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ER stress in mouse serotonin neurons triggers
a depressive phenotype alleviated by ketamine
targeting elF2a signaling

Lluis Migquel-Rio,"?34* Unai Sarriés-Serrano,' 3> Maria Sancho-Alonso,’?* Eva Florensa-Zanuy,*°
Verénica Paz,’?3 Esther Ruiz-Bronchal,’?3 Sharon Manashirov,’37 Leticia Campa,’-?3 Fuencisla Pilar-Cuéllar,3®
and Analia Bortolozzi'2:3:8.*

SUMMARY

Depression is a devastating mood disorder that causes significant disability worldwide. Current knowl-
edge of its pathophysiology remains modest and clear biological markers are lacking. Emerging evidence
from human and animal models reveals persistent alterations in endoplasmic reticulum (ER) homeostasis,
suggesting that ER stress-related signaling pathways may be targets for prevention and treatment. How-
ever, the neurobiological basis linking the pathways involved in depression-related ER stress remains un-
known. Here, we report that an induced model of ER stress in mouse serotonin (5-HT) neurons is associ-
ated with reduced Egr1-dependent 5-HT cellular activity and 5-HT neurotransmission, resulting in
neuroplasticity deficits in forebrain regions and a depressive-like phenotype. Ketamine administration en-
gages downstream elF2« signaling to trigger rapid neuroplasticity events that rescue the depressive-like
effects. Collectively, these data identify ER stress in 5-HT neurons as a cellular pathway involved in the
pathophysiology of depression and show that elF2« is critical in eliciting ketamine’s fast antidepressant
effects.

INTRODUCTION

Major depressive disorder (MDD) is a critical challenge to global mental health and the leading cause of mental health-related disability
worldwide." MDD is a highly prevalent mood disorder that negatively affects education, relationships, and employment and is prospectively
associated with obesity, cardiovascular disease, and early death, including suicide.”* This disorder involved depressed mood, energy
changes, sleep disorder, poor concentration, and lack of interest or excitement.*> Neuroimaging studies have identified structural and func-
tional brain changes including volume reductions in cortical and subcortical structures,”” enlarged lateral ventricles, and white matter micro-
structural differences suggestive of compromised myelin integrity.®? In addition, histopathological studies have shown changes in neuron
and glia density,'®'? and reduced the expression of synaptic proteins.'>'* In the same way, the number of synapses in the medial prefrontal
cortex (MPFC) and hippocampus (HPC) is relatively low in patients with MDD and in rodent models.'>'® Hence, all converge that synaptic
plasticity is key in the pathogenesis of MDD, although the pathophysiological mechanisms remain largely unknown.

Multiples evidences suggest that cellular stress contributes to the pathogenesis of complex diseases, such as cancer, diabetes and meta-
bolic disorders, neurodegeneration, as well as cognitive and neuropsychiatric disorders.'’~'” Indeed, it has been hypothesized that cellular
stress linked to psychosocial stressors may be a major culprit to the progression of MDD.'?~?* Within eukaryotic cells, the major organelle that
shows an adaptive response to cellular stress is the endoplasmic reticulum (ER). Under normal conditions, the ER regulates multiple biological
processes, such as the protein synthesis, folding, maturation, and transport, maintaining protein homeostasis for proper cellular func-
tions.”*~?* Moreover, the ER is responsible for calcium storage and the biosynthesis of lipids and sterols.”” However, under stress signals,
ER dysregulation results in the accumulation of unfolded/misfolded proteins in the ER lumen known as ER stress (ERS). To counteract this
damaging effect and prevent apoptosis, the unfolded protein response (UPR) pathway is activated.””® The UPR pathway is regulated by
an essential ER chaperone, 78-kDa glucose-regulated protein (GRP78, also referred to as BiP), 94-kDa glucose-regulated protein (GRP%4),
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Figure 1. Activation of ERS in DR in mouse models based on lipopolysaccharide (LPS)-induced neuroinflammation or chronic exposure to corticosterone
stress (CORT)

(A) Treatment schedule. Different groups of mice were treated with i) a single dose of LPS (0.83 mg/kg, ip) and examined 12 h post-administration, or ii) chronic
CORT exposure in the drinking water for 28 days and examined on day 36.

B) In the tail suspension test (TST), the immobility time was compared between Veh (n = 6) and LPS (n = é) or Veh (n = 10) and CORT (n = 9) mice.

C) BDNF protein levels in the DR were analyzed by Western blot (WB) and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 8) mice.
D) BiP protein levels in the DR were analyzed by WB and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 9) mice.

E) GRP94 protein levels in the DR were analyzed by WB and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 9) mice.

F) CHOP protein levels in the DR were analyzed by WB and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 8) mice.

G) elF2a and p-elF2a protein levels in the DR were analyzed by WB and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 9) mice.
H) eEF2 and p-eEF2 protein levels in the DR were analyzed by WB and compared between Veh (n = 5) and LPS (n = 9) or Veh (n = 5) and CORT (n = 9) mice. Data
are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed t-test, see File S1.

(
(
(
(
(
(
(

and three major signaling pathways: ER kinase-eukaryotic initiation factor 2o (PERK-elF2a), activating transcription factor 6 (ATFé), and
inositol-requiring enzyme 1 (IRE1), to alleviate cellular stress.”” Among them, PERK-elF2a signaling is a particularly attractive target in synaptic
plasticity processes, as well as being the main UPR pathway activated in neuroinflammation events linked to neurodegenerative and neuro-
psychiatric disorders.’*° PERK is a highly conserved protein kinase that phosphorylates elF2q at the Ser51 site. Fine-tuning elF2a phosphor-
ylation levels is pivotal in controlling elF2a-dependent protein synthesis, which underlies different learning and memory processes.® Indeed,
PERK activation impairs learning function through the inactivation of cAMP response element-binding protein (CREB) signaling,*' while PERK
inhibition improves cognitive function in animal models.>” Furthermore, blockade of the phosphorylation-controlled translation of elF2a. pre-
vented long-term depression (LTD) and the internalization of AMPA receptors at hippocampal CA1 synapses.® Similarly, proper PERK-elF2a
signaling in dopaminergic neurons is required for normal cognitive and motor functions.*”

Here, we explored the mechanisms by which PERK-elF2a signaling in raphe serotonin (5-HT) neurons, in the context of ERS, contribute to
depressive phenotype. To this aim, we induced mouse models that developed ERS in the raphe nuclei. Our results establish raphe elF2a
phosphorylation as a key mediator of 5-HT-dependent neuroplasticity processes and strongly support it as a site of the antidepressant action
of ketamine.

RESULTS
Involvement of the endoplasmic reticulum stress in the dorsal raphe nucleus in depressive-like mouse models

We first verified whether PERK-elF2a. signaling in raphe nuclei is linked to depressive phenotype using two well-stablished depressive-like
male mouse models based on lipopolysaccharide (LPS)-induced neuroinflammation or chronic exposure to corticosterone stress
(CORT)*™*T (Figure 1A). Both mouse models showed a depressive-like phenotype characterized by increased immobility time in the tail sus-
pension test (TST) and reduced levels of brain-derived neurotrophic factor (BDNF) in the dorsal raphe nucleus (DR), a trophic marker strongly
implicated in the pathophysiology of MDD,*** compared to vehicle-treated mice (Figures 1B and 1C). In addition, BiP protein levels, but not
GRP94 nor CHOP, were statistically significantly increased to 153 + 4% and 305 + 20% in the DR of LPS- or CORT-treated mice, respectively,
compared to their control groups (Figures 1D-1F). Upregulation of BiP protein activated downstream PERK-elF2a signaling, and we detected
statistically significant increases in phosphorylated elF2a. (p-elF2a) protein levels and p-elF2a/elF2q. ratio in both depressive-like mouse
models (Figure 1G). Since a cross-talk between elF20, and eukaryotic elongation factor 2 (eEF2) pathways has been reported,”* phosphory-
lation was also evaluated in eEF2, resulting in statistically significant increases in the p-eEF2/eEF2 in DR in the LPS model, but not in CORT
model, compared to the control group (Figure 1H). Taken together, these findings point to ERS and abnormal PERK-elF2a signaling in the DR

are involved in the depressive-like behaviors, as previously described in the HPC and mPFC in mouse models of stress.*

Tunicamycin-induced endoplasmic reticulum stress in raphe 5-HT neurons leads to a depressive phenotype

To confirm if ERS in raphe 5-HT neurons is involved in depressive-like behavior, we adopted an acute ERS model using a single infusion of
tunicamycin (Tm, N-glycosylation inhibitor, 200 ng/uL) in DR and different groups of male mice were examined at 1, 3, and 7-day later (Fig-
ure 2A), as previously reported.*® Control group received 1 uL of vehicle (4% dimethyl sulfoxide - DMSQ in artificial cerebrospinal fluid - aCSF).
Other control groups of mice received locally 1 uL of aCSF or DMSO (4% in aCSF) in DR, and no observable behavioral changes such as drink-
ing, eating, or differences in TST immobility time or neuronal survival assessed using NeuN marker were detected in both experimental
groups (Figure S1), as previously reported.*’ ™’ Tm-treated mice showed an increased immobility time in the TST at 1 and 3 days after infusion
(Figure 2B), and evoked anxious-like behavior in the dark-light box (DLB, 3 days later) compared to vehicle-treated mice (Figure 2C). None of
these behaviors were associated with abnormal locomotor activity in the open field test (OFT) (Figure 2D). However, the behavioral profile
changed 7 days later. Tm-treated male mice showed performances in TST and DLB comparable to those of vehicle-treated mice 7 days later;
instead, they exhibited hypermobility in the OFT followed by a catatonic-like state and some of them died (Figures 2B-2D). Indeed, Tm
induced a statistically significant increase in apoptotic CHOP protein levels in the DR only 7 days later, reaching 1422 + 221% compared
to the control group (Figure S2A). Next, we focused on the studies using the Tm-induced ERS model at 1 and 3 days later, in which the
same treatment did not change the levels of CHOP protein, as well as NeuN, Iba1, and GFAP proteins (Figures S2A-S2D).

Up-regulated levels of BiP and GRP%4 proteins were detected in the DR of Tm-treated mice, resulting in the phosphorylation of
elF20. protein and increases in the p-elF2a/elF2a ratio 1- and 3-day after Tm infusion (Figures 2E-2G). Phosphorylation was also
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(A) Schematic time course diagram. Mice were injected with TpL tunicamycin (Tm, 200 ng/pl) or vehicle (Veh, 4% DMSO in artificial cerebrospinal fluid-aCSF) into

the dorsal raphe nucleus (DR) and examined after 1, 3, and 7 days.
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Figure 2. Continued
(B) In the tail suspension test (TST), the immobility time of Veh (n = 11) and Tm (n = é) mice was compared.

(C) In the dark-light box (DLB), latency to enter and the number of entries into the light chamber were compared between Veh (n = 11) and Tm (n = 6) mice.
(D) During the 15 min observation period, the total distance and mean speed were recorded for Veh (n = 10) and Tm (n = 6) mice in the open field test (OFT).
(E) BiP protein levels in the DR were analyzed by Western blot (WB) and compared between Veh (n = 11) and Tm (n = 6) mice.

(F) GRP94 protein levels in the DR were analyzed by WB and compared between Veh (n = 8) and Tm (n = 5) mice.

(G) elF2a. and p-elF2a protein levels in the DR were analyzed by WB and compared between Veh (n = 8) and Tm (n = ) mice.

(H) eEF2 and p-eEF2 protein levels in the DR were analyzed by WB and compared between Veh (n = 8) and Tm (n = 6) mice.

(I Photomicrographs showing TPH-positive or GABA-positive cells expressing Egrl mRNA (**P-oligonucleotide silver grains) in the DR of Veh and Tm mice. Scale
bar: 20 pm. White arrowheads indicate TPH-positive or GABA-positive cells co-localizing with Egrl mRNA.

(J) The total number of TPH-positive or GABA-positive cells and the percentage of TPH- or GABA-positive cells expressing Egrl mRNA were analyzed in Veh
(n =5) and Tm (n = 4) mice. Data are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA, see File S3. See
also Figures S1-S3.

detected in eEF2, resulting in a statistically significant increase in the p-eEF2/eEF2 ratio at 1- and 3-day (Figure 2H). To further inves-
tigate the effects of ERS in the DR, we assessed the cellular response of 5-HT and GABA neurons using the early growth response 1
(Egr1) marker after Tm treatment. These results showed that ERS in DR significantly reduced the response of 5-HT neurons assessed
as a lower number of cells co-localizing Egr1 and the 5-HT marker tryptophan hydroxylase-TPH at 1 and 3 days after Tm infusion (double
Egr1/TPH-positive cells: vehicle, 35 + 2%; Tm 1-day, 24 + 1%; Tm 3-day, 21 + 2%) (Figures 2| and 2J). However, the number of cells co-
localizing positive for Egrl and GABA was not modified (double Egr1/GABA-positive cells: vehicle, 38 + 4%; Tm-1 day, 39 + 2%; Tm-
3 days, 42 + 6%). No changes in the total number of TPH- or GABA-positive cells were observed after a single intra-DR Tm infusion
(Figure 2J). Collectively, these findings indicate that Tm-induced ERS model in DR leads to depressive/anxious-like behavioral abnor-
malities dependent on serotonergic cellular activity.

Although we initially focused our research on the ERS in male mice, in an additional experiment, the intra-DR application of Tm (200 ng/uL,
1 ul) also induced increased immobility time in the TST in female mice compared to the control group (Figure S3A). In parallel, Tm-treated
females showed up-regulated BiP and GRP%4 protein levels in DR compared to vehicle-treated female mice (Figure S3B). Notably, changes in
BiP levels did not lead to downstream changes in elF2a. and p-elF2a protein levels (Figure S3C), as observed in Tm-treated males, suggesting
that sex-associated factors may influence the cellular response to ERS in raphe 5-HT neurons.”®!

Endoplasmic reticulum stress in raphe 5-HT neurons triggers reduced 5-HT neurotransmission and neuroplasticity gene
expression in efferent brain regions

Functional deficits in monoamine neurotransmission, particularly 5-HT, have been widely associated with anxiety and depression.””>* Next,
we performed microdialysis experiments in the mPFC, which is strongly innervated by DR 5-HT neurons,”"*° to examine whether local ERS
translates into changes in forebrain 5-HT neurotransmission (Figure 3A). These experiments were performed using only the 1-day Tm model.
No differences in baseline extracellular 5-HT concentration were found in mPFC between the different groups (vehicle: 8.7 + 1.3, Tm 1-day:
8.6 £ 0.8 expressed as fmol/20 min fraction). Infusion of the depolarizing agent veratridine (50 uM) by reverse dialysis increased extracellular
5-HT levels in the mPFC of both group of mice, being this effect significantly greater in vehicle-treated mice (p < 0.05), suggesting deficits in
intracellular 5-HT stores in Tm-treated mice (Figure 3B). Furthermore, the systemic administration of 5-HT4 receptor agonist 8-OH-DPAT
(1 mg/kg, intraperitoneal — ip) comparably reduced 5-HT release in the mPFC of both groups of mice. Following systemic 8-OH-DPAT admin-
istration, extracellular 5-HT levels returned to baseline values in vehicle-treated mice 1 h later, as previously reported,® but remained reduced
in Tm-treated mice (p < 0.05) (Figure 3C). Therefore, local ERS blunted the activity of raphe 5-HT neurons and mice showed reduced forebrain
5-HT release and an altered adaptive response of the inhibitory feedback mechanism mediated by the presynaptic activation of the 5-HT 4
receptor.

Neurotrophic growth factors (e.g., BDNF) and angiogenesis-endothelial signaling factors are required for activity-dependent synapse
formation and maintenance.*’ As previously mentioned, reduced levels of BDNF have been reported in patients with MDD and in depres-
sive-like animal models.'¢4%43:57.58 Notably, BDNF levels are increased following the use of conventional (e.g., selective inhibitors of 5-HT
transporter — SSRI) and fast-acting (e.g., ketamine, non-competitive glutamate N-methyl-D-aspartate receptor -NMDAR- antagonist) antide-
pressants.”” Both SSRIs and ketamine directly promote signaling and occupancy of the TrkB receptor by BDNF.%° We therefore investigated
whether local ERS stimulation in raphe 5-HT neurons induces changes in the transcription of neuroplasticity genes in 5-HT efferent neural
circuits (Figures 3D, S4, and S5). We found that intra-DR Tm application 1-day later significantly reduced BDNF mRNA levels in 5-HT projection
brain areas including mPFC, cingulate cortex (Cg), HPC subfields, amygdala (Amg), and habenular nuclei (Hb) (Figure 3E). Similarly, TrkB re-
ceptor mRNA levels decreased in several HPC subfields, while neuritin and vascular endothelial growth factor (VEGF) expression was mark-
edly reduced in all brain areas analyzed in Tm-treated mice compared to vehicle-treated mice (Figures 3F, 3G, and 3I). The mRNA levels of
postsynaptic density protein 95 (PSD95), a critical downstream mediator of BDNF-induced plasticity, were also downregulated in HPC, Amg,
and Hb in intra-DR Tm-treated mice (Figure 3H). Moreover, Tm-induced ERS in DR statistically significantly reduced Egr1 mRNA expression
throughout the brain (Figure 3J). These results uncover that a focal change in DR 5-HT cellular activity under the ERS and attenuation of 5-HT
neurotransmission translate into a global change in brain neuroplasticity/function, possibly by virtue of divergent 5-HT projections that target

many distinct brain regions.®’
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Figure 3. ERS in 5-HT neurons is associated with reduced 5-HT neurotransmission and transcriptional changes in plasticity genes in the forebrain
(A) Schematic representation of an in vivo microdialysis procedure to measure 5-HT release. Mice injected with 1 pL. Tm (200 ng/pl) or Veh (aCSF+DMSO 4%) into
the DR were implanted with a dialysis probe in the medial prefrontal cortex (mPFC). Microdialysis experiments were performed 24 h later.
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Figure 3. Continued

(B) The local effect of veratridine (depolarizing agent, 50 uM) on 5-HT release in the mPFC was examined in Veh (n = 8) and Tm (n = 10) mice.

(C) The effect of the systemic administration of 8-OH-DPAT (selective 5-HT 5 receptor agonist, 1 mg/kg, ip) on prefrontal 5-HT release was analyzed in Veh (n=9)
and Tm (n = 9) mice.

(D) Representative images of coronal sections of mouse mPFC showing mRNA expression of BDNF, TrkB, Neuritin, PSD95, VEGF, and Egr1 in Veh and Tm mice
assessed by in situ hybridization. Scale bar: 1 mm.

(E-J) The relative density of BDNF, TrkB, Neuritin, PSD95, VEGF, and Egr1 mRNA expression in the different brain areas was compared between Veh and Tm
mice (n = 5/group). Coronal sections of mouse brain stained with cresyl-violet show quantification ROls in mPFC, cingulate cortex (Cg), caudate-putamen (CPu),
subfields of the hippocampus (CA1, CA2, CA3, and dentate gyrus - DG), amygdala (Amg), and habenular nuclei (Hb). Data are expressed as mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA (B and C) or one-way ANOVA (E-J), see File Sé. See also Figures S4 and S5.

Ketamine mitigates local endoplasmic reticulum stress in raphe 5-HT neurons and ameliorates the depressive phenotype

The impact of ERS on raphe 5-HT neurons underlying the depressive phenotype was further investigated in the Tm-treated mouse model using
the fast-acting antidepressant (R,S)-ketamine (referred to as ketamine - Ket). Mice received intra-DR Tm or vehicle and 24 h later were injected
(ip) with an effective dose of ketamine as antidepressant (10 mg/kg) or saline.'*“” These mice were tested 30 min or 48 h later (corresponding to
Tm 1-day and 3-day groups, respectively) in the TST to assess the antidepressant-like response to ketamine (Figure 4A). We found that the Tm-
induced behavioral depressive phenotype was rescued by ketamine 30 min later (p < 0.0001), and mice showed a decrease in the immobility
time on TST suggestive of an antidepressant response (Figure 4B). In contrast, the effect of ketamine was no longer observed 48 h after admin-
istration, as previously reported also with (S)-ketamine,®®> and Tm+Ket-treated mice exhibited an increased immobility response in the TST
similar to that of Tm+Veh-treated mice (Figure 4B). We also examined the effect of ketamine on BDNF protein levels in DR after local ERS, since
BDNF signaling is essential for its antidepressant action.*“° Indeed, Ket-treated mice (10 mg/kg, ip) showed statistically significantly increased
BDNF protein levels in the DR 30 min and 48 h later (Ket 30 min: 162 + 7%; Ket48 h: 127 + 5% relative to vehicle) (Figure S6A). More important, a
single ketamine dose (10 mg/kg, ip) was able to reverse the reduction of BDNF levels induced by ERS in the DR (1-day, Tm+Veh: 53 + 6%,
Tm+Ket: 86 + 10%; 3-day, Tm+Veh: 69 + 4%, Tm+Ket: 135 £+ 10% relative to vehicle) (Figure 4C). Although these effects may involve a ke-
tamine-induced blockade of NMDAR typically activated by glutamate neurotransmission outside the DR,**“° a direct ketamine effect on 5-HT
neurons may also occur, since different NMDAR subunits were co-localized with the 5-HT marker TPH (Figures 4D and S7).

Next, we assessed whether ketamine inhibits the activation of the ERS and PERK-elF2a. signaling pathways in DR. Since acute ketamine
treatment (10 mg/kg, ip) did not affect BiP levels in DR compared to vehicle-treated mice (Ket 30 min: 111 £ 8%; Ket48 h: 112 + 11% relative
to vehicle), this group of mice was not systematically tested in the next assays (Figure S6B). The Tm-induced increase in BiP and GRP94 protein
levels in DR was reversed by ketamine 30 min after injection (p < 0.05) (Figures 4E and 4F). Although, surprisingly, we found that 48 h after
ketamine administration, BiP and GRP94 levels in DR were comparable or even higher than those of the Tm+Veh group (p < 0.05)
(Figures 4E and 4F). In parallel, Tm-treated mice showed a statistically significant decrease in p-elF2a levels and improved p-elF2a/elF2a ratio
after ketamine application, observed at both 30 min and 48 h later (Figures 4G and S6C). Ketamine treatment also partially enhanced eEF2
signaling by reducing p-eEF2 in the DR after local ERS (Figure 4H). Taken together, these data support that the administration of ketamine
attenuated local ERS, restored downstream elF2a. signaling pathway, and increased BDNF levels in the DR. Normalization of these events in
5-HT neurons may contribute to the amelioration of the Tm-induced depressive phenotype.

Targeting elF2q signaling in dorsal raphe nucleus drives ketamine antidepressant responses

4,67
6467 a5 well as through

As reported, ketamine exerts its rapid antidepressant action by eliciting eEF2-dependent homeostatic synaptic scaling,
cell-specific translation via eukaryotic initiation factor 4E (elF4E).*® In addition, elF2a-dependent translation is a key molecular process under-
lying synaptic plasticity.**"“?’° Therefore, we further explored whether the disruption of PERK-elF2a signaling pathway, and eventually
eEF2, prevents the antidepressant action of ketamine in the Tm-induced ERS mouse model in DR. We used the small molecule ISRIB (inte-
grated stress response inhibitor), which blocks downstream p-elF2a signaling under ERS or salubrinal (SAL), an elF2a. dephosphorylation in-
hibitor (elF2¢-GADD34:PP1 phosphatase inhibitor)’"="* (Figure 5A). While treatment with ISRIB (0.25 mg/kg, ip, two doses) facilitated keta-
mine-induced reversal of BiP levels in DR after local ERS, SAL (1 mg/kg, ip, two doses) prevented the effect of ketamine, and mice treated with
Tm+SAL+Ket showed a marked increase in BiP protein levels compared to Tm+Ket-treated mice (Figure 5B). It is important to note that ISRIB
treatment slightly blocked the induction of BiP levels in DR in response to ERS (p = 0.06), whereas SAL increased them (Figure S8A). However,
both ISRIB and SAL increased DR GRP94 protein levels and inhibited the marginal effect of ketamine on GRP94 (p = 0.08) in the Tm mouse
model (Figures 5B and S8A). We then confirmed that blockade of elF2a. dephosphorylation by SAL prevented the effect of ketamine and de-
tected increases in p-elF2a, p-eEF2, and their ratios in the DR of mice treated with Tm+SAL+Ket compared to Tm+Ket-treated mice
(Figures 5C and 5D). Similarly, SAL treatment induced statistically significant increases in p-elF2a/elF2a and p-eEF2/eEF2 ratios in DR
mice 1 day after Tm infusion (Figures S8B and S8C). In contrast, ISRIB treatment facilitated ketamine-induced elF2a and eEF2 signaling in
the ERS mouse model, and the p-elF2a/elF2a. and p-eEF2/eEF2 ratios were similarly reduced in the Tm+Ket and Tm+ISRIB+Ket groups
(Figures 5C and 5D). Notably, treatment with ISRIB alone decreased Tm-induced eEF2 phosphorylation (Figure S8C), consistent with previous
reports showing that ISRIB modifies basal p-eEF2 levels in several cell lines.”*

Next, we assessed the behavioral depressive phenotype after ERS in raphe 5-HT neurons and found that ISRIB treatment potentiates the
acute antidepressant effect of ketamine, but SAL prevents antidepressant ketamine actions (Figure 5E). Moreover, ISRIB significantly
enhanced ketamine-induced BDNF level in DR of Tm mice, while SAL treatment displayed the opposite effect by decreasing the BDNF level
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Figure 4. Ketamine alleviates depressive-like phenotype by reducing ERS in raphe 5-HT neurons
(A) Treatment schedule. Mice were injected with 1 uL Tm (200 ng/ul) or Veh (aCSF+DMSO 4%) into the DR, 24 h later received Ketamine (Ket, 10 mg/kg, ip) or Veh

(saline solution, ip), and examined 30 min or 48 h post-Ket.
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Figure 4. Continued

(B) In the TST, the immobility time was recorded in Ket-treated Veh and Tm mice (n = 5 to 8 per group).

(C) BDNF protein levels in the DR were analyzed by WB. They were compared between Veh and Tm mice treated with Ket (n = 5 to 8 per group).

(D) Representative coronal midbrain sections showing TPH-positive cells expressing different NMDAR subunits including GluN1, GIuN2B, and GluN2D mRNA in
the DR of wild-type mice. The bottom row shows high magnification photomicrographs of the frames in the top row. The + symbol indicates TPH- and NMDA
subunits-positive cells. Scale bars: low = 100 pm, high = 20 um.

(E) BiP protein levels in the DR were analyzed by WB and compared between Veh and Tm mice treated with Ket (n = 4 to 5 per group).

(F) GRP94 protein levels in the DR were analyzed by WB and compared between Ket-treated Veh and Tm mice (n = 4 to 5 per group).

(G) elF2a. and p-elF2a. protein levels in the DR were analyzed by WB and compared between Ket-treated Veh and Tm mice (n = 4 to 5 per group).

(H) eEF2 and p-eEF2 protein levels in the DR were analyzed by WB and compared between Ket-treated Veh and Tm mice (n = 4 to 5 per group). Data are
expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA, see File S7. See also Figures S6 and S7.

(Figure 5F). Importantly, ISRIB alone also reduced immobility time in the TST in Tm-treated mice, but did not change BDNF levels, suggesting
a behavioral antidepressant response (Figures S8D and S8E).

Raphe 5-HT neurons project to and modulate multiple highly interconnected cortical and sub-cortical brain circuitry. As noted above, the
impairment of 5-HT neurotransmission is implicated in MDD.>*>? Our observation that the depressive-like phenotype in raphe ERS mice was
reversed with ISRIB (or ketamine+ISRIB) led us to hypothesize that the role of the PERK-elF2a pathway in 5-HT neurons function may be critical
for the proper modulation of target area neuroplasticity. Hence, we systematically analyzed the transcription of neuroplasticity and cell acti-
vation genes in the different 5-HT projection brain areas after pharmacological treatment with ISRIB or SAL and ketamine using the mouse
model of local ERS in the DR (Figures 5G and S9-512). We found that the sustained induction of p-elF2a in DR by SAL showed slight effects on
neuroplasticity gene transcription in the different brain areas analyzed, e.g., reduced TrkB mRNA expression only in Cg and CPu in Tm+SAL
mice (Figures S13 and S14). However, SAL treatment significantly worsened the effects of ketamine on BDNF, TrkB, and VEGF mRNA levels in
the mPFC in the ERS model (Figures 5G and S9). A similar pattern was observed in almost all 5-HT projection brain areas analyzed, where SAL
prevented the effect of ketamine on synaptic plasticity (Figures S9-S12). In contrast, ISRIB-induced blockade of p-elF2a effects under ERS
conditions in DR increased the transcription of some neuroplasticity genes such as BDNF, neuritin, and VEGF in all brain areas analyzed
(Figures S13 and S14). Furthermore, ISRIB also enhanced the effect of ketamine on the expression of TrkB and PSD95 in cortical and subcor-
tical brain areas, among others (Figures 5G and S9-512). Taken together, these data are consistent with the idea that the disruption of PERK-
elF2a.signaling under ERS in raphe 5-HT neurons may contribute to the depressive phenotype. Ketamine reversed the effects of Tm on ERS in
the DR and the depressive phenotype, but this did not occur under conditions of selective elF2a-GADD34:PP1 blockade, suggesting that the
elF2a signaling pathway plays a key role in the antidepressant mechanism of action of ketamine, particularly under ERS.

DISCUSSION

In recent years, several clinical and preclinical studies have shown a strong connection between neuropsychiatric disorders, including MDD,
and ERS and PERK-dependent downstream UPR pathway.'”?*”>""7 Activation of PERK signaling via elF2a phosphorylation is thought to alter
neuronal function by repressing global protein synthesis, particularly the synthesis and expression of a cluster of proteins crucial for the estab-
lishment of synapses and neuronal plasticity.”® This type of PERK-elF2a-dependent translation might account not only for synaptic failure, but
also for subsequent mood, emotion, and cognitive decline observed in neuropsychiatric disorders.”*'® Here we report that local ERS and
altered PERK-elF2a. signaling in raphe 5-HT neurons 1) induced a despair-like behavior in mice, 2) reduced the expression of the cell activity
marker Egr1 selectively in 5-HT neurons, 3) impaired 5-HT neurotransmission in the forebrain, and 4) decreased the transcription of several
MDD-related trophic growth factors and angiogenesis-endothelial signaling factors in 5-HT-innervated brain areas. Treatment with the fast-
acting ketamine antidepressant alleviated despair symptoms and restored synaptic plasticity by normalizing PERK-elF2a. signaling regionally
in the DR. Notably, upregulated ERS and PERK-elF2a pathway markers have also been detected in DR in two well-established mouse models
of depressive-like behavior. Therefore, understanding the role that ERS plays in a specific cellular system, such as the 5-HT system, and the
response to treatment holds considerable potential for the successful therapeutic management of depressive disorders.

The brain 5-HT system exerts its widespread effects from a group of relatively small brainstem nuclei known as the raphe nuclei. Among
them, DR—one of the most extensively connected hubs in the mammalian brain-is the largest serotonergic nucleus, containing approximately
one-third of all 5-HT neurons in the brain.””*° Efferent DR 5-HT fibers collectively innervate and connect most functionally distinct brain areas
and changes in the activity of DR 5-HT neurons have been implicated with several human disorders (or disease models thereof) with broad
symptomatology, such as MDD, autism, and neurodegenerative diseases.”’* In the present study, we hypothesized that the regional induc-
tion of ERS and aberrant PERK-elF2a downstream signaling in the DR is sufficient to drive a depressive-like phenotype. Using a pharmaco-
logical paradigm, we demonstrated that Tm-dependent ERS activation reduces the cellular 5-HT activity, but not GABAergic activity, in the
DR. New evidence using single-cell RNA sequencing (scRNA-seq) showed that DR contain not only clusters of 5-HT neurons (TPH-positive
cells), but also GABAergic and glutamatergic neurons that do not express TPH and hence do not release 5-HT.?* Clusters of peptidergic
and dopaminergic neurons, which show molecular and functional heterogeneity, have also identified in DR.%*** However, a systematic anal-
ysis of the anatomical organization of these non-5-HT DR projections is still lacking. Some pioneering anterograde tracing studies demon-
strated that the extended amygdala receives abundant inputs from DR non-5-HT neurons, although the specific neuronal type has not
been confirmed.®>¢ On the contrary, systematic mapping studies using state-of-the-art techniques (combining scRNA-seq, in situ hybridi-
zation, and anatomical tracing) revealed that 5-HT neurons within the DR innervate the entire forebrain and midbrain with well-defined
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Figure 5. elF2q signaling in 5-HT neurons is critical to the antidepressant effects of ketamine

(A) Treatment schedule. Mice were injected with 1 pL Tm (200 ng/pl) or Veh (@CSF+DMSO 4%) into the DR and received two doses of ISRIB (PERK inhibitor,
0.25 mg/kg, ip) or Salubrinal (SAL, elF2a-GADD34:PP1 phosphatase inhibitor, 1 mg/kg, ip). Ket (10 mg/kg, ip) was administered 24 h later and mice were
examined 30 min after Ket administration.

B) BiP and GRP%4 protein levels in mouse DR were analyzed by WB and the effects of ISRIB or SAL on Ket action were compared (n = 7 per group).

C) elF2a. and p-elF2a protein levels in mouse DR were analyzed by WB and the effects of ISRIB or SAL on Ket action were compared (n = 7 per group).

D) eEF2 and p-eEF2 protein levels in mouse DR were analyzed by WB and the effects of ISRIB or SAL on Ket action were compared (n = 7 per group).

E) In the TST, the immobility time was recorded in mice (n = 7 to 14 per group).

F) BDNF protein levels in DR were analyzed by WB. They were compared between Veh and Tm mice treated with ISRIB or SAL and Ket (n = 5 to 7 per group).
G) Representative images of coronal sections of the mPFC showing the mRNA expression of BDNF, TrkB, Neuritin, PSD95, VEGF, and Egr1 in the mouse model
of Tm assessed by in situ hybridization. Scale bar: 1 mm. The relative density of mMRNA expression of the different transcripts was compared between Veh and Tm
mice treated with ISRIB or SAL and Ket (n = 4 to 5 per group). Data are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way
ANOVA, see File S9. See also Figures S8-514.
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anatomical projection patterns.®>~%” This anatomical organization is consistent with our data showing that reduced 5-HT function decreased
cell 5-HT activity and neurotransmission —under local ERS is associated with downregulated levels of neuroplasticity gene expression
throughout the brain, e.g., BDNF, neuritin, and VEGF. The importance of BDNF and other synaptic markers examined in this study is
that they are intertwined with other depression-related molecular pathways. Notably, BDNF is a downstream target of the 5-HT signaling

1987 Thus, it is tempting to speculate that local ERS activation in DR 5-HT neurons results

cascade, which is further supported by other studies.
in a depressive phenotype by impacting brain-wide synaptic plasticity by the virtue of the anatomical expansion of the 5-HT system, although
the precise mechanisms by which 5-HT neurons propagate this signal remain unknown. It is important to note that present results were found
in male mice, but some sex-specific differences have been described at the level of transcriptomic clusters in DR 5-HT neurons.®* Therefore, an
exhaustively comparative analysis between male and female mice will provide evidence of sex differences linked to ERS activation in 5-HT
neurons and depressive phenotype.®®

Recent studies indicated that intra-hippocampal Tm injection is an effective way to induce ERS that elicits behavioral deficits suggestive of
a depressive-like state in rats.**®” This was correlated with the increased expression of UPR genes, namely Grp94, Grp78, Xbp-1, Atfé, Atf4,
and Chop, as well as several genes relevant to inflammation reinforcing the idea that UPR signaling acts in a pro-inflammatory environment, as
described in postmortem brain samples from subjects with MDD.” In addition, decreased expression of synaptic plasticity genes such as
BDNF, PSD95, and synaptophysin in the HPC has also been described in this rat model with Tm, but the proposed mechanism associated
with UPR activation is unknown.>® Our results support that decreased levels in neuroplasticity gene expression could be dependent on
the activation of PERK-elF2a signaling, as observed in DR after Tm application. In this sense, the inhibition of elF2a dephosphorylation by
SALincreased the negative effects of Tm on the synaptic markers (e.g., BDNF and TrkB) in some of the brain areas analyzed. More importantly,
treatment with ISRIB, which restores the downstream translation of elF2a, blocked the local Tm-induced ERS in DR, increasing the levels of
synaptic markers and resulting in an improvement of the depressive phenotype. Further, ISRIB was reported to improve cognitive functions in
rodents by diminishing ATF4 and CHOP expression.”’ Compounds as these may help alleviate some of the cognitive and emotional impair-
ment associated with depression, as well as mitigate the physiological responses resulting from ERS and UPR activation.

Altered functional connectivity of neural circuits caused by abnormal synaptic plasticity is thought to be central to the response to negative
emotions.>** The fast-acting antidepressant ketamine triggers a form of homeostatic synaptic plasticity dependent on NMDAR blockade
and also BDNF pathway.®’"”” The most widely accepted view is that ketamine-mediated NMDAR blockade, in turn, stops eEF2 kinase activity,
leading to a gradual loss of eEF2 phosphorylation and de-suppression of BDNF translation, ultimately triggering TrkB receptor signaling. TrkB
signaling and subsequent 