem mass spec-
trometry (LC-MS/MS). The analyses of kynurenine, tryptophan
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Figure 2. Ketamine and antidepressants reverse the IL-1b- and IL-6-induced reductions in neurogenesis and increases in apoptosis in human
hippocampal progenitor cells. Treatment with IL-1b (10 000 pg/mL) decreases the number of DCX-positive (A) and MAP2-positive (B) neurons and
increases the number of CC3 positive neurons (C). Treatment with R-ketamine, S-ketamine, sertraline, or venlafaxine reverse the IL-1b-induced
decrease in DXC-positive cells (A) and MAP2 positive cells (B), and the increase in CC3 positive cells (C). Treatment with IL-6 (50 pg/mL) decreases

the number of DCX-positive (D) and MAP2-positive (E) neurons and increases the number of CC3 positive neurons (F). Treatment with R-ketamine,
S-ketamine, sertraline, or venlafaxine reverse the IL-6-induced decrease in DXC-positive cells (D) and MAP2 positive cells (E), and the increase in CC3
positive cells (F). Two-way ANOVA was performed. Data are shown as mean; *P<.05, *P<.01, **P<.001 comparisons as indicated.
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Figure 2. Continued

(TRP), anthranilic acid (ANA), KYNA, 3-HK, 3-hydroxyanthranilic
acid (3-HANA), QUIN, NICA, and NIC in the supernatant were per-
formed using an Agilent HP 1200 liquid chromatograph (Agilent,
Milan, Italy) consisting of a binary pump, an autosampler,
and a thermostated column compartment. Chromatographic

separations were carried out using a Discovery HS-F5 column
(3-um particle size, 150 x 2.1 mm, Supelco, Milan, Italy) using 0.1%
formic acid in water andacetonitrile (ACN) as mobile phase. The
high performance liquid chromatography (HPLC) analyses were
carried out using a linear elution profile of 15 minutes from 5%
to 90% of ACN. The column was washed with 90% ACN for 3.5
minutes then equilibrated for 5 minutes with 5% ACN. The flow
rate was 0.5 mL/min. The injection volume was 20 pL. An Agilent
6410 triple quadrupole-mass spectrometer with an electrospray
ion source operating in positive mode was used for detection.
The SRM pairs were 205->188, 209->192, 138->120, 190->144,
123->80and 124—>80 for TRP, KYN, ANA, KYNA, NIC, and NICA,
respectively. The calibration curves were constructed using cali-
bration standards and were linear over the concentration range of
0.0064-5.000 uM for ANA, KYNA, PIC, and NICA; 0.0128-10.00 pM
for KYN, and NIC; and 0.1280-100 pM for TRP, with a correlation
coefficient (r?) included between the values 0.9979 and 0.9991.

Statistical Analysis

Data are presented as mean + SEM. All statistical analyses were
performed with GraphPad Prism 7 on a minimum of 6 biologi-
cal replicates. Two-way ANOVA with Bonferroni post hoc test was
used for multiple comparisons. P <.05 was considered significant.

RESULTS

Ketamine Enantiomers and Antidepressants
Equally Prevent the IL-1b- and IL-6-Induced
Reduction of Neurogenesis

As we had previously shown (Zunszain et al., 2012), treatment of
cells with IL-1b (10 ng/mL) after 7 days of differentiation resulted
in decreased differentiation, demonstrated through a decrease in
both early markers (numbers of DCX-positive, 6%, P<.01, vs vehi-
cle; Figure 2A) and mature markers (MAP2-positive cells,~12%,
P<.01, vs vehicle, Figure 2B), as well as increased apoptosis
(increased numbers of CC3-positive cells, +4%, P<.01, vs vehicle;
Figure 2C). As in our previous studies (Borsini et al., 2022), sim-
ilar effects were observed for IL-6 (50 pg/mL) (DCX: —9%, P<.05,
vs vehicle; Figure 2D; MAP2: —-10%, P<.01, vs vehicle; Figure 2E;
CC3: +4%, P<.01, vs vehicle; Figure 2F). We now add to these find-
ings by showing that co-incubation of cells with either R-ketamine
(400 nM), S-ketamine (400 nM), sertraline (1 mM), or venlafaxine
(1 mM) fully prevented IL-1b-induced decrease of DCX-positive
and MAP2-positive cells (Figure 2A-B) and the increase of CC3-
positive cells (Figure 2C). Again, similar effects were observed for
IL-6 (Figure 2D-F). Treatment with either ketamine enantiomer or
venlafaxine alone did not affect the number of DCX-, MAP2-, or
CC3-positive cells (Figure 2A-F), whereas, as in our previous find-
ing (Borsini et al., 2017), sertraline alone increased the number of
MAP2-positive cells (+3%, P<.05, vs vehicle; Figure 2B). We addition-
ally treated the cells with IL-1B and IL-6, and R- and S-ketamine, in
co-treatment (supplementary Figure 2). Results showed that there
was no additive detrimental or protective effect of co-treating
cells with both cytokines and ketamine enantiomers, respectively.
Based on these results, and the fact that the main objective of
this study was to differentiate different underlying mechanisms,
we focused on the effects of treating with each cytokine or ket-
amine enantiomer alone. Overall, these findings are consistent
with the notion that, similarly to antidepressants, R-ketamine and
S-ketamine can positively affect neurogenesis when in the pres-
ence of an immune challenge, like cytokines, thereby preventing
their detrimental effects of inflammation on neuronal cells.
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Figure 3. Cytokine release in the supernatant of cells exposed to IL-1b alone or in co-treatment with ketamine or antidepressants. Concentrations
of cytokines in the supernatant of cells treated for 3 days during proliferation followed by 3 days during differentiation with IL-1b alone or in
combination with R-ketamine, S-ketamine, sertraline, or venlafaxine. Treatment with IL-1b alone increased the concentration of all cytokines in the
supernatant (A-J). Treatment with antidepressants alone increased the concentration of IL-2 (B) and decreased the concentration of IL-6 (D), while
treatment with ketamine alone decreased the concentration of IL-4 (C), IL-6 (D), and IL-10 (F). R-ketamine, sertraline, and venlafaxine prevented the
IL-1b-induced increase in IL-2 (B) and IL-13 (H). S-ketamine, sertraline, and venlafaxine prevented the IL-1b-induced increased production of TNF-a
(I). Two-way ANOVA was performed. Data are shown as mean: *P<.05, *P<.01, **P<.001 comparisons as indicated.
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Figure 3. Continued

Ketamine Enantiomers and Antidepressants
Prevent IL-1b- and IL-6-Induced Increased
Production of Specific Cytokines

To establish the molecular mechanisms through which R-ketamine
and S-ketamine prevents the anti-neurogenic effects of cytokines,

9)
IL12
E
o
o
c
o
s
€
o
3]
c
o
3]
~
-
=
& 9
h)
IL13
— 15+
E *kk
o
Q *kk
c
9 104 *kk
©
s
c
3
c 51
o
0
™
-
|
= o
O QA
\& Q(\& Q& \\$ '\\s '\(\0 '@Q ﬂ\oe ’\Qz
O oo F L
QS ¢ Qﬂ\o‘\oée\'o{\'\o
O & F & S
Q¥ & > 4 ed Q
N LS LEF e o x"
N 3ot 0 kT
VEE TSNS E
¢ 9 S S NP
R R R
SHEN S
Q° O Q
N N rS? N
\4 \4

we measured levels of cytokines in the supernatant after 3 days
of differentiation. As we had previously shown (Borsini et al,,
2021), treatment of cells with IL-1b increased the concentration
of IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, TNF-a, and IFN-g
compared with control (Figure 3A-J). Sertraline and venlafaxine
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Figure 3. Continued

had the broadest effects on cytokines, as they prevented the IL-1b-
induced increased production of IL-2 (sertraline: from 5.5 to 1.5
pg/mL, P<.01; venlafaxine: from 5.5 1.5 pg/mL, P<.01; Figure 3B),
IL-13 (sertraline: from 10 to 2 pg/mL, P<.001, venlafaxine: from
10 to 3 pg/mL, P<.001; Figure 3H), and TNF-a (sertraline: from 9

to 2 pg/mL, P<.01; venlafaxine: from 9 to 3 pg/mL, P<.01; Figure
3I). Co-treatment with R-ketamine and S-ketamine, instead, had
more specific effects, albeit on the same cytokines: R-ketamine
prevented the IL-1b-induced increased production of IL-2 (from
5.5 to 2 pg/mL, P<.01; Figure 3B) and IL-13 (from 10 to 3 pg/mL,
P<.001; Figure 3H), while S-ketamine prevented the IL-1b-induced
increased production of TNF-a (from 9 to 3 pg/mL, P<.01; Figure 3I).

A similar pattern was present with IL-6. Exposure of cells to IL-6
increased the concentration of IL-1b, IL-6, IL-8, and IL-13 (Figure
4A-]). Again, sertraline and venlafaxine had the broadest effects
on cytokines, as they prevented IL-6-induced increased production
of IL-1b (sertraline: from 25 to 2 pg/mL, P<.001, venlafaxine: from
25 to 2 pg/mL, P<.001; Figure 4A) and IL-8 (sertraline: from 110 to
2 pg/mL, P<.001, venlafaxine: from 110 to 2 pg/mL, P<.001; Figure
4E), and IL-13 (sertraline: from 12 to 1 pg/mL, P<.001, venlafaxine:
from 12 to 1 pg/mL, P<.001; Figure 4H). Again, co-treatment with
R-ketamine and S-ketamine had more specific effects: S-ketamine
prevented the IL-6-induced increased production of IL-1b (from 25
to 2 pg/mL, P<.001; Figure 4A) and IL-8 (from 110 to 2 pg/mL, P<.001;
Figure 4E), while co-treatment with R-ketamine prevented the IL-6-
induced increased production of IL-13 (R-ketamine: from 12 to 1 pg/
mlL, P<.001; Figure 4H). These findings indicate that R-ketamine and
S-ketamine modulate distinct inflammatory cytokines.

Treatment With Antibodies against IL-2, IL-13,
and TNF-a, and IL-1b, IL-8, and IL-13 Prevents,
Respectively, IL-1b- and IL-6-Induced Reduction
of Neurogenesis and Increase of Apoptosis

To confirm that the previously identified cytokines were indeed
responsible for the beneficial effects exerted by each ketamine
enantiomer and antidepressants in the presence of either IL-1b
(through IL-2, IL-13, and TNF-a) or IL-6 (through IL-1b, IL-8,
and IL-13), we treated cells with IL-1b or IL-6, but in this case
we added antibodies against the specific downstream cytokines.
Similar to treatment with either ketamine enantiomer or anti-
depressants, treatment of cells with either anti-IL-2 antibody
(IL-2A) (0.03 pg/mL), IL-13A (0.1 ug/mL), or TNF-aA (0.01 pg/mL)
prevented the IL-lb-induced decrease in DCX-positive (IL-2A:
+7%, P<.01 vs IL-1b, IL-13A: +6%, P<.01 vs IL-1b, TNF-aA: +7%,
P<.01 vs IL-1b; Figure 5A) and MAP2-positive cells (IL-2A: +10%,
P<.01 vs IL-1b, IL-13A: +9%, P<.01 vs IL-1b, TNF-aA: +1%, P<.01
vs IL-1b; Figure 5B) and increase in CC3-positive cells (IL-2A:
-5%, P<.01 vs IL-1b, IL-13A: 6%, P<.01 vs IL-1b, TNF-aA: —6%,
P<.01 vs IL-1b; Figure 5C). Again, similar to treatment with either
ketamine enantiomer or antidepressants, treatment with either
IL-1bA (0.1 pg/mL), IL-8A (0.1 pg/mL), or IL-13 A (0.1 pg/mL) pre-
vented the IL-6-induced reduction of DCX-positive cells (IL-1bA:
+6%, P<.01 vs IL-6, IL-8A: +5%, P<.01 vs IL-6, IL-13A: +5%, P<.01
vs IL-6; Figure 5D) and MAP2-positive cells (IL-1bA: +10%, P<.01
vs IL-6, IL-8A: +9%, P<.01 vs IL-6, IL-13A: +10%, P<.01 vs IL-6;
Figure SE), as well as increase of CC3-positive cells (IL-1bA: =5%,
P<.01vsIL-6,IL-8A: -7%,P<.01vs IL-6, IL-13A: -5%, P<.01 vs IL-6;
Figure 5F). Therefore, these findings confirm the involvement of
these cytokines as a mechanism behind the ability of R-ketamine,
S-ketamine, and antidepressants to reverse cytokine-induced
reductions of neurogenesis and increase apoptosis.

Ketamine Enantiomers and Antidepressants
Prevent IL-1b- but Not IL-6-Induced Activation
of Kynurenine Pathway via Inhibiting IL-2, IL-13
and TNFa

Having shown the ability for ketamine enantiomers and anti-
depressants to inhibit the IL-1b- and IL-6-induced production
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Figure 4. Production of cytokines in the supernatant of cells exposed to IL-6 alone or in co-treatment with ketamine or antidepressants.
Concentrations of cytokines in the supernatant of cells treated for 3 days during proliferation followed by 3 days during differentiation with IL-6 alone
or in combination with R-ketamine, S-ketamine, sertraline, or venlafaxine (A-]). Treatment with IL-6 alone increased the concentration of IL-1b (A),
IL-6 (D), IL-8 (E), and IL-13 (H) in the supernatant. Treatment with antidepressants alone increased the concentration of IL-2 (B) and decreased the
concentration of IL-6 (D), while treatment with ketamine alone decreased the concentration of IL-4 (C), IL-6 (D), and IL-10 (F). S-ketamine, sertraline,
and venlafaxine prevented the IL-6-induced increase in IL-1b (A) and IL-8 (E). R-ketamine, sertraline, and venlafaxine prevented the IL-6-induced
increased production of IL-13 (H). Two-way ANOVA was performed. Data are shown as mean: *P<.05, *P<.01, **P<.001 comparisons as indicated.
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Figure 4. Continued

of downstream cytokines, which are responsible for the detri-
mental effects observed on neurogenesis and apoptosis, we sub-
sequently measured candidate metabolites of the kynurenine
pathway, again in the presence of IL-1b or IL-6, either alone or in
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co-treatment with R-ketamine, S-ketamine, or antidepressants, in
supernatant of cells after 3 days of differentiation.

In particular, IL-1b induced the production of KYN (+1 puM,
P<.001, vs vehicle), ANA (+0.001 puM, P<.05, vs vehicle), and NICA
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Figure 4. Continued

(+1 pM, P<.05, vs vehicle), while no changes were observed for
TRP, KYNA, or NIC (Figure 6A-L). Interestingly, co-treatment with
either R-ketamine, S-ketamine, sertraline, or venlafaxine fully
prevented the IL-lb-induced increased concentration of KYN

(Figure 6A) but not of the other 2 metabolites (Figure 6A, E, I).
Similar effects to ketamine enantiomers and antidepressants
were observed when cells were treated with IL-1b and IL-2A,
IL-13A, or TNFaA (Figure 6A, E, I). This suggests that the produc-
tion of KYN is indeed mediated by (IL-1b-induced) IL-2, IL-13, and
TNFa and that both ketamine enantiomers and antidepressants
are able to inhibit the production of KYN via acting on the same
cytokines. The concentration of 3-HK, 3-HANA, and QUIN were
below the detection limit for all treatment conditions (data not
shown).

Similarly, IL-6 induced the production of KYN (+0.02 uM,
P<.05, vs vehicle), ANA (+0.001 pM, P<.01, vs vehicle), and, dif-
ferently from IL-1b, of the neuroprotective KYNA (+0.0009 pM,
P<.01, vs vehicle), while no changes were observed for TRP, NICA,
or NIC (Figure 6M-X). Interestingly, in this case, co-treatment
with R-ketamine, S-ketamine, sertraline, or venlafaxine did not
prevent IL-6-induced increased concentration of any of these
metabolites (Figure 6M, Q, S). Similarly, treatment of cells with
IL-6 and either IL-1bA, IL-8A, or IL-13A (Figure 6M, Q, S) also did
not prevent IL-6-induced increased concentration of any of these
metabolites. This suggests that the production of KYN, ANA, and
KYNA is not mediated by (IL-6-induced) IL-1bA, IL-8A, or IL-13A,
which are instead a target of R-ketamine, S-ketamine, and antide-
pressants. Again, the concentrations of 3-HK, 3-HANA, and QUIN
were below the detection limit for all treatment conditions (data
not shown).

We confirmed activation of the kynurenine pathway by meas-
uring the expression of the enzymes IDO, KMO, and KYNU upon
treatment with IL-1b (IDO: +200%, P<.0001 vs vehicle, KMO:
+150%, P<.0001 vs vehicle, KYNU: +100%, P<.001 vs vehicle;
Figure 7A-C) and IL-6 (IDO: +250%, P<.001 vs vehicle, KMO: +150%,
P<.001 vs vehicle, KYNU: +100%, P<.001 vs vehicle; Figure 7D-F)
after 2 days during differentiation. Interestingly, and in line with
previous findings, co-treatment with ketamine enantiomers, anti-
depressants, IL-2A, IL-13A, or TNFaA fully prevented the IL-1b-
induced upregulation of IDO expression but not of KMO and
KYNU (Figure 7A-C). However, co-treatment with R-ketamine,
S-ketamine antidepressants, IL-1bA, IL-8A, or IL-13A did not pre-
vent the IL-6-induced increase in IDO, KMO, and KYNU (Figure
7D-F). Again, this is in line with previous findings from this study
whereby ketamine enantiomers and antidepressants are able to
inhibit kynurenine pathway activation only in presence of IL-1b
but not of IL-6.

Treatment of Cells With IL-1b- or IL-6-Induced
Kynurenine Metabolites Decreases Neurogenesis
and Increases Apoptosis

To test whether these identified kynurenine metabolites were
able to have detrimental effects on neurogenesis and apoptosis,
we exposed cells (between day 3 and 7 of differentiation) directly
to the same concentrations of KYN, ANA, NICA, or KYNA previ-
ously identified upon treatment with IL-1b or IL-6 alone. Results
showed that KYN (1 mM), ANA (0.0015 mM), and NICA (1 mM)
decreased the percentage of DCX-positive cells (KYN: -7% vs
vehicle, P<.01, ANA: —=7% vs vehicle, P<.01, NICA: —=7% vs vehicle,
P<.01; Figure 7G) and MAP2-positive cells (KYN: -11% vs vehi-
cle, P<.05, ANA: —-10% vs vehicle, P<.05, NICA: -10% vs vehicle,
P<.01; Figure 7H) and increased the percentage of CC3-positive
cells (KYN: +4% vs vehicle, P<.01, ANA: +5% vs vehicle, P<.05,
NICA: 5% vs vehicle, P<.05; Figure 71) to the same level as treat-
ment with IL-1b. Additionally, treatment with KYN (0.08 mM) and
ANA (0.002 mM) decreased the percentage of DCX-positive cells
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Figure 5. Antibodies against IL-2, IL-13, and TNF-a, and IL-1b, IL-8 and IL-13 prevent, respectively, IL-1b- and IL-6-induced reductions in neurogenesis
and increases in apoptosis. Treatment with IL-2A (0.03 mg/mL), IL-13A (0.1 mg/mL), and TNF-aA (0.01 mg/mL) prevents the decrease in DCX- and
MAP2-positive cells and the increase in CC3-positive cells induced by IL-1b (A-C). Treatment with IL-1bA (0.1 mg/mL), IL-8A (0.1 pg/mL), and IL-13A
(0.1 mg/mL) prevents the decrease in DCX- and MAP2-positive cells and the increase in CC3-positive cells induced by IL-6 (D-F). Two-way ANOVA was
performed. Data are shown as mean; *P<.05, *P<.01 comparisons as indicated.
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Figure 5. Continued

(KYN: —8% vs vehicle, P<.05, ANA: —7% vs vehicle, P<.05; Figure
7]) and MAP2-positive cells (KYN: -10% vs vehicle, P<.01, ANA:
-8% vs vehicle, P<.01; Figure 7K) and increased the percentage
of CC3-positive cells (KYN: +5% vs vehicle, P<.01, ANA: +5% vs

vehicle, P<.01; Figure 7L) to the same level as treatment with IL-6.
Conversely, treatment of cells with (the neuroprotective) KYNA
at concentrations found in the supernatant of cells treated with
IL-6 (0.002 mM) increased the percentage of DCX-positive cells
(KYNA: +4% vs vehicle, P<.05; Figure 7J) and MAP2-positive cells
(KYNA: +5% vs vehicle, P<.01; Figure 7K) and decreased the per-
centage of CC3-positive cells (KYNA: -2% vs vehicle, P<.01; Figure
7L) compared with IL-6 treatment. Overall, these results suggest
that R-ketamine and S-ketamine prevent the anti-neurogenic
effects of IL-1b via inhibition of cytokine production and sub-
sequent inhibition of the cytokine-activated kynurenine path-
way. However, for IL-6, R-ketamine and S-ketamine prevent the
anti-neurogenic effects via inhibition of cytokine production but
not via subsequent inhibition of the cytokine-activated kynure-
nine pathway.

DISCUSSION

Our results show, to our knowledge for the first time, that treat-
ment of HPCs with both R- and S-ketamine prevents IL-1b- and
IL-6-induced reductions in hippocampal neurogenesis in vitro
by inhibiting cytokine production downstream of IL-1b and IL-6.
Interestingly, both R- and S-ketamine inhibit the (neurotoxic)
kynurenine pathway only in response to IL-1b. Additionally, to
the best of our knowledge, this is the first study to directly com-
pare the neuroprotective effects of the 2 ketamine enantiomers,
S-ketamine and R-ketamine, and we demonstrate that they have
distinct immunomodulatory profiles.

Treatment of cells with R-ketamine or S-ketamine is equally
efficacious in preventing the IL-1b- and IL-6-induced reductions
in neurogenesis. The efficacy of ketamine specifically in preventing
cytokine-induced reductions in neurogenesis is of particular rel-
evance given the role that the immune system plays in depres-
sion, particularly in treatment-resistant patients (Strawbridge et
al., 2015; Cattaneo et al., 2020b). Indeed, patients with treatment-
resistant depression and a higher inflammatory milieu have a bet-
ter response to anti-inflammatory medications, including ketamine
(Yang et al., 2019; Nettis et al., 2021). Additionally, we demonstrate
that both ketamine enantiomers (400 nM) prevent the increase
in apoptosis induced by IL-6 and IL-1b. This is in alignment with
previous studies in cultured rodent NPCs, whereby treatment with
similar concentrations of racemic ketamine, containing both R-
and S-enantiomers, promotes neuronal survival and attenuates
apoptosis (Wu et al., 2023; Zhao et al., 2023).

Our results demonstrate that treatment of HPCs with IL-1B or
IL-6 increases levels of cytokines, as established in our previous
studies (Borsini et al., 2020a, 2021, 2022). However, co-treatment
with R-ketamine or S-ketamine attenuates this increase.
Specifically, the ketamine enantiomers prevent IL-1B-induced
elevations in IL-2, IL-13, and TNF-q, as well as IL-6-induced ele-
vations in IL-1B, IL-8, and IL-13. These findings are in accordance
with clinical and preclinical studies, whereby ketamine treat-
ment reduces circulating levels of cytokines alongside increasing
neurogenesis (Dong et al., 2012; Yang et al., 2013a, 2013b; Clarke
et al,, 2017; Zhou et al.,, 2020; Kopra et al., 2021; Sukhram et al,,
2022). Furthermore, cytokine reductions are most prevalent in
patients who respond to ketamine, highlighting the role of this
decrease in alleviating depressive symptoms (Yang et al., 2015b;
Nikkheslat, 2021).

Of note, our findings reveal that the 2 ketamine enantiom-
ers exhibit distinct immunomodulatory properties. Specifically,
R-ketamine attenuates IL-1b-induced IL-2 and IL-13, as well
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Figure 6. Ketamine and antidepressants prevent IL-1b-but not IL-6-induced activation of the kynurenine pathway via inhibiting IL-2, IL-13, and

TNFa. Concentrations of kynurenine pathway metabolites in the supernatant of cells treated for 3 days during proliferation followed by 3 days during
differentiation with IL-1b or IL-6 alone or in combination with R-ketamine, S-ketamine, sertraline, or venlafaxine (A-X). Treatment with IL-1b alone
increased the concentration of kynurenine (KYN) (A), anthranilic acid (E), and nicotinic acid (NICA) (I). Co-treatment with R-ketamine, S-ketamine,
sertraline, venlafaxine, IL-2A, IL-13A, or TNF-aA prevents the IL-1b-induced increased production of KYN (A). Treatment with R-ketamine, S-ketamine,
sertraline, venlafaxine, IL-2A, IL-13A, or TNF-a alone increases the concentration of anthranilic acid (F). Treatment with IL-13A or TNF-a alone increases
the concentration of KYN (A) and decreases the concentration of NICA (J). Treatment with IL-6 increased production of KYN (M), ANA (Q), and KYNA (S),
none of which were prevented by co-treatment with R-ketamine, S-Ketamine, sertraline, venlafaxine, IL-1bA, IL-8A, or IL-13A. Treatment with IL-1bA,
IL-8A, or IL-13A alone increased the concentration of KYN (N), while R-ketamine, S-ketamine, sertraline, venlafaxine, IL-1bA, IL-8A, or IL-13A alone
increased the concentration of ANA (R) and NICA (U) and decreased the concentration of nicotinamide (NIC) (W). Two-way ANOVA (A, C,E, G, LK, M, O, Q,
S, U, W) and 2-way ANOVA (B, D, F, H,J, L, N, P, R, T, V, X) were performed. Data are shown as mean: *P<.05, “P<.01, **P<.001 comparisons as indicated.
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Figure 6. Continued

as IL-6-induced IL-13. In contrast, S-ketamine mitigates IL-1b-
induced TNF-a, as well as IL-6-induced IL-1b and IL-8, high-
lighting the importance of considering ketamine formulation in
depression treatment. Also, the addition of an antibody to any

g9)
KYNA
0.020
0.015-]
= 0.010-
0.005-]
0.000-
O Q & . L .2 .2
Q‘%& &\o @\o ,3}‘0 6"\0
P P &
QQ + ‘l‘ 5.,0 0(\
QE'\ xQ: x%' \x xA
S &S S
S S N ©
R RN N N
S S
QIO
QTSR
N N ¥ N
WV A\4
h)
KYNA
0.005
0.004
0.003
=
=
0.002
0.001
0.000-
&
¢
C o

of these cytokines inhibited by either ketamine enantiomer
prevents the detrimental effects of IL-1b and IL-6 to the same
degree as R-ketamine or S-ketamine treatment alone, highlight-
ing their role in mediating the anti-neurogenic effects of IL-1b

202 4990120 /| UO Jasn ooluejog OUQ Pa oinis| Aq 6v61.9.2/Ly0eAd/0 L/ 2Z/a10Me/dull/wod dno-oiwspede//:sdny wouj papeojumoq



Ketamine Prevents Inflammation-Induced Reduction of Human Hippocampal Neurogenesis | 17

NICA

NICA

0.154

0.10-

uM

D
¢
&

& Ty
,o:l'

Figure 6. Continued

and IL-6. Indeed, higher IL-13 levels are associated with more
severe depression and a higher number of suicide attempts (Vai
et al,, 2021), and elevated levels of IL-2 (Suhee et al., 2023), TNF-a
(Tuglu et al.,, 2003), and IL-8 (Kuzior et al., 2020) are associated
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with depressive symptoms in clinical studies. Certainly, a recent
meta-analysis concluded that the racemic ketamine formulation,
which contains both R-ketamine and S-ketamine, is a more effec-
tive antidepressant than S-ketamine alone (Nikolin et al., 2023),
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Figure 6. Continued

indicating that R-ketamine also has, or participates in, the anti-
depressant effects. Indeed, while not tested clinically, preclinical
studies have shown R-ketamine be a more efficacious antidepres-
sant than S-ketamine (Fukumoto et al., 2017; Chang et al., 2019).
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Considering the present study, it is tempting to speculate that the
clinical superiority of the racemic formulation may stem from
the synergistic action of both enantiomers in mitigating produc-
tion of a broader spectrum of cytokines. Even though our results
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Figure 6. Continued

indicate both enantiomers are equally efficacious in alleviating
anti-neurogenic effects, their divergent anti-inflammatory profile
highlights the possibility of stratifying patients to a ketamine for-
mulation depending on their distinct inflammatory milieu.
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The role of the kynurenine pathway in inflammation-induced
depression has become increasingly apparent (Borsini et al., 2017;
Savitz, 2020; Kopra et al., 2021), and studies have highlighted the
ability of ketamine to modulate this pathway (Kopra et al., 2021).
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The results presented here and previous findings from our group
have established that IL-1b treatment modulates the kynurenine
pathway in vitro, with increased activity of the neurotoxic arm
associated with decreased neurogenesis (Zunszain et al., 2012;

27,No. 10

NIC

NIC

15

Borsini et al., 2017). Therefore, we wanted to explore if ketamine’s
ability to prevent the anti-neurogenic effects of cytokines may be
mediated via modulation of the kynurenine pathway. Indeed, we
find that the IL-1b-induced increase in both the concentration
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Figure 7. Expression of genes involved in the activation of the kynurenine pathway, and the effect on cells of IL-1b- and IL-6-induced kynurenine
metabolites. Gene expression changes in cells treated for 3 days during proliferation followed by 2 days during differentiation with IL-1b or IL-6 alone or in
combination with R-ketamine, S-ketamine, sertraline, or venlafaxine. Treatment with IL-1b increased expression of IDO, KMO, and KYNU (A-C). Co-treatment
with R-ketamine, S-ketamine, sertraline, venlafaxine, and IL-2A, IL-13A, and TNF-aA prevented the IL-1b-induced increased expression of IDO (A). Treatment
with IL-6 alone increased the concentrations of IDO, KMO, and KYNU (D-F); however, none of these increases were prevented by co-treatment with
R-ketamine, S-ketamine, sertraline, venlafaxine, or antibodies for IL-1b, IL-8, and IL-13. Additionally, cells were treated between day 3 and 7 of differentiation
directly to the same concentrations of KYN, ANA, NICA, or KYNA previously identified upon treatment with IL-1b or IL-6 alone. Treatment of cells with KYN
(1 mM), ANA (0.0015 mM), and NICA (1 mM) decreased the percentage of DCX- and MAP2-positive neurons and increased the percentage of CC3-positive
neurons to the same degree as IL-1b treatment (G-I). Similarly, KYN (0.08 mM) and ANA (0.002 mM) decreased the percentage of DCX- and MAP2-positive
neurons and increased the percentage of CC3-positive neurons to the same degree as IL-6 treatment (J-L). Conversely, treatment with KYNA (0.002 mM)
increased the percentage of DCX- and MAP2-positive neurons and decreased the percentage of CC3-positive neurons compared with control (J-L). Two-way
ANOVA (A-F), and 2-way ANOVA (G-L) were performed. Data are shown as mean; *P<.05, *P<.01, **P<.001, ***P<.0001 comparisons as indicated.
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Figure 7. Continued

of kynurenine and the expression of IDO can be reversed via
co-treatment with either R-ketamine and S-ketamine or with
antibodies for IL-2, IL-13, or TNF-a. Therefore, the capacity of the
ketamine enantiomers to rescue the anti-neurogenic effects of
IL-1b is underscored by its ability to inhibit IL-1b-induced IL-2,
IL-13, and TNF-a and subsequent production of KYN. Indeed, we
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also demonstrated that treatment of cells with KYN at the con-
centration induced by IL-1b (1 mM) is sufficient to decrease neu-
rogenesis, highlighting that KYN is responsible for this decrease.
While previous preclinical and clinical studies have found cor-
relations between cytokines, ketamine, and kynurenine at a sys-
temic level, this study is the first, to our knowledge, to reveal clear
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Figure 7. Continued

mechanistic, causal pathways (Kadriu et al., 2021; Kopra et al., the kynurenine pathway independently from the induction of
2021). downstream cytokine production (Kim et al., 2012).

It is noteworthy that in this study, co-treatment with Moreover, we also revealed that IL-6 treatment increases pro-
R-ketamine or S-ketamine and IL-6 influenced the kynurenine duction not only of the neurotoxic KYN and ANA but also of the
pathway distinctly compared with IL-1b in that none of the neuroprotective KYNA (Savitz et al., 2015). Indeed, we also found
kynurenine pathway changes induced by IL-6 were influenced that KYNA alone promotes neurogenesis above the control group.
by treatment with either ketamine enantiomer or antibodies for Therefore, despite IL-6's potential to enhance some neurotoxic
IL-1b, IL-13, or IL-8. This suggests that these cytokines are not kynurenine metabolites, the concurrent production of KYNA may
the mediators of IL-6-induced changes in kynurenine pathway mitigate their detrimental effects on neurogenesis. This suggests

metabolites. Rather, it may simply be that IL-6 directly modulates that the kynurenine pathway is not the sole mechanism underlying
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the anti-neurogenic effects of IL-6 and thus raises speculation that
the protective effects of the ketamine enantiomers in this context
involve another pathway downstream of IL-6-induced IL-1b, IL-13,
or IL-8. For example, in a previous study from our group, we demon-
strated that the detrimental effects of IL-6-induced IL-13 produc-
tion on neural progenitor cell differentiation could be prevented via
treatment with Janus Kinase inhibitors (Borsini et al., 2022).

While this study was robust in its design, we acknowledge
there are potential limitations. First, we used an in vitro model of
hippocampal neurogenesis with an immortalized cell line. While
this does not fully recapitulate the adult neurogenic niche, we
previously replicated findings from this model in both animal
and clinical studies, including changes in neurogenesis by corti-
sol, cytokines, and antidepressants (Anacker et al., 2013a, 2013b;
Hack et al., 2016; Hepgul et al., 2016; Cattaneo et al., 2018, 2020a;
Cattane et al., 2019; Borsini et al., 2020a, 2021, 2022; Horowitz
et al,, 2020). Based on this, we are confident that our results
translate to the human brain. Additionally, while the cells used
here do possess capabilities to differentiate into astrocytes, we
did not assess how cytokines or ketamine influence astroglio-
genesis. In future studies, we aim to extend these findings and
explore whether ketamine may mitigate glia-related adaptations,
which have been shown in other in vitro models to be induced by
cytokine challenges (Benson et al., 2020).

In summary, our study reveals novel mechanistic information
on both R- and S-ketamine’s ability to prevent the detrimen-
tal effects of inflammation on neurogenesis, a putative pathway
underpinning the pathogenesis of (inflammation-induced) depres-
sion. We demonstrate that both R- and S-ketamine are equally
efficacious in preventing the anti-neurogenic effects of cytokines,
although they have different anti-inflammatory profiles. Further,
both R- and S-ketamine appear to exert protective effects on neu-
rogenesis via modulation of the kynurenine pathway but only in
protection against the detrimental effects of IL-1b, not IL-6. Further
studies are required to enhance our understanding of the mecha-
nisms of ketamine’s antidepressant effects to provide more effec-
tive personalized therapeutic approaches to depression.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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